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GLOSSARI






Orthoallografts (Ortoal-loempelt): models consistents en la implantacié d’'un
fragment de tumor muri al mateix organ d’origen d’un ratoli. El prefix ortho-
significa al mateix organ i allo- significa que el trasplantament de I'empelt es

realitza entre individus de la mateixa espécie.

Orthoxenografts (Ortoxenoempelt): models consistents en la implantacié d’'un
fragment de tumor huma al mateix organ d’origen d’'un ratoli. El prefix ortho-
significa al mateix lloc i xeno- significa que el trasplantament de I'empelt es

realitza entre espécies diferents (tumors humans en ratolins).

PDOX: sigles derivades de l'anglés “Patient Derived Orthotopic Xenograft”:
empelt ortotopic derivat de pacient. Es la manera en qué més freqlientment estan
citats aquesta mena de models a la literatura. S6n models en qué s’ha fet créixer

un tumor d’un pacient al mateix 6rgan d’origen d’un ratoli immunodeficient.

PDX: sigles derivades de I'anglés “Patient Derived Xenograft’: empelt derivat de
pacient. Es la manera en qué més freqlientment estan citats aquesta mena de
models a la literatura. S6n models en que s’ha fet créixer un tumor d’'un pacient
en un ratoli immunodeficient. En general se sol referir a implantacions

subcutanies.
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ABREVIATURES






ADN: Acid desoxiribonucleic.

AFP: Alfa Fetoproteina.

ARN: Acid ribonucleic.

CCR: Cancer colorectal.

CDX: Cell Derived Xenogratft.

CE: Cancer d’endometri.

CEO: Cancer epitelial d’ovari.

CNA: Copy Number Alteration.

CPNCP: Carcinoma de pulmé no cel-lula petita.
EMA: European Medicines Agency.

FDA: Food and Drug Administration

GCS: Glucosil Ceramida Sintasa.

GEMM: Genetically Engineered Mouse Models.
hCG: Gonadotrofina coridonica humana.

HRD: Homologous Recombination Deficiency.
ILV: Invasié limfovascular.

LDH: Lactat deshidrogenasa.

NCI: National Cancer Institute.

NGS: Next Generation Sequencing.

PARP: Poly (ADP-ribose) Polimerase.

PDX: Patient Derived Xenograft.

PDOX: Patient Derived Orthotopic Xenograft.
PFS: Progression Free Survival.

QMT: Quimioterapia.
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SCID: Severe Combined Immunodeficiency.
STIC: Serous Tubal Intraepithelial Carcinoma.
TCGA: The Cancer Genome Atlas.

TILs: Tumor infiltrating lymphocytes.

TTCG: Tumor Testicular de Cél-lules Germinals.
UCEC: Uterine Corpus Endometrial Carcinoma.
WES: Whole Exome Seguencing.

5-FU: 5-Fluorouracil.
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INTRODUCCIO






El tractament del cancer es basa en la combinacié de diferents opcions
terapéutiques que inclouen cirurgia, diferents tipus de farmacs entre els que hi
ha agents quimioterapics, terapia hormonal i agents bioldgics, i radioterapia.
L’eleccio d’'una o varies d’aquestes alternatives dependra del tipus de cancer i
de I'estadi de la malaltia al moment del diagnostic. Aixi, en general, els cancers
localitzats es tracten primariament amb cirurgia, podent afegir alguna mena
d’adjuvancia, mentre que en els tumors disseminats el tractament comenga amb
alguna mena de terapia sistémica. Si bé la mortalitat per cancer pot ser deguda
al creixement local de les neoplasies, per exemple en tumors del sistema nervios
central, en general esta causada per disseminacio de la malaltia i per manca de

resposta dels tumors a aquests tractaments sistémics.

En les darreres décades s’ha avancat forca en el coneixement de les bases
moleculars i cel-lulars del cancer. Aixo ha contribuit a entendre els mecanismes
de carcinogénesi i progressio de la malaltia perd, excepte en comptades
excepcions com son el cas de la terapia anti-her2 en cancer de mama (1-3) i
I'imatinib en la leucémia mieloide cronica (4—6), ha contribuit poc en la millora de
la supervivéncia a llarg termini de la majoria de cancers. Es calcula que
unicament un 10% de les molécules que s’estudien arribaran finalment a la
clinica. Aquesta elevada taxa de fracassos és deguda, en part a la manca de

bons models preclinics.

CANCER D’OVARI

El cancer d’ovari és molt variat i heterogeni incloent tumors derivats de cél-lules
germinals, dels cordons sexuals i de I'estroma, perdo més del 90% correspon a
tumors epitelials. Cada vegada hi ha més evidéncia que aquests darrers
s’originen majoritariament de cél-lules epitelials de la trompa uterina o bé de

focus d’endometriosi.

EPIDEMIOLOGIA

El cancer d’'ovari és el vuité més freqlient en dones, entre les que representa

aproximadament el 3,7% de diagnostics de cancer i el 4,7% del total de morts
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per cancer el 2020, essent la cinquena causa de mort per cancer en dones i la

principal causa de mort per cancer ginecologic pelvia a Europa i els Estats Units
(7).

Historicament la seva incidéncia ha estat més elevada en paisos desenvolupats
i rics del nord d’Europa i America, pero les darreres décades hi ha hagut un
descens en la incidéncia en aquestes arees probablement en relacié amb I'is
d’anticonceptius hormonals i amb el canvi en la manera de registrar-lo des de
que s’ha vist que molts dels tumors tenen origen en les trompes uterines (8). Per
contra, sembla que la incidéncia augmenta en paisos d’Europa de l'est i en
algunes parts d’Asia. En altres regions com I’Africa subsahariana es manté una

incidéncia baixa (9).

ETIOLOGIA | PATOGENIA

S’han identificat diversos factors de risc per a desenvolupar cancer d’ovari,
associats als diferents tipus histoldgics. Aixi, la historia familiar en familiars de
primer grau incrementa 3-5 vegades el risc de desenvolupar carcinoma serés
d’alt grau, una historia d’endometriosi s’associa amb més risc de desenvolupar
carcinoma endometrioide i de cél-lules clares i, en menor proporcié, de
carcinoma serdos de baix grau i el consum de tabac incrementa el risc de
carcinoma mucinds. Per contra, els embarassos , la lactancia materna i I'is

d’anticonceptius hormonals sembla que poden tenir un efecte protector (10).

Un dels factors de risc més robust per a cancer d’ovari és la historia familiar de
la malaltia en un familiar de primer grau. Una quarta part d’aquestes pacients sén
portadores de variants patogéniques de BRCA1 i BRCAZ2 en linia germinal. Les
dones portadores de mutacions a BRCA1 tenen entre un 44% i un 61% de risc
de desenvolupar cancer d’ovari al llarg de la vida. En les portadores de BRCA2
mutat el risc es de 17-24% (11,12). La majoria d’aquests casos seran carcinomes
serosos d’alt grau. També hi ha casos en qué la mutacid afecta altres gens
implicats en la recombinacié homologa com ara RAD51C/D, PALB2i BRIP1 (13).
En pacients amb sindrome de Lynch, portadores de mutacions en linia germinal
a MLH1, MSH2, MSH6 i PMS2, hi ha un increment en el nUmero de casos i la
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majoria corresponen a carcinomes endometrioides o de cél-lules clares, encara

qgue també hi ha casos de carcinomes serosos d’alt grau (12,14,15).

La lesié precursora en el carcinoma serds d’alt grau és el carcinoma serds
intraepitelial tubaric (STIC de les seves sigles en anglés) normalment present a
les fimbries tubariques. Lesions similars es poden veure a I'escorga ovarica en
inclusions epitelials d’epiteli de tipus tubaric (16,17). Aquestes lesions ja tenen
les mateixes mutacions que es poden veure en els carcinomes infiltrants (18,19).
De fet, aquesta lesidé és la que se sol trobar en les salpingo-ooforectomies

profilactiques en pacients portadores de mutacions en BRCA1 o BRCA2 (20,21).

TIPUS HISTOLOGICS

La classificacié histologica vigent dels tumors d’ovari contempla 5 tipus
principals, responsables del 98% de tots els carcinomes d’ovari: carcinoma seros
d’alt grau, carcinoma de cél-lula clara, carcinoma endometrioide, carcinoma
mucinds i carcinoma seroés de baix grau (22). Cadascun d’aquests tipus presenta
caracteristiques diferencials des del punt de vista histologic, molecular i
carcinogenic que es tradueixen en comportaments clinics i respostes als
tractaments diferents. El carcinoma serés d’alt grau és el tipus més freqiient (9)
i més del 80% dels casos diagnosticats en estadis Ill o IV corresponen a aquest
tipus histologic (23). Esta constituit per cél-lules molt atipiques, amb marcada
anisocitosi, que es disposen en patro papil-lar, glandular o solid i tenen un elevat
index mitdtic. Sempre sén tumors de grau 3/3. Des del punt de vista
immunohistoquimic es caracteritzen per expressar WT1 i mostrar un patré
anormal d’expressio de p53 (24). El carcinoma de cél-lula clara es caracteritza
pel patré arquitectural que pot ser papil-lar, tibulo-quistic o solid, amb papil-les i
tubuls revestits per una sola capa de ceél-lules que tenen un atipia citologica
homogenia i, en general, poques figures de mitosi. Sén tumors d’alt grau.
Aquestes cel-lules poden tenir abundant glucogen intracitoplasmatic, que i
confereix I'aspecte clar. Des del punt de vista immunohistoquimic no expressen
WT1 ni receptors d’estrogens i progesterona, tenen patré normal d’expressié de
p53 i poden mostrar expressi¢ intracitoplasmatica de Napsina-A (24). El

carcinoma endometrioide és semblant al de 'endometri. Pot tenir diferenciacio
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escamosa i es grada en funcio de la proporcié de component solid, aixi, si aquest
representa <5% del volum tumoral és un grau 1, entre el 5i el 50% grau 2i més
del 50% de component solid és un grau 3. Els graus 1 i 2 es consideren tumors
de baix grau. En general no expressen WT1, 14-15% de casos tenen patro
anormal de p53, no expressen Napsina-A i solen expressar receptors
d’estrogens i progesterona (24). El carcinoma serds de baix grau sol tenir una
morfologia papil-lar i micropapil-lar, pero també pot ser glandular. Esta constituit
per unes cel-lules poc atipiques, de grandaria homogénia i escasses figures de
mitosi que expressen WT1 i tenen un patré normal d’expressié de p53 (24). El
carcinoma mucinds esta constituit per cél-lules caliciformes semblants a les del
tracte gastro-intestinal. Pot tenir dos patrons de creixement: expansiu i infiltrant,
essent el segon més agressiu. Poden tenir expressié anormal de p53 i poden
expressar marcadors propis de tumors gastro-intestinals com citoqueratina 20 i
CDX2 . Davant d’'un carcinoma mucinds a I'ovari sempre s’ha de descartar que

es tracti d’'una metastasi d’origen extrinsec (24).

ESTADIFICACIO

El cancer d’ovari, trompa uterina i peritoneu s’estadifica de la mateixa manera i
té en compte les caracteristiques del tumor primari (T), I'afectacié dels ganglis

regionals (N), la presencia de metastasis a distancia (M) (Taula 1)(25,26) .

T Tumor primari

Tx El tumor primari no pot ser avaluat.

T0 No hi ha evidéncia de tumor primari.

T1 Tumor limitat als ovaris (un o els dos) o les trompes de Fal-lopi.

T1a Tumor limitat a un ovari (capsula intacta) o trompa de Fal-lopi, sense tumor a la

superficie ovarica o de la trompa i sense cél-lules malignes a l'ascites o als
rentats peritoneals.

T1b Tumor limitat als dos ovaris (capsula intacta) o trompes de Fal-lopi, sense tumor a
la superficie ovarica o de la trompa i sense cel-lules malignes a I'ascites o als
rentats peritoneals.

T1c Tumor limitat a un o els dos ovaris o trompes de Fal-lopi amb alguna de les
seguents dades:

T1c1 Trencament intraquirdrgic de la capsula.

T1c2 Capsula trencada abans de la cirurgia o tumor sobre la superficie ovarica o
tubarica.

T1c3 Cél-lules malignes a I'ascites o als rentats peritoneals.

T2 Tumor afectant un o tots dos ovaris o trompes de Fal-lopi amb extensié peritoneal
per sota de la vora pelviana o cancer primari peritoneal.

T2a Extensié i/o implants sobre I'Uter i/o les trompes de Fal-lopi i/o els ovaris.

T2b Extensié i/o implants sobre altres teixits pelvians.
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T3

Tumor afectant un o tots dos ovaris o les trompes de Fal-lopi o cancer primari
peritoneal amb metastasis peritoneals fora de la pelvis i/lo metastasis a ganglis
limfatics retroperitoneals (pelvians i/o para-aortics).

T3a Afectacié microscopica peritoneal extra-pelviana (per damunt de la vora pelviana)
amb o sense ganglis limfatics retroperitoneals positius.

T3b Metastasi peritoneal macroscopica < 2cm més enlla de la pelvis amb o sense
metastasis a ganglis limfatics retroperitoneals.

T3c Metastasi peritoneal macroscopica > 2cm més enlla de la pelvis amb o sense
metastasis a ganglis limfatics retroperitoneals.

N Ganglis limfatics regionals

p Els ganglis regionals no poden ser avaluats.

X

NO No hi ha metastasi a ganglis regionals

NO(i+) Cél-lules tumorals aillades < 0,2 mm

N1 Metastasi a ganglis limfatics retroperitoneals.

N1a Metastasi < 10 mm.

N1b Metastasi > 10 mm.

M Metastasi a distancia

M1 Metastasi a distancia incloent vessament pleural amb citologia positiva,
metastasis parenquimatoses hepatiques o espléniques o metastasis a organs
extra-abdominals (incloent ganglis limfatics inguinals i ganglis limfatics de fora de
la cavitat abdominal.

M1a Vessament pleural amb citologia positiva

pM1b Metastasis parenquimatoses hepatiques o espléniques o metastasis a organs

extra-abdominals (incloent ganglis limfatics inguinals i ganglis limfatics de fora de
la cavitat abdominal)

Taula 1. Classificacié6 TNM del cancer d’ovari, trompa uterina i peritoneu. Adaptat de (25)

En base a aquestes caracteristiques s’estableixen els estadis clinics amb

correlacio prondstica que estan representats a la taula 2.

ESTADI Definicié
FIGO

| Tumor limitat als ovaris (un o els dos) o les trompes de Fal-lopi.

1A Tumor limitat a un ovari (capsula intacta) o trompa de Fal-lopi, sense tumor a la superficie
ovarica o de la trompa i sense cél-lules malignes a I'ascites o als rentats peritoneals.

1B Tumor limitat als dos ovaris (capsula intacta) o trompes de Fal-lopi, sense tumor a la
superficie ovarica o de la trompa i sense cél-lules malignes a I'ascites o als rentats
peritoneals.

IC Tumor limitat a un o els dos ovaris o trompes de Fal-lopi amb alguna de les seguents
dades:

IC1 Vessament quirurgic intraoperatori.

IC2 Capsula trencada abans de la cirurgia o tumor sobre la superficie ovarica o tubarica.

IC3 Cel-lules malignes a I'ascites o als rentats peritoneals.

1l Tumor afectant un o tots dos ovaris o trompes de Fal-lopi amb extensié peritoneal per sota
de la vora pelviana o cancer primari peritoneal.

1A Extensid i/o implants sobre I'Uter i/o les trompes de Fal-lopi i/o els ovaris.

11B Extensié i/o implants sobre altres teixits pelvians.

] Tumor afectant un o tots dos ovaris o les trompes de Fal-lopi o cancer primari peritoneal
amb metastasis peritoneals fora de la pelvis /o metastasis a ganglis limfatics
retroperitoneals (pelvians i/o para-aortics).

A Metastasis a ganglis limfatics retroperitoneals amb o sense afectacié peritoneal
microscopica més enlla de la pelvis.

A1 Només ganglis limfatics retroperitoneals positius.
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A1) Metastasi < 10 mm.

A1 (i) Metastasi > 10 mm.

11A2 Afectacié microscopica peritoneal extra-pelviana (per damunt de la vora pelviana) amb o
sense ganglis limfatics retroperitoneals positius.

1B Metastasis peritoneal macroscopica < 2cm més enlla de la pelvis amb o sense metastasis
a ganglis limfatics retroperitoneals.

nc Metastasis peritoneal macroscopica > 2cm més enlla de la pelvis amb o sense metastasis
a ganglis limfatics retroperitoneals.

v Metastasi a distancia excloent metastasis peritoneals.
IVA Vessament pleural amb citologia positiva
IVB Metastasis parenquimatoses hepatiques o espléniques, metastasis a organs extra-

abdominals (incloent ganglis limfatics inguinals i ganglis limfatics de fora de la cavitat
abdominal) o afectacié transmural del budell.

Taula 2. Estadis del cancer d'ovari, trompa uterina i peritoneu. Adaptat de (Bhatla Int J Gynecol Obstat
2018-FIGO report 2018)

En resum, l'estadi | correspon a tumors d’ovari o trompa de Fal-lopi que no
afecten altres estructures, que poden tenir o no cél-lules al liquid ascitic o als
rentats peritoneals, l'estadi Il sén tumors d’ovari, trompa o peritoneu amb
afectacié d’altres estructures pelvianes, I'estadi Il representa tumors d’ovari,
trompa o peritoneu amb afectacié de peritoneu extra pelvianes o bé amb
metastasis a ganglis regionals i I'estadi IV correspon a tumors amb disseminacié
extraabdominal o bé amb metastasis intraparenquimatoses hepatiques o

espléniques.

MANEIG CLINIC

Les estrategies de cribratge per tal d’assolir un diagnostic precog¢ no han donat
resultats quant a impacte en la supervivéncia, de manera que actualment
I'optimitzacié del tractament continua essent la Unica via per tal de millorar
aquests resultats. L’estratégia actual de maneig en el cancer d’ovari requereix
I'abordatge amb un equip multidisciplinari que dugui a terme un apropiat estudi
d’'imatge preoperatori, una cirurgia reglada d’estadificacié i cito-reduccio
realitzada per ginecodlegs entrenats en cirurgia oncoldgica, un acurat diagnostic
histopatologic i 'administracié optima de quimioterapia (QMT) basada en plati,
concretament I'estandard dels darrers anys ha estat carboplati i paclitaxel (27—
29). L’objectiu de la cirurgia és I'assoliment de la citoreduccié completa, definida
com l'abséncia de tumor macroscopic residual. Aquesta cirurgia es pot fer

inicialment o després d’administrar QMT neoadjuvant en les pacients inicialment
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considerades irressecables (30). L’addicié de I'anticos monoclonal bevacizumab
al carboplati i paclitaxel en primera linia i un manteniment durant un any en
monoterapia va suposar una millora significativa en la supervivéncia global
mitjana de pacients amb cancer d'ovari estadi IV en comparar-ho amb el
tractament estandard sense 'anti-angiogénic, mostrant a més a més beneficis
en termes de supervivéncia tant en malaltes sensibles com resistents al plati
(31-33). Més recentment s’han afegit els inhibidors de PARP com a terapia de
manteniment en primera linia en aquelles malaltes amb mutacions en BRCA1/2
o que presenten deficiéncia en la recombinacio homologa ja que diferents estudis
han demostrat millora en supervivéncia lliure de progressié en aquest tipus de
pacients (34-36). Tot i 'elevada resposta al tractament de QMT inicial, la majoria
de casos, sobretot avangats, recidivaran en el curs de la malaltia. Alguns d’ells
es podran beneficiar d’'una cirurgia de citoreduccié. Quan aix0 no sigui possible,
el tractament de la recurréncia dependra de l'interval lliure de malaltia després
de finalitzar la quimioterapia, que defineix les possibilitats de resposta al re-
tractament amb combinacions de plati. Aquesta sensibilitat disminueix amb les
subseglents recaigudes amb la inevitable progressié o resisténcia a plati. En
aquesta situacio, les possibilitats de resposta al tractament estandard esta en

torn al 20%, essent el prondstic en general pobre (37).

TUMORS TESTICULARS DE CEL-LULES GERMINALS (TTCG)

Els tumors de cel-lules germinals constitueixen un grup variat de neoplasies que
es desenvolupen principalment a les gonades (ovaris i testicles) perd també a
localitzacions extragonadals, sobre tot seguint la linia mitja del cos, com ara
retroperitoneu, mediasti i la regié central del cervell. L'origen d’aquest tipus de
tumor a partir de cél-lules germinals pot deduir-se per I'expressié per part de les
cél-lules que els composen de proteines especifiques de linia germinal com ara

VASA o pel patré d’empremta gendmica que mostren aquestes cél-lules (38).

EPIDEMIOLOGIA

El cancer testicular va representar I'1,8% de cancers en homes el 2020 amb uns

74.000 nous casos diagnosticats a tot el moén i va ocasionar el 0.2% de les morts
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per cancer el mateix any (7). EI 95% dels tumors testiculars sén TTCG. EIs TTCG
constitueixen el tipus de neoplasia maligna més frequient en homes entre 15i 35
anys (39,40). La incidéncia dels TTCG és baixa en paisos poc desenvolupats,
amb < 2 casos nous per 100.000 homes i per any a Africa, Carib i Asia. Els nivells
d’incidéncia més elevats es troben a Dinamarca, Alemanya, Noruega, Hungria i
Suissa amb 8-10 casos nous per 100.000 homes i per any. Fora de poblacions
europees, nomeés trobem dades d’incidencia similars a la poblacié maori de Nova
Zelanda amb aproximadament 7 nous casos per 100.000 homes i per any (40).
Els darrers anys del segle XX s’ha produit un increment progressiu en la
incidéncia d’aquests tumors a paisos industrialitzats (41,42). Aquesta variabilitat
geografica caracteritzada, en general, per dades d’incidéncia més elevades en
paisos desenvolupats, ha fet plantejar la possibilitat de que es tracti de
neoplasies relacionades amb [lestii de vida occidental (abus de dietes
hipercaloriques i poc exercici fisic) (43). L’edat de distribucié dels TTCG és
diferent de l'edat de distribucié de la majoria de tumors. Aixi la incidencia
d’aquest tipus de neoplasia s'incrementa just després de l'inici de la pubertat i
disminueix fins a nivells molt baixos més enlla dels 60 anys. Assoleix el seu
maxim entre el final de la década dels 20 i la década dels 30 anys. En general
no hi ha diferéncies en aquesta corba d’incidéncia per edats entre poblacions
amb alt o baix risc. La corba d’incidéncia per edats és similar en seminomes i no
seminomes, encara que el pic de maxima incidencia se situa 10 anys abans en
no seminomes (al voltant de la tercera década de la vida), probablement reflectint

la major agressivitat i el creixement més rapid d’aquesta mena de tumors (44,45).

ETIOLOGIA | PATOGENIA

La incidencia de TTCG esta incrementada 3-5 vegades en homes amb historia
de criptorquidia. La preséncia d’atrofia en aquests testicles no descendits
incrementa el risc de desenvolupar cancer testicular (46,47). Hi ha estudis que
indiquen que el retard de creixement intrauteri podria afavorir I'aparicié de TTCG
(48,49). S’ha demostrat increment de la incidéncia de TTCG en malalts
immunodeficients (trasplantats renals i malalts de SIDA) (50,51). No s’han trobat

diferéncies en factors etioldgics entre seminomes i no seminomes (49,52).
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La lesidé precursora és la neoplasia de cél-lules germinals in situ en que hi ha
activacié de KIT i sobreexpressio de factors de transcripcié embrionaris com
NANOG i OCT4 (53,54). A la neoplasia infiltrant a més a més apareixen guanys
a 12p que no estan presents en les lesions in situ, perd no s’ha pogut demostrar
que els gens presents en aquesta regié estiguin implicats en la progressio de la
malaltia (55). La carrega mutacional dels TTCG és baixa comparada amb altres
tumors solids dels adults. Hi ha poques mutacions somatiques recurrents, en
gens com KRAS, NRAS, KIT o PIK3CA, pero es detecten més freqlientment en
seminomes que en no seminomes (56). Les mutacions de TP53 son poc
frequents en TTCG, excepte en casos resistents al tractament amb plati (57).
S’han observat diferéncies en patrons de metilacié entre tipus histologics, aixi,
els seminomes mostren poca metilacié global mentre que és extensa en
carcinomes embrionaris i tumors mixtes (56). En no seminomes s’ha demostrat
silenciament epigenétic de diferents gens supressors com BRCA1i RAD51C que
indiquen que les deficiencies en la reparacié homologa poden tenir un paper en

els TTCG, obrint noves possibilitats terapeutiques (56,57).

TIPUS HISTOLOGICS

Els tumors de cél-lules germinals es divideixen en 2 grans grups: aquells que
deriven de neoplasia de cel-lules germinals in situ i els que no (38,58). La
neoplasia de cél-lules germinals in situ esta constituida per cél-lules semblants
a les del seminoma amb nuclis grans, hipercromatics, cromatina grumosa i un o
diversos nucléols prominents que estan disposades sobre la membrana basal
dels tabuls seminifers (58,59). Els TTCG derivats de neoplasia de cél-lules
germinals in situ s6n seminoma, carcinoma embrionari, tumor del si endodérmic
de tipus post-puberal, tumors trofoblastics, els teratomes post-puberals i els
tumors mixtes de cél-lules germinals que poden contenir proporcions variables
de qualsevol dels altres tipus en qualsevol combinacio (58). El tumor més
freqlent és el seminoma que representa el 50-55% del total de TTCG, seguit
pel carcinoma embrionari, representant el 4-16% i el teratoma post-puberal el
2,7-7% (58,60,61). El tumor del si endodérmic post-puberal i el coriocarcinoma
es presenten rarament com a formes pures, representant <1% i 0,3% dels TTCG

respectivament (62,63). El segon tipus de TTCG més freqiient sén els tumors
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mixtes de cel-lules germinals i representen aproximadament el 35% dels casos
(62). Des del punt de vista clinic, en termes de maneig, tractament i pronostic,
els TTCG es divideixen en seminomes i no seminomes. Els primers sén els
seminomes purs, i els segons sén qualsevol dels altres tipus histologics de forma
pura o qualsevol tumor mixt de cél-lules germinals, incloent els que tenen un

component de seminoma (64).

ESTADIFICACIO | GRUPS PRONOSTICS

L’estadificacio dels tumors testiculars té en compte les caracteristiques del tumor
primari (T), I'afectacio dels ganglis regionals (N), la preséncia de metastasis a
distancia (M) i els nivells a sérum dels marcadors LDH, hCG i AFP (S) (Taula
3)(25,26) .

pT- Tumor primari

pTX | No s’ha pogut avaluar el tumor primari

bTO No hi ha evidéncia de tumor primari (Exemple: cicatriu histologica al
testicle)

pTis | Neoplasia de cel-lules germinals in situ

Tumor limitat al testicle i a I'epididim sense invasio vascular o limfatica;

el tumor por infiltrar la tunica albuginia perd no la tunica vaginal

Tumor limitat al testicle i a I'epididim amb invasié vascular o limfatica o

pT2 | tumor extenent-se a través de la tunica albuginia amb afectacié de la

tunica vaginal

Tumor envaint cordd espermatic amb o sense invasio vascular o

limfatica

pT4 | Tumor envaint 'escrot amb o sense invasié vascular

pT1

pT3

pN- Ganglis limfatics regionals

pNX | No s’han pogut avaluar els ganglis limfatics regionals

pN1 | Metastasi a un gangli limfatic menor o igual a 2 cm de diametre maxim
y 5 0 menys ganglis limfatics positius, cap d’ells de més de 2 cm de
diametre maxim

pN2 | Metastasi a un gangli limfatic de més de 2 cm pero no més de 5 cm de
diametre maxim; o més de 5 ganglis limfatics positius, cap d’ells de més
de 5 cm de diametre maxim; o evidéncia d’extensio extranodal del tumor
pN3 | Metastasi a un gangli limfatic de més de 5 cm de diametre maxim
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M- Metastasis a distancia

MX

No s’han pogut avaluar les metastasis a distancia

MO

No hi ha metastasis a distancia

M1 | Preséncia de metastasis a distancia

M1a

A ganglis limfatics no regionals o pulmé

M1b

A altres localitzacions

S- Marcadors tumorals en sérum (pre-quimioterapia)

LDH hCG (mUUmL) | AFP (ng/mL)
S1 <15xN i < 5000 i < 1000
S2 1510 x N 05000 - 50000 | 0 1000 - 10000
S3 >10 x N 0 > 50000 0> 10000

N correspon al limit alt dels valors normals de la determinacié d’LDH

Taula 3. Classificaci6 TNM del cancer testicular. Adaptat de (25)

En base a aquestes caracteristiques s’estableixen els estadis clinics amb
correlacio prondstica que estan representats a la taula 4.

Estadi T N M S
Estadi 0 pTis NO MO S0, SX
Estadi | pT1-4 NO MO SX
Estadi IA | pT1 NO MO SO
EstadiIB |pT2 NO MO SO
pT3 NO Mo S10)
pT4 NO MO SO
Estadi IS | Qualsevol pT/TX | NO MO S1-3
Estadi Il Qualsevol pT/TX | N1-3 MO SX
Estadi IIA | Qualsevol pT/TX | N1 MO SO
Qualsevol pT/TX | N1 MO S1
Estadi IIB | Qualsevol pT/TX | N2 MO SO
Qualsevol pT/TX | N2 MO S1
Estadi [IC | Qualsevol pT/TX | N3 MO SO
Qualsevol pT/TX | N3 MO S1
Estadi lll | Qualsevol pT/TX | Qualsevol N | M1 SX
Estadi IlIA | Qualsevol pT/TX | Qualsevol N | M1a SO
Qualsevol pT/TX | Qualsevol N | M1, M1a | S1
Estadi llIB | Qualsevol pT/TX | N1-3 MO S2
Qualsevol pT/TX | Qualsevol N | M1a S2
Estadi IlIC | Qualsevol pT/TX | N1-3 MO S3
Qualsevol pT/TX | Qualsevol N | M1a S3
Qualsevol pT/TX | Qualsevol N | M1b Qualsevol S

Taula 4. Estadis del cancer testicular. Adaptat de (26)
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Els TTCG es classifiquen en diferents grups de risc segons el tipus histologics,
I'extensié de la malaltia i els nivells de marcadors en sérum (64). Els tumors de
bon prondstic engloben els seminomes sense metastasis viscerals amb nivells
normals de marcadors tumorals i els no seminomes de localitzacié testicular o
retroperitoneal sense metastasis, amb AFP <1000 ng/ml i hCG <5000 mUl/ml i
LDH < 1,5 vegades el valor normal. Els tumors de pronostic intermedi son els
seminomes amb metastasis que no siguin pulmonars amb nivells normals de
marcadors tumorals i els no seminomes de localitzacio testicular o retroperitoneal
amb metastasis que no siguin pulmonars i una de les seguents caracteristiques:
AFP entre 1000 i 10000 ng/ml, hCG entre 5.000 i 50.000 mUI/ml o LDH entre 1,5
i 10 vegades el seu valor normal. Finalment, els tumors de mal pronostic sén
aquells no seminomes amb afectacié mediastinica o0 amb metastasis viscerals
extrapulmonars o amb nivells alts d’algun dels marcadors tumorals: AFP <
10.000 ng/ml o hCG > 50.000 mUI/ml o LDH > 10 vegades el valor normal (64).

MANEIG CLINIC

La primera maniobra terapeutica a tots els TTCG és l'orquiectomia inguinal,
excepte en aquells malalts amb malaltia disseminada i risc vital als que es pot
comencar tractament quimioterapic, diferint-se la orquiectomia per a un altre
moment. El tractament post-orquiectomia depén de I'estadi i la histologia del
tumor. Els pacients amb seminoma en estadi | sense altres factors de mal
pronodstic com ara invasio de rete testis o tumors grans tenen un risc de recidiva
molt baix i per tant la tendéncia actual és no afegir tractament adjuvant (65,66).
Els pacients amb seminoma estadis Il o Il es tracten amb quimioterapia basada
en plati, obtenint en general bons resultats (66,67). En pacients amb no
seminoma en estadi | també es contempla I'opcié de no afegir tractament
adjuvant, excepte si hi ha algun factor de mal pronostic com ara abundant
component de carcinoma embrionari o coriocarcinoma (68—71), en qué es pot
afegir quimioterapia basada en plati. Els pacients amb no seminoma en estadi Il

o lll sempre reben alguna mena de tractament quimioterapic basat en plati (66).

Al moment del diagnodstic el 80% dels seminomes i el 60% dels no seminomes

estan localitzats (estadi ), pero durant el seguiment el 18% dels pacients amb
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seminoma i aproximadament el 30% dels pacients amb no seminoma en aquest
estadi recidivaran (70,72). Per tant, aproximadament el 50% dels pacients amb
TTCG rebran tractament basat en plati en algun moment de I'evolucio de la
malaltia (65,66,70).

CANCER DE PULMO
El cancer de pulmé és un dels cancers més prevalents i la principal causa de

mort per cancer a nivell mundial.

EPIDEMIOLOGIA

L’any 2020 van haver-hi dos milions de casos nous i es van produir 1,7 milions
de morts per cancer de pulmé al mén (7). Tradicionalment el cancer de pulmé
tenia les taxes d’incidéncia i mortalitat més elevades en paisos rics pero
actualment hi ha una tendéncia a la disminucié d’aquestes taxes, particularment
entre els joves sobre tot degut al descens de I'habit tabaquic. Per contra, en
regions en qué esta augmentant el consum de tabac com ara Asia, la incidéncia
del cancer de pulmo esta augmentant (73). Durant molt de temps el cancer de
pulmo ha estat més freqiient en homes que en dones, perd en paisos de renda
alta aquestes diferéncies entre sexes s’han anat igualant degut a 'augment de

dones fumadores (74).

ETIOLOGIA | PATOGENIA

S’han identificat diversos factors de risc per a desenvolupar cancer de pulmé
com ara exposicié ocupacional a substancies com el rado i 'asbest o exposicié
a contaminacié ambiental, pero el factor de risc més important és el consum de
tabac i sobretot de cigarretes. El risc en fumadors es va incrementant amb la
duracio i el nombre de cigarretes fumades al dia i disminueix després de deixar
de fumar, encara que mai s’arriba al nivell de risc que tenen els que no han estat
mai fumadors. El risc és 20-30 vegades més gran en fumadors que en no

fumadors. Els factors de risc en no fumadors sén I'exposicié passiva al fum del
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tabac (fumadors passius) i exposicions laborals o ambientals, perd en la majoria

de casos en no fumadors no es pot identificar una causa especifica.

El rol del tabac en la carcinogénesi pulmonar esta mediat per les més de 80
substancies carcindgenes presents al fum del tabac que tenen un efecte pro-
inflamatori i mutagénic en els teixits de les vies respiratories i del parénquima
pulmonar (75). Alguns d’aquests carcindogens generen adductes amb ’ADN que
acaben ocasionant mutacions en gens que afavoreixen la iniciacio i la progressio

de les neoplasies, com per exemple mutacions en TP53 i KRAS (76).

La majoria dels adenocarcinomes de pulmé en malalts que no han fumat mai
presenten mutacions als gens EGFR o HER2 o bé fusions que impliquen els
gens ALKo ROS1 (77). També s’han descrit mutacions driver en altres gens com
KRAS, BRAF o PIK3CA. En general les mutacions a EGFR i KRAS son
mutuament excloents (78,79). Els tumors que presenten mutacions a EGFR o
fusions amb ALK o ROS1 actualment tenen terapies dirigides contra aquestes

alteracions que ja s6n emprades de manera habitual en la practica clinica (80).

TIPUS HISTOLOGICS

Des del punt de vista clinic el cancer de pulmé es divideix en dos grups:
carcinoma de cél-lula petita (15% dels casos) i el carcinoma no cél-lula petita que
representa el 85% dels pacients. Dintre del carcinoma no cél-lula petita es
reconeixen 3 tipus histologics: adenocarcinoma, carcinoma escamos i carcinoma

de cel-lula gran (81,82). En aquesta revisié ens centrarem en aquest segon grup.

L’adenocarcinoma és el tipus més freqlient i representa aproximadament el 40%
del total de cancers de pulmé (Pesch, et al., 2012). S’origina de les cél-lules
alveolars i es caracteritza per l'expressid immunohistoquimica de TTF-1 i
Napsina A. Es reconeixen fases incipients de la malaltia com I'adenocarcinoma
in situ i 'adenocarcinoma minimament invasiu en qué la lesio creix en patrd
lepidic, perd la majoria corresponen a adenocarcinomes infiltrants.
Histologicament poden tenir patrd lepidic, acinar, papil-lar, micropapil-lar, solid
0 mucinds, de forma pura o, més frequentment, en combinacions d’algun d’ells

en proporcions diverses (81,84).
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El carcinoma escamods constitueix el 25-30% dels cancers de pulmé. S’origina
de I'epiteli de revestiment bronquial i des del punt de vista immunohistoquimic
expressa CK5/6 i p40 i no expressa TTF-1. La lesié precursora és la displasia
escamosa i el carcinoma escamos in situ de I'epiteli bronquial (81,84)l.

El carcinoma de cel-lula gran representa el 5-10% dels cancers de pulmé i la
seva inciéncia va disminuint en la mesura en qué es van afegint técniques
immunohistoquimiques en el diagnostic de les lesions. Sén neoplasies poc
diferenciades constituides per cél-lules grans amb abundant citoplasma i
nucléols prominents que des del punt de vista immunohistoquimic no mostren un
patr6 d’expressid caracteristic d’adenocarcinoma ni de carcinoma escamos
(85,86).

ESTADIFICACIO

L’estadificacio dels tumors pulmonars té en compte les caracteristiques del tumor
primari (T), I'afectacié dels ganglis regionals (N), la preséncia de metastasis a
distancia (M).(Taula 5)(25,26)

pT Tumor primari

Tx El tumor primari no pot ser avaluat.

T0 No hi ha evidéncia de tumor primari.

Tis Carcinoma in situ

T1 Tumor < 3 cm envoltat per pulmoé o pleura visceral, sense evidéncia

broncoscopica d’invasié més proximal al bronqui lobar.

T1mi Adenocarcinoma minimament invasiu.

T1a Tumor £1 cm

T1b Tumor>1cm i <2 cm.

T1c Tumor>2cmi<3cm.

T2 Tumor > 3 cm i < 5 cm o tumor amb qualsevol dels segients
caracteristiques:
Afectacid del bronqui principal independentment de la distancia a la
carina, pero sense afectacio de la carina
Infiltracié de pleura visceral
Associat amb atelectasia o pneumonitis obstructiva que s’estén a la
regio hilar afectant part o tot el pulmé.

T2a Tumor>3cmi<4cm

T2b Tumor>4 cmi<5cm

T3 Tumor > 5 cm i £ 7 cm o que infiltra directament qualsevol de les
seglients estructures: pleura parietal, paret toracica, nervi frénic,
pericardi parietal; o ndduls tumorals separats al mateix I0bul que el
primari.
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T4 Tumor > 7 cm o de qualsevol grandaria que infiltra qualsevol de les
seglients estructures: diafragma, mediasti, cor, grans vasos, traquea,
nervi recurrent laringi, esofag, cos vertebral, carina; o noduls separats
del tumor a Iobuls ipsilaterals diferents del del primari.

N Ganglis limfatics regionals
Nx Els ganglis regionals no poden ser avaluats.

NO No hi ha metastasi a ganglis regionals.

N1 Metastasis a ganglis peribronquials ipsilaterals i/o a ganglis hilars
ipsilaterals i ganglis intrapulmonars, incloent afectacié per extensio
directa.

N2 Metastasis a ganglis mediastinics ipsilaterals /o a ganglis
subcarinals.

N3 Metastasis a ganglis mediastinics contralaterals, hilars contra
laterals, escalens ipsilaterals o contralaterals o supraclaviculars.

M Metastasi a distancia

MO No hi ha metastasis a distancia.

M1 Metastasis a distancia.

M1a Nodul separat del tumor en un Iobul contralateral; tumor amb noduls
pleurals o pericardics o vessament pleural o pericardic malignes.

M1b Metastasi Unica extratoracica a un sol érgan.

M1c Multiples metastasis extratoraciques en un o multiples organs.

Taula 5. Classificaci6 TNM del cancer de pulmé. Adaptat de (25)

En base a aquestes caracteristiques s’estableixen els estadis clinics amb

correlacio pronodstica que estan representats a la taula 6.

ESTADI Definicio

0 Tis NO MO
1A1 T1mi-T1a NO MO
1A2 T1b NO MO
1A3 T1c NO MO

1B T2a NO MO

1A T2b NO MO

1B T1a-T2b N1 MO o T3 NO MO
1A T1a-T2b N2 M0 o T3 N1 MO o T4 NO-N1 MO
1B T1a-T2b N3 M0 o T4 N2-N3 MO

11A Extensio i/o implants sobre I'Uter i/o les trompes de Fal-lopi i/o els ovaris.
1B Extensi6 i/o implants sobre altres teixits pelvians.
IVA Qualsevol T Qualsevol N M1a-M1b
IVB Qualsevol T Qualsevol N M1c

Taula 6. Estadis del cancer de pulmé. Adaptat de (26)
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MANEIG CLINIC

El tractament del carcinoma no cél-lula petita de pulmé depén de I'estadi i es
basa en una combinacié de cirurgia, radioterapia, quimioterapia, immunoterapia
i terapies dirigides. En general, els pacients en estadi [, Il o llIA es tracten amb
reseccio quirdrgica, sempre i quan aquesta no estigui contraindicada. En estadis
Il o llIA s’afegeix quimioterapia basada en plati (Pignon et al., 2008). En pacients
elegibles per a tractament quirdrgic perd amb contraindicacié6 médica per a la
cirurgia es pot fer tractament radioterapic amb finalitats curatives (88,89). No esta
clar el paper que pugui tenir la quimioterapia neoadjuvant en aquest grup de
pacients (90-92). En pacients en estadis avangats inoperables es recomana el
tractament amb radioterapia i quimioterapia concomitant basada en plati (93). A
més a meés, a mesura que es va avangant en el coneixement de la biologia dels
tumors i es van detectant alteracions moleculars especifiques, paral-lelament es
van desenvolupant terapies dirigides cap a aquestes alteracions que s’afegeixen
a la quimioterapia convencional. Aixi, davant d’un carcinoma de pulmé no cél-lula
petita s’ha d’estudiar si té alguna d’aquestes possibles dianes terapéutiques per
a les quals hi ha farmacs especifics: mutacions d’EGFR (94) , translocaciéo d’ALK
(95), fusions de ROS1T (96), fusions de NTRK (97), fusions de RET (98),
mutacions de MET (99), KRAS (100)o BRAF (101),...). A excepcié de les
mutacions de KRAS, presents en 25-30% d’adenocarcinomes (102) i les ’EGFR
presents en 15-20% de carcinomes de pulmé no cel-lula petita, sobre tot
adenocarcinomes (103), la resta d’'alteracions sén molt poc frequients i per tant,
la quimioterapia continua sent la principal eina terapéutica per a aquest tipus de

cancer.

CANCER D’ENDOMETRI

El cancer d’endometri és el tumor ginecoldgic maligne més frequient en els paisos
desenvolupats. La majoria de casos tenen bon pronostic degut a que produeix
manifestacions cliniques en forma de metrorragia en fases molt inicials del seu
desenvolupament, aixd permet diagnosticar-lo en estadis incipients en qué el
tractament quirdrgic acostuma a ser curatiu, assolint taxes de supervivéncia

global als 5 anys del 80-95%. Malgrat aix0, 15-20% de casos estan disseminats
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al diagnostic o bé acaben recidivant i en aquest moment les opcions

terapéutiques son limitades, comprometent el pronodstic de les pacients.

EPIDEMIOLOGIA

El cancer d’endometri és el sise cancer més freqiient en dones. L’any 2020 es
van diagnosticar gairebé 420.000 casos a nivell mundial. Les taxes d’incidencia
son més elevades en paisos desenvolupats com Europa i els Estats Units i
sembla que hi hagi una tendéncia al seu increment, probablement relacionat amb
I'estil de vida i especialment amb I'obesitat (104). La incidéncia a Europa el 2020
va ser de 12,9-20,2 casos per cada 100.000 dones, amb una mortalitat de 2,0-
3,7 per cada 100.000 dones (7). Les taxes més baixes es troben en paisos amb
baix nivell d’'ingressos com els del continent africa i I'india. Es diagnostica sovint
en dones menopausiques o perimenopausiques amb una edat mitjana de 63
anys. Els casos en el context de sindromes de predisposicio hereditaria al cancer
com la sindrome de Lynch o la sindrome de Cowden se solen diagnosticar en
dones aproximadament 10 anys més joves (105,106). En pacients amb sindrome
de Lynch, en que les pacients sén portadores d’'una mutacié en linia germinal en
gens implicats en reparacié d’errors d’aparellament com ara MLH1, MSH?2,
MSH6 o PMS2, el risc de desenvolupar cancer d’endometri al llarg de la vida és
del 13-54%, depenent de quin és el gen mutat, amb riscs de 46-54% en dones
amb mutacions d’MLH1, 21-51% en dones portadores de mutacions d'MSH2, 16-
49% en dones portadores de mutacions d'MSH6 i 13-24% en portadores de
mutacions de PMS2 (105,107,108).

ETIOLOGIA | PATOGENIA

Els factors de risc que estan associats amb el desenvolupament del cancer
d’endometri son l'obesitat, la diabetis, la sindrome d’ovaris poliquistics i, en
general, situacions en qué es produeix una hiperestimulacié estrogénica no
compensada amb gestagens, com ara certes neoplasies ovariques, tractament
hormonal substitutiu basat unicament en estrogens i tractament amb tamoxifé

(109). Aquestes condicions afavoreixen el desenvolupament d’hiperplasia atipica
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que és la lesio precursora del carcinoma endometrioide, que és el tipus histoldgic
meés frequient (110). Altres tipus histologics com carcinoma serés, carcinoma de
cél-lules clares i carcinosarcoma no estan associats a hiperestrogenisme (111).
En les lesions precursores ja hi trobem algunes de les alteracions moleculars
que caracteritzen el carcinoma, com ara mutacions en PTEN, KRAS i CTNNB1
o inestabilitat de microsatél-lits. La progressié a carcinoma endometrioide és
conseqliéncia de 'acumulacié d’altres alteracions com ara inactivacio d’ARID1A
i de TGFB (112,113).

En el carcinoma serds la lesié més incipient que es troba és el carcinoma serés
intraepitelial i en aquests moment ja hi ha mutacions de TP53 que és l'alteracio

que caracteritza aquest tipus histologic (114).

Recentment s’ha plantejat una classificacido del cancer d’endometri en quatre
grups, basada en la carrega mutacional i les alteracions en el numero de copies

dels gens que presenten els tumors, que té implicacions pronostiques (115):

Al grup anomenat anomenat amb alt nimero de copies els tumors presenten
alteracions genomiques generalitzades i extenses amplificacions i deleccions.
Aquest grup conté la majoria dels tipus histolodgics més agressius i el 25% dels
carcinomes endometrioides d’alt grau. El pronostic d’aquests tumors és pobre i

la majoria dels casos tenen mutacions patogéeniques de TP53 (115).

Tumors hipermutats que tenen una carrega mutacional unes 10 vegades més
elevada que el conjunt dels tumors, es caracteritzen per tenir inestabilitat de
microsatél-lits com a consequéncia de la falta d’expressid per mutacié o per
silenciament epigenétic d’algun dels gens implicat en la reparacié d’errors
d’aparellament com ara MLH1, MSH2, MSH6 o PMS2. Aquests tumors gairebé
sempre son endometrioides i acostumen a tenir abundants limfocits intratumorals
(TILs) (115).

Tumors ultramutats que tenen una carrega mutacional unes 100 vegades més
elevada que el conjunt dels tumors. Representen el 7% del total de cancer
d’endometri. També tenen abundants TILs. Es caracteritzen per tenir mutacions
recurrents al domini exonucleasa del gen POLE. Soén els tumors que com a grup
presenten el millor pronostic, practicament sense presentar mai recurréncies
(115).
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Finalment hi ha un quart grup que no té cap de les alteracions descrites
anteriorment i que s’anomenen tumors amb baix nimero de copies o tumors
amb perfil molecular no especific. Gairebé tots els tumors sén carcinomes

endometrioides de baix grau (115).

Aquesta classificacido molecular dels tumors ha canviat la manera d’estratificar

les pacients de cara al tractament (116).

TIPUS HISTOLOGICS

El tipus més frequent és el carcinoma endometrioide que representa al voltant
del 80% dels casos, mentre que el 20% restant correspon al tipus no
endometrioide que majoritariament comprén el carcinoma serdés, el carcinoma de
cél-lula clara i el carcinosarcoma (24). Es grada en 3 graus, en base a la
proporcié de component solid i glandular: els tumors amb <5% de component
solid sén grau 1, entre 5 i 50% de component solid son grau 2 i >50% de
component solid son grau 3. Els tumors de grau 1i 2 es consideren de baix grau.
Per contra, els tipus no endometrioide son tots d’alt grau i es diagnostiquen en
dones aproximadament més 10 anys més grans (24). Durant molts anys s’ha fet
servir una classificacié dual del cancer d’endometri que tenia sentit clinic en tipus
1 i tipus 2 (117). El tipus 1 corresponia als carcinomes endometrioides de bon
pronostic, freqientment limitats a I'ater en el moment del diagnostic, i el tipus 2
corresponent als tipus histologics més agressius, representats sobre tot pel
carcinoma seroés, que sovint es presenta amb disseminacio peritoneal al moment
del diagnostic. Aquests dos tipus tenen un abordatge diagnostic i terapéutic i un
pronostic diferent. El problema d’aquesta classificacio estava en els carcinomes
d’alt grau que de vegades son dificils de classificar i en el maneig dels
carcinomes endometrioides d’alt grau, si s’havien de considerar com a tumors de

tipus 1 o de tipus 2.

Com ja s’ha comentat, més recentment s’ha proposat una classificacié molecular
del cancer d’endometri en 4 grups que esta basada en la carrega mutacional i en
la variacié del numero de coOpies dels gens que presenten els tumors (115).
Aquesta classificacidé que requereix de seqlienciacié massiva sistematica dels

tumors és dificil d'implementar a la practica clinica, per la qual cosa se n’ha
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plantejat una classificacié subrogada basada en I'estudi immunohistoquimic de
proteines reparadores de I'ADN (MSH6 i PMS2) i de p53 i la sequienciacioé del
gen POLE (118-120). De manera que els tumors amb mutacié patogénica de
POLE es consideren tumors POLE mutats (tumors ultramutats), els que tenen
perdua d’expressid d’alguna de les proteines reparadores es consideren tumors
amb déficit de proteines reparadores (tumors hipermutats), els que tenen un
patr6 anormal d’expressié de p53 es consideren tumors amb alt nimero de
copies i els que no tenen cap de les alteracions descrites anteriorment es

consideren tumors amb perfil molecular no especific.

ESTADIFICACIO

Se segueix la classificacio vigent del Sistema FIGO publicada al 2023 (taula 7),
que pren en consideracio els diferents tipus moleculars del cancer d’endometri
amb el doble objectiu d'una millor definici6 dels grups pronostic i una
subclassificacié dels estadis per a una indicaci6 més acurada dels diferents

tractaments .

ESTADI FIGO Definicio

| Tumor confinat al cos uteri i ovari

1A Malaltia limitada a I'endometri o,

Tipus histologic No agressiu (a) amb invasié miometri <50% i sense ILV (o
focal) (b) o,

Malaltia de bon pronostic (c)

1A1 Tipus histologic NO agressiu limitat a un polip o confinat a 'endometri

1A2 Tipus histologic NO agressiu amb invasié miometri <50% i sense ILV (o
focal)

I1A3 Tumor G1-G2 limitat a uter i ovari (c)

1B Tipus histologic NO agressiu amb invasié miometri >50% i sense ILV (o
focal)

IC Tipus histologic agressiu (d) limitat a un polip o confinat a 'endometri

1l Invasié de I'estroma cervical sense extensio extrauterina o,
ILV extensa o,
Tipus histologic agressiu amb invasié miometrial

A Tipus histologic NO agressiu amb invasié cervical

IIB Tipus histologic NO agressiu amb ILV extensa

IIC Tipus histologic agressiu amb qualsevol invasié miometrial

1l Disseminaci6 local i/o regional de qualsevol tipus histologic

A Invasi6 de serosa uterina, annexos o ambdos per extensié directa o
metastasi

11A1 Afectacié d’ovari o trompa (excepte si compleix criteris per IA1)

111A2 Afectacioé de subserosa uterina o extensié a traves de la serosa

1B Extensioé o metastasi a vagina i/o a parametri o peritoneu pelvia

‘ 1iB1 Extensié o metastasi a vagina i/o a parametri
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\ 111B2 Metastasi a peritoneu pelvia

lHc Metastasi a ganglis pelvians o paraaortics o ambdos

lnc1 Metastasi a ganglis pelvians

IIC1i | Micrometastasi

IIC1i | Macrometastasi
i

1C2 Metastasi a ganglis paraadrtics fins a vasos renals (amb o sense ganglis
pelvians)

1IC2i | Micrometastasi

1IC2i | Macrometastasi
i

I\ Extensié a mucosa vesical i/o intestinal i/o metastasi a distancia
IVA Extensio a mucosa vesical i/o intestinal
VB Metastasis peritoneals a abdomen superior
IVC Metastasis a distancia (inclou ganglis intraabdominals o extraabdominals per

sobre dels vasos renals, pulmd, fetge, cervell y ossos)

Taula 7. Estadis del cancer d’endometri. Adaptat de (121). (a) Tipus histologics No agressius: carcinoma
endometrioide G1-G2, carcinoma POLE mutat. (b) ILV extensa segons definici6 WHO 2020: =5 vasos
afectats. (c) El carcinoma d’endometri G1-G2 afectant endometri i ovaris (IA3) ha de diferenciar-se de
I'extensié del carcinoma d’endometri a I'ovari (IlIA1) seguint els seglents criteris:

Infiltracié miometrial < 50%

ILV absent o focal

Absencia d’'altres metastasis

Afectacié ovarica unilateral, limitada a I'ovari i sense invasié/ruptura de la capsula

(d) Tipus histologics agressius: carcinoma endometrioide G3, carcinoma seros, carcinoma de cel-lula clara,
carcinosarcoma, carcinoma mucinés de tipus intesinal i carcinomes amb p53 anormal.

MANEIG CLINIC

En els estadis inicials el tractament principal es la cirurgia a la que en funcié de
I'estadii d’altres factors de risc s’hi pot afegir radioterapia i/o quimioterapia (QMT)
adjuvant per a disminuir el risc de recidiva (122). En malaltia metastatica les
opcions terapéutiques son limitades i inclouen tant la QMT com la terapia
endocrina (123) i més recentment s’ha afegit en determinades circumstancies la

immunoterapia sola o associada amb QMT (124).

La cirurgia és la base del tractament del cancer d’endometri i ha d’incloure
histerectomia i annexectomia. Respecte a la necessitat i extensié de I'estudi dels
ganglis limfatics hi ha certa controvérsia, i depén de les caracteristiques de la
pacient, sobre tot el grau d’obesitat i de caracteristiques del tumor com ara el
tipus histologic, el grau, la profunditat d’invasié, la preséncia d’invasio
limfovascular o la classificaci6 molecular (125). Una practica raonable seria
estudi del/s ganglis sentinella a més d’extirpacié del ganglis sospitosos (109).

S’ha dintentar extirpar la malaltia extrauterina que sigui visible
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macroscopicament i en el cas de carcinomes serosos i carcinosarcomes es
recomana realitzar una omentectomia pel risc elevat que tenen aquests tipus
histoldgics de fer disseminacio peritoneal, encara que aparentment semblin

estadis limitats a I'ater (126).

No esta clar el paper que pugui tenir la QMT neoadjuvant en el cancer
d’endometri (127).

En malaltia recurrent o metastatica esta indicada la quimioterapia basada en
plati, i la combinacié més usada és carboplati amb paclitaxel (128). En casos en
qué aquesta no té bons resultats degut essencialment a resisténcia al plati i es
requereix una segona linia de QMT les taxes de resposta sén molt pobres,
inferiors al 20% (129).

Un 25% dels carcinomes serosos tenen sobreexpressié de HER2 i en aquests

casos es pot afegir trastuzumab al carboplati / paclitaxel (115,130).

Finalment, els tumors deficients en proteines reparadores poden beneficiar-se

d'immunoterapia (131).

Per tant, la resisténcia a la quimioterapia dels tumors és un dels principals
problemes en el tractament de les malalties oncologiques. Per tal d’estudiar
aquest fenomen biologic i, eventualment, provar noves estratégies terapeutiques
son necessaris models pre-clinics que imitin al maxim la malaltia humana. La
implantacié de fragments de tumor en ratolins immunodeficients al mateix 6rgan
d’origen (implantacié ortotdpica) pot proporcionar una eina molt util en aquest
camp, ja que les cel-lules neoplastiques es troben en un ambient molt més
favorable per al seu creixement que en altres circumstancies experimentals

usades freqlientment (cultius cel-lulars o implants subcutanis) (132).

En aquest treball s’han triat quatre tipus de neoplasia que es tracten de manera
estandard amb quimioterapia basada en sals de plati, perd que presenten
patrons de resposta diferents front al farmac. Aixi, els carcinomes d’ovari, sobre
tot el carcinoma serés d’alt grau, responen d’entrada el 60-70% dels casos, perd
en la mesura en qué van recidivant, els tumors esdevenen resistents, resultant
en una elevada mortalitat de les malaltes als 5 anys del diagnostic. D’altra banda

hi ha els tumors de cel-lules germinals testiculars que tenen una sensibilitat molt
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gran al plati, assolint la curacié en més del 80% de casos. La resta de casos,
perd, sén primariament resistents o se’'n tornen i tenen un pronodstic molt pobre.
| per ultim el cancer de pulmé i cancer d’endometri que tenen, en general, baixes

taxes de resposta.

MODELS PRECLINICS EN LA RECERCA DEL CANCER.

L'as de models preclinics és fonamental per a poder desenvolupar la investigacio
translacional del cancer. Models que s'utilitzen tant per a entendre la biologia de
la malaltia com per al desenvolupament de nous farmacs, i que només en alguns
casos d’éxit acabaran convertint-se en tractaments efectius i aprovats per a I'is

en humans per les agéncies reguladores.

El desenvolupament de farmacs és un procés llarg i complex i que implica tant
I'ts de models in vitro com de models in vivo. L'Us de models de cancer per al
cribratge de farmacs va comencar al NCI (National Cancer Institute) a la
década de 1970. En els darrers 40 anys, s’ha establert una metodologia basica i
un enfocament molt sistematic tant per a realitzar els experiments in vitro com
I'avaluacioé preclinica de molécules amb activitat anticancerosa in vivo (Abaan et
al., 2013).

Actualment, el panell de linies cel-lulars tumorals conegudes com NCI-60
representa la col-lecci6 més ben caracteritzada i que més frequentment s’ha
utilitzat in vitro per al cribratge i desenvolupament dels farmacs que avui en dia
fem servir per a tractar el cancer. Aquest panell esta format per 60 linies cel-lulars
representatives de diferents tipus tumorals, incloent-hi linies derivades de
leucémia, melanoma i cancers de pulmo, colon, cervell, mama, prostata i ronyo.
A més, els xenoempelts generats a partir de la injeccié subcutania d'aquestes
linies cel-lulars en ratolins immunodeficients, anomenats CDX (Cell Derived
Xenografts), han estat la plataforma preclinica més comuna usada in vivo per al

desenvolupament dels farmacs oncologics.

L'ds de les linies cel-lulars en el desenvolupament preclinic de farmacs té
importants limitacions, sent la més important el baix valor predictiu que tenen
respecte a l'activitat en diferents tipus de cancer que s’observa en els ulteriors

assaigs clinics. Tot i que no es coneix la causa subjacent d'aquest baix valor
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predictiu, es creu que aixd és degut a les adaptacions bioldgiques irreversibles
que es donen en les cél-lules en el procés d'adaptacid a créixer in vitro. Entre
aquestes es troben la pérdua/guany d’informacié genética, l'alteracio de les
propietats de creixement local i d'invasié a distancia, aixi com la pérdua
d'heterogeneitat, i per tant de poblacions cel-lulars especifiques del tumor. Un
altre aspecte important que pot explicar aquest baix valor predictiu amb les linies
cel-lulars que s'utilitzen és que hi ha un biaix important ja que generalment
s'estableixen a partir dels tumors més agressius, i per tant no son representatives

de la complexa heterogeneitat cel-lular que tenen els tumors (134,135).

Aixi, en els darrers anys s'han desenvolupat diferents enfocaments per a intentar
millorar tot aquest procés, com sén els cultius primaris derivats dels tumors, pero
sobretot la tecnologia per al desenvolupament de tumoroides/organoides. Es
important remarcar que tots aquests métodes no deixen de ser técniques de
creixement de les cél-lules in vitro, aixo si, més sofisticats que necessiten per al
seu desenvolupament de molts factors de creixement i que poden interferir el
procés de cribratge dels farmacs. De totes maneres, tots aquests meétodes
encara requereixen importants estudis de validacié abans de ser considerats
com a metodes generalistes i convencionals per al cribratge preclinic de
molécules. En aquest sentit, recentment, investigadors del nostre grup han
participat en el primer estudi publicat en qué un cribratge amb organoides de
tumors colorectals, generats tant a partir de tumors desenvolupats en ratolins
modificats genéeticament com de PDX (Patient Derived Xenografts), ha permés
identificar un anticos bi-especific (MCLA-158) que reconeix tant TEGFR com
LGR5 en tumors epitelials, i que actualment esta en procés d'avaluacid en

diversos assaigs clinics (136).

Aixi, en un intent per resoldre aquests problemes i millorar la capacitat predictiva
preclinica de les linies cel-lulars i els models CDX, en els darrers 30 anys hi ha
hagut un gran interés en disposar de models preclinics més avancgats. En aquest
sentit cal destacar els dos grans grups de models en qué s'ha treballat
activament: i) Els models de tumors generats en ratoli modificat genéticament
(GEMM)(Genetically Engineered Mouse Models), i ii) els xenoempelts generats

a partir de la implantacié de tumors de pacients o PDX.
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Els models PDX no son nous. De fet, ja en estudis realitzats a la década de 1970-
80 van mostrar un alt grau de correlacié en estudis en qué s'avaluava la resposta
clinica a la quimioterapia i la resposta observada en els PDX (137). En els darrers
anys hi ha hagut un renovat interés i esforg en desenvolupar-los per als diferents
tipus tumorals. Aixi, en wun intent de millorar [lineficient procés de
desenvolupament de nous farmacs/terapies, aquests models en els ultims 10
anys s'han convertit en la eina preclinica preferida tant per la industria

farmaceutica com per I'académia (138).

En paral-lel als PDX, el desenvolupament dels models preclinics de ratoli
modificats genéticament (GEMM) s'han convertit en eines indispensables per a
comprendre els mecanismes basics que contribueixen a l'inici i desenvolupament
tumoral. No obstant aix0, per les seves caracteristiques intrinseques, sén models
molt menys utilitzats durant el procés de desenvolupament de nous farmacs. En
el cancer de pulmé no microcitic (CPNCP), els models GEMM induits mitjangant
I'activacio d’'un sol oncogen iniciador (mutacié del gen KRAS) son molt utilitzats
a la literatura pero no recapitulen aspectes molt rellevants de la malaltia humana.
Els tumors que es generen soOn lesions predominantment en etapes
primerenques, mostrant una variacié histoldgica molt limitada, i metastatitzen
amb molt poca freqiéncia. En aquesta tesi, amb I'objectiu de millorar aquests
models, presentarem un treball (Article 3) on hem desenvolupat orthoallografts
que consisteix a implantar al pulmo (ortotopica) de ratolins immunodeficients els
tumors generats al pulm6é del GEMM. Aquest és un enfocament versatil i
reproduible que evita algunes de les importants limitacions que presenten els
tumors del GEMM, proporcionant a més una plataforma preclinica rapida i
estandarditzada per a l'avaluacié de tractaments terapéutics in vivo. D'alguna
manera, podem dir que els orthoallografts s6n models hibrids entre els GEMM i
els PDX (139).

Al llarg d'aquesta tesi, en quatre articles diferents descriurem el procés de
generacid en ratolins immunodeficients tant de PDOX (Patient Derived
Orthotopic Xenografts) de cancer epitelial d'ovari (CEO), de tumors testiculars de
cel-lules germinals (TTCG) humans i de cancer d’endometri (CE), aixi com

orthoallografts (tumors derivats de GEEM implantats ortotopicament) de cancer
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de pulmo de ceél-lules no petites (CPNCP). Sén models preclinics avancats que

s'han utilitzat per al desenvolupament de noves aproximacions terapéutiques.

GENERACIO DE MODELS PDX (Patient Derived Xenografts)

En la literatura s'ha descrit ampliament el procés de generacié de models PDX
tant a partir de material fresc obtingut de tumors primaris com de les metastasis
(140,141). En els ultims anys, a part dels processos d'implantacio realitzats per
molts laboratoris d’'una forma individual, s'han creat diferents consorcis
internacionals (Taula 1) amb la finalitat de generar col-leccions de PDX. De fet,
el Dr. Villanueva del grup en qué he realitzat aquesta tesi (Grup de
Quimioresisténcia i Factors Predictius, Subprograma Contra la Resisténcia
Terapéutica en Cancer-ProCURE, Programa Oncobell, IDIBELL) forma part com

a membre fundador d'una d'aquests iniciatives, EuroPDX (www.europdx.com),

que és el major consorci europeu de generacié de models PDX (Manuel Hidalgo
et al., 2014; Byrne, Alférez, et al., 2017), i de 'assaig MAPPYACTS, especialitzat
en la generacié de models pediatrics (144).

De manera genérica, podem dir que la majoria dels PDX es generen a partir de
fragments solids de tumors primaris o de les metastasis obtingudes mitjangant
procediments quirdrgics rutinaris o a partir de bidpsies. Perd aquests models
també es poden generar a partir de fluids obtinguts de drenatges com l'ascites
(p. ex., cancer d'ovari) o els vessaments pleurals (p. ex., tumors de pulmo).
També s'ha descrit la generacio a partir de cel-lules tumorals circulants, encara
que al nostre grup aquesta aproximacié no ha funcionat en diversos tipus de

tumors.

Les mostres tumorals recollides en fresc es poden implantar tant com a
fragments solids, mantenint l'estructura tridimensional del teixit, o com a
suspensio de cél-lules obtingudes per disgregacio enzimatica/mecanica del teixit.
A més, la implantacid/injeccié es pot fer de forma directa o bé amb Matrigel o

barrejades amb fibroblasts humans o amb cél-lules mare mesenquimatiques.

El lloc d'implantacio dels tumors en el ratoli més freqlientment utilitzat és la regio
dorsal (implantacié subcutania), mentre que quan els tumors s'implanten al

ratoli en el mateix organ d'origen del tumor es diu implantacié ortotopica. En
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un intent d'augmentar la taxa d'implantacio, per a alguns tipus tumorals (tumors
de prostata, neuroblastomes, etc.), s'han desenvolupat aproximacions basades
en la injeccio (principalment) del disgregat tumoral a la capsula renal. A més, per
als tumors sensibles a hormones, alguns estudis també han utilitzat la

suplementacio hormonal (p. ex., pellets d'estrogens en cancer de mama) (142).

Per a la generacio dels xenoempelts s'utilitzen diferents soques de ratolins amb
diferents graus d'immunosupressio. La Taula 8 enumera les caracteristiques de
les principals soques de ratolins utilitzades, incloent el seu nivell de supressio

immunologica, aixi com els avantatges i desavantatges del seu Us.

Soca de ratoli Deficiencia Avantatges Desavantatges | Aplicacions
Nude (nu) Sense cél-lules T Ben caracteritzat. Cél-lules Bi Trasplantament de
funcionals Alta taxa d'empelt de NK funcionals. | tumors murins i
tumors humans. La humans
Sense pél: millora de la | funcionalitat (xenogenics) per a
cirurgia de les cél-lules | estudis d'imatge,
i seguiment del tumor. T augmenta metastasi i noves
amb l'edat. terapies.
SCID (scid) Sense cél-lules T1 | Millor empelt de Cél-lules NK Trasplantament de
B funcionals cél-lules i teixits funcionals. tumors murins i
tumorals al-logénics i Limfomes humans
xenogeénics que en la espontanis. (xenogeénics) per a
soca Nude estudis d'imatge,
metastasi i noves
terapies.

Baixos nivells
d'empelt de PBMC

humanes i
teixits
hematopoétics
fetals.
NOD-SCID Sense cél-lules Ti | Ben caracteritzat. Baixa | Alta incidéncia | Nivells més alts
B funcionals, activitat de cél-lules NK. | de limfomes. d'empelt de PBMC
cél-lules NK Molt baixa permeabilitat | Radiosensible. | i cél-lules mare
deteriorades amb I'edat hematopoeétiques

en comparacio
amb la soca SCID.

NOD-SCID-IL2rg Sense cél-lules T, | Resistent als limfomes. | No ben Augment dels
null. (NSG) B i NK funcionals Excel-lent empelt de caracteritzat. nivells de
cél-lules i teixits creixement,
tumorals al-logénics i desenvolupament i
xenogenics. diferenciacio de
Adequat per a l'analisi cél-lules mare
de cél-lules mare pluripotents
canceroses humanes humanes i teixit
i metastasi. huma empeltat per
injeccio
intravenosa,
intrahepatica,
intraperitoneal i
inframedul:la
ossia.

Taula 8. Aquesta taula resumeix les caracteristiques principals de les soques de ratolins immunodeficients
més comunes utilitzades per generar models PDX. Modificada de "El Laboratori Jackson". Les abreviacions
sén: NK: Cél-lules Natural Killer; NOD/SCID: diabétic no obés; NSG: NOD/SCID/IL2 receptor A nul; PBMC:
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Cél-lules sanguinies mononuclears periferiques; SCID: trastorn de la immunitat combinada severa;
NOD/SCID: diabetic no obes; NSG: NOD/SCID/IL2 receptor A nul.

Des d'un punt de vista tedric, alguns enfocaments d'implantacié poden tenir
avantatges en termes d'obtenir taxes d'implantacié més altes i rapides, aixi com
la generacid de models que recapitulin molt millor les caracteristiques dels
tumors humans i, per tant, siguin més predictius. No obstant aixo, malgrat que
de manera recurrent els investigadors del camp plantegen aquestes qlestions,
és important esmentar que molt pocs estudis a la literatura han abordat d'una
manera rigorosa estudis comparatius d'implantacio. Aixi, no hi ha estudis en quée
el mateix tumor s'implanti de forma simultania en diferents soques de ratolins
amb diferents graus d'immunosupressio, subcutani vs. ortotopic, disgregat vs.
fragment solid, etc.

S'han realitzat estudis en qué s'han generat simultaniament models de PDX a
partir tant del tumor primari com de les lesions metastatiques d'un mateix pacient,
suggerint que les lesions metastatiques tenen una taxa més alta d'implantacio
en el ratoli. Perd aquests resultats dependran en gran mesura del tipus tumoral
i de les diferents variables d'implantacié (soca de ratoli, forma d'implantacié etc.).
Per exemple, en al nostre grup hem observat que les metastasis hepatiques de
cancer de colon creixen millor i d’'una manera més rapida si s'implanten en
ratolins atimics al teixit subcutani que ortotdpicament al fetge del ratoli. Sembla
com si el fetge del ratoli es defensés davant de l'implant. Perd, en canvi, quan
s'analitzen histologicament, les metastasis crescudes en fetge s'assemblen molt
més a les primaries originals que les crescudes subcutanies, que sén molt més
fibroses i necroétiques. Un altre exemple el tenim en els carcinomes de pulmé no
cél-lula petita (CPNCP), que creixen molt millor i reprodueixen millor la
histopatologia del CPNCP quan s'implanten ortotopicament al pulmé del ratoli
(145).

Decidir les soques de ratolins més apropiades a I'hora de generar els models

PDX és un aspecte important perd, com hem comentat, és dificil de definir.

67



S'assumeix que els models més immunodeficients, com sén els models
NOD/SCID o NOD/SCID/IL2A-receptor nul (NSG), son millors per a la generacio
dels PDX, ja que en estar més immunodeficients tindran taxes d'implantacié més
altes. De fet, si es mira la literatura aquestes son les soques de ratolins utilitzades

per molts grups de recerca.

Al nostre grup i al llarg d’aquesta Tesi, hem vist que tenim les mateixes taxes
d'implantacié utilitzant atimics o aquestes soques de ratolins més
immunodeficients. Una questié a tenir en compte és que en aquestes soques
més immunodeprimides la disseminacié del tumor es produeix més
frequentment, perd també cal anar amb compte ja que apareixen limfomes a una

freqliéncia més elevada, sobretot per a tumors de creixement lent.

En el cancer de mama s'ha vist que la implantacié en ratolins NOD/SCID versus
NSG té taxes d'implantacié similars. La suplementacié amb pellets d'estradiol va
augmentar notablement les taxes d'implantacidé, passant del 2,6% al 21,4%.
Mentre que la co-implantacié del tumor amb fibroblasts humans va disminuir

aquesta taxa d’empelt (146).

Un dels debats més actius és qué és millor, la implantacié subcutania versus la
implantacio ortotopica. En els darrers anys sembla que ja esta quedant forga
demostrat que la implantacié ortotopica aporta importants avantatges, com per
altra banda descriurem en aquesta tesi. En la implantacié ortotdpica la
implantacié al ratoli hoste dels fragments tumorals es realitza a la mateixa
localitzacié anatomica on es trobava el tumor original al pacient. El fet que les
cél-lules tumorals aixi implantades creixin i es desenvolupin en un entorn que
s'assembla més fidelment al microambient original del tumor del pacient
confereix importants avantatges translacionals. La generacié dels models
ortotopics és molt més laboriosa, requereix cirurgia complexa, és més costosa i
sovint requereix métodes d'imatge per a poder monitoritzar en temps real el
creixement del tumor. A més, requereix una corba d'aprenentatge important per

a poder aconseguir taxes d'implantacié acceptables.

Al nostre grup hem vist que per dos dels tipus de tumors objecte d'aquesta tesi,
com so6n el cancer epitelial d'ovari i de pulmé (CPNCP), aquest enfocament

augmenta substancialment les taxes d'implantacié del tumor. | en el cas dels
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tumors de cel-lules germinals testiculars (TTCG), la implantacié ortotopica al
testicle és essencial per al creixement inicial dels tumors, y rarament

s'aconsegueix el primoimplant al teixit subcutani.

Pel que fa a la implantacié dels tumors a la capsula renal, s'ha publicat que en
CPNCP augmenta d'una forma espectacular la implantacié de CPNCP (fins a un
90%) respecte al que passa si es fa subcutani (25%), tot i que aquests resultats
només es van obtenir d'un sol estudi comparatiu. A més, la implantacié a la
capsula renal escurga el temps de creixement, que és una de les variables més
importants per realitzar estudis de medicina de precisié en temps real amb PDX
(147). En la nostra experiéncia d'implantacié6 de CPNCP (>50 tumors), la taxa
maxima d'implantacié s'aconsegueix de forma ortotdpica al pulmo, perd amb
rangs del 40-50%, i esbiaixat cap a carcinomes escamosos, tenint
I'adenocarcinoma taxes més baixes (25-30%). De manera global, la implantacio

subcutania redueix el percentatge al 20% en CPNCP a les nostres mans.

CARACTERISTIQUES DESTACADES DELS MODELS PDX

La principal limitacié que tenen la majoria dels models preclinics és el pobre valor
predictiu que tenen a nivell clinic, ja sigui els models preclinics in vitro, realitzats
amb linies cel-lulars convencionals, com els models in vivo de xenoempelts
generats mitjancant la implantacid6 d'aquestes mateixes linies cel-lulars en
ratolins immunodeficients, anomenats Cell Derived Xenografts (CDX) (148). Les
raons d'aquesta manca de valor predictiu no s'acaben de comprendre bé, pero
és probable que el procés d'adaptacio a créixer in vitro generi canvis en l'equilibri
entre els complexos circuits biologics de les cél-lules tumorals i aquests difereixin
del que passa a les cél-lules tumorals creixent en el pacient. Aquestes
modificacions afecten tant a propietats fonamentals com soén el contingut en
material genétic, la capacitat invasiva i el manteniment de la heterogeneitat
cel-lular, aixi com la seva dependéncia de vies de senyalitzacio especifiques del

creixement i la supervivéncia cel-lular (135).

La generacié dels models preclinics PDX a partir de mostra tumoral fresca
proporciona eines que representen una clara millora respecte a I'Us de les linies

cel-lulars in vitro i els CDX derivats a partir d'elles in vivo. Aquests models

69



representen un pas més i sén més predictius tant de la biologia com de la

resposta als tractaments dels tumors. A més, la generacié dels models PDX ens

ofereix el potencial per a poder personalitzar el tractament del cancer d'un

pacient en temps real.

Per a demostrar el valor dels models PDX s'han utilitzat diferents aproximacions

analitzant diferents aspectes (142):

i)

Analisi comparativa de les caracteristiques histopatologiques,
biologiques i genétiques dels PDX respecte del tumor original del
pacient. Aquesta aproximacié podriem dir que és de validaci6 dels
models per al seu Us en diferents estratégies d'investigacio. Els tumors
aixi generats retindran les caracteristiques clau del tumor del donant,
propietats que es mantindran al llarg de diferents passades del tumor
de ratoli a ratoli. La majoria d'estudis mostren que els PDX retenen les
caracteristiques histoldgiques principals dels tumors originals, incloent
estructures fines del teixit i detalls microscopics més subtils com
I'arquitectura glandular, produccié de mucina o el desenvolupament

d'estructures quistiques.

La majoria d'estudis realitzats també mostren una bona correlacio
d'altres caracteristiques bioldgiques entre el tumor original i el PDX.
Els estudis comparatius dels perfils d'expressié génica mostren
que no hi ha canvis substancials entre ells. Si que es detecten canvis
en gens relacionats amb I'estroma tumoral i la funcié immunologica, i
aixd es deu al fet que l'estroma del tumor primari en el PDX se
substitueix per estroma muri. En les analisis de dades de grups no
supervisats, els tumors primaris dels donants i els PDX generats en
els ratolins a partir d'aquests tumors s’agrupen de forma conjunta en
la majoria dels casos. En aquest mateix sentit, tant les analisis en les
alteracions en el nombre de copies (CNA) com les dades de
sequenciacié de I'exoma (WES) també mostren una extraordinaria
correlacié entre tots dos tipus de mostres. Es important ressaltar que,
en augmentar la puresa de I'ADN tumoral en el xenoempelt, en
eliminar l'estroma huma, s'observen les alteracions a una major

frequéncia. Per exemple, les pérdues d'homozigositat es detecten
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iii)

d'una forma molt clara. Es molt important ressaltar que en els models
PDX, s'evita la contaminacié creuada per ADN normal del teixit

estromal huma.

En els PDX s'observa I'enriquiment de variants d'un sol nucleotid,
que s'argumenta que podrien ser el resultat d'adaptacio del tumor a
créixer en el nou microambient, encara que també podrien ja estar
presents en el tumor original a frequéncies indetectables i que
s’amplificarien en créixer el tumor en el ratoli. En un treball realitzat pel
nostre grup en CPNCP, vam observar després del tractament amb
Osimertinib I'expansié d'un clon amb mutacié en KRAS (G12C) i que
aquesta mutacié ja estava present en la mostra original tot i ser
indetectable per la majoria de técniques. En aquest cas va ser
necessari fer servir tecnologies de darrera generacio per detectar-la
en el global de la mostra original (149). També s'han demostrat canvis
en les alteracions en el nombre de copies (CNA) en PDX de
sarcomes, fet que s'observa frequentment en els pacients quan
progressen, suggerint que en els xenoempelts estan representats els
reordenaments intrinsecs que tenen lloc durant la progressié tumoral.
En la llarga experiéncia del grup on he fet la tesi, i en els PDOX
generats de tumors de molts tipus (ovari, tumors malignes de beina de
nervi periféric, tumors germinals testiculars, pancrees, colon, pulmo,
melanoma, tumors hematoldgics, i recentment pediatrics, entre
d’altres) no hem trobat canvis substancials entre els tumors originals
i els PDOX (150,151). Es important ressaltar que com a patoleg que
ha analitzat més de 700 PDOX diferents de forma comparativa, en
molts PDOX veiem reflectida I'heterogeneitat tumoral que es veu en

una peca quirurgica en les diferents subarees.

La propagacio dels PDX de ratoli a ratoli (diferents generacions del
tumor) no canvia de manera rellevant les caracteristiques funcionals
del tumor implantat. En diversos estudis que han comparat la resposta
a tractaments de PDX en diferents passades (fins a 10) han mostrat
taxes de respostes estables, la qual cosa recolza I'estabilitat fenotipica

d'aquests models. En el nostre cas i com mostrarem en aquesta tesi
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en els tumors mixtes de cel-lules germinals testiculars, compostos per
combinacions de diversos tipus histologics, aquests van mantenir la
seva heterogeneitat al llarg de >15 passades. Només quan els
tractaven amb cisplati se’n seleccionaven uns components i en

desapareixien d’altres.

Una altra forma d'avaluar la fidelitat dels models és fixar-se en
alteracions genomiques ben conegudes associades amb un tipus
de tumor. Aixi, en models de PDX de carcinomes escamosos de cap
i coll, la prevalenga de mutacions en TP53i NOTCH és similar a la que
s’observa en tumors humans. El mateix succeeix en models de cancer
colorectal i d'adenocarcinomes de pancrees en que la frequéncia de
mutacions en gens com TP53 i KRAS es correspon amb la freqiiencia

de mutacions observades en mostres humanes.

Una altra manera de determinar la valua dels PDX és avaluar el seu
valor predictiu respecte a l'eficacia dels medicaments. En els
estudis en qué s'han tractat models de PDX de diferents tipus de
cancer amb els medicaments utilitzats a la clinica, malgrat la dificultat
d'homogeneitzar els criteris de resposta utilitzats, existeix una notable
concordanga amb el que s'observa a la clinica (per exemple,
cetuximab en cancer colorectal o gemcitabina en cancer de pancrees).
A més, l'analisi en PDX de biomarcadors validats clinicament, com sén
les mutacions en el gen KRAS i la resisténcia als inhibidors de 'EGFR,
va arribar a les mateixes conclusions que en els assaigs clinics. En
aquest sentit, i malgrat les dificultats en la seva implementacio clinica,
potser el punt més important i que posa de manifest la rellevancia dels
models PDX, és el seu Us en el desenvolupament de la Medicina
Personalitzada en temps real, on el pacient es pot arribar a tractar amb
medicaments seleccionats per la seva activitat en el seu propi model

PDX, aqui anomenat Avatar® o Orthoxenograft®.

En aquest sentit, tot i que no és el focus d'aquesta tesi, el nostre grup
ha desenvolupat diverses aproximacions de Medicina de Precisio en
temps real en qué els pacients, majoritariament adults, tot i que també

hi ha algun cas pediatric,c han estat tractats en base al
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PDOX/Orthoxenograft generat en el ratoli. La majoria dels casos han
estat usos compassius autoritzats pels corresponents comités d'ética

dels Hospitals on s'han tractat els pacients (152).

Aixi, a mode de resum podem dir que els PDX en general sén valuosos per a
estudiar la biologia del cancer, provar l'eficacia de noves aproximacions
terapeutiques, i desenvolupar tractaments personalitzats, ja que conserven
moltes de les caracteristiques fenotipiques i genotipiques del tumor original del

pacient a partir del qual es generen.

APLICACIONS DELS MODELS PDX EN LA INVESTIGACIO DEL CANCER
1. Cribratge i desenvolupament de farmacs.

Un dels principals problemes en el desenvolupament de farmacs oncologics és
la baixa taxa d'éxit dels nous agents. Molts compostos que arriben a assajar-se
en extensos estudis clinics de fase Ill amb pacients acaben fallant a causa d'una
manca d'eficacia. La rad perqué aixo passi és per la baixa capacitat predictiva
dels models preclinics sovint utilitzats durant el desenvolupament del farmac, aixi
com per l'abséncia de biomarcadors que permetin fer tant una correcta seleccio
dels pacients a incloure a I'assaig com una correcta monitoritzacio de la resposta
(148).

En aquest context es necessita el desenvolupament d'estratégies que permetin
disminuir aquestes altes taxes de fracas. Aixi, disposar de models preclinics
avangats amb alt valor predictiu, és de gran interés ja que han de permetre afinar
al maxim a nivell preclinic, per a després dissenyar i realitzar assaigs clinics de

fase II-1ll amb més possibilitats d'éxit.

En la literatura existeixen cada vegada més exemples en qué es demostra que
la taxa de resposta en models PDX es correlaciona amb les observades a la
clinica, tant per a terapies dirigides com per als tractaments amb quimioterapia
estandard. Aixi per exemple, en 47 PDX de cancer colorectal no seleccionats la
taxa de resposta a cetuximab és del 10,6%, essent molt similar a la resposta
observada en pacients (153). Igualment en 40 PDX de cancer colorectal amb
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mutacié en KRAS els inhibidors de MEK i PI3BK/mTOR van ser poc eficagos,
similar al que va passar en l'assaig clinic (154). Respecte a la quimioterapia,
estudis en PDX de diferents tipus de tumors (CPNCP, cancer colorectal (CCR),
cancer de mama, cancer de pancrees) demostren que les taxes de respostes als
agents utilitzats clinicament com paclitaxel, carboplati, gemcitabina, 5-
fluorouracil i irinotecan entre d'altres sén bastant comparables amb les dades

cliniques.

En aquest sentit volem destacar, tal com veurem al llarg d'aquesta tesi, que quant
més avangat sigui el model PDX generat possiblement més valor afegit tindra a
I'hora d'ajudar en aquesta faceta de desenvolupament de nous farmacs o
aproximacions terapéutiques. Quan ens referim a avangat ho fem des de dues
perspectives: i) la forma com s'implanta en el ratoli, ortotopic vs. subcutani, si es
fa com teixit mantenint I'estructura tridimensional o ho fem d'un disgregat; i ii) és
un tumor primari sense tractament o per contra deriva de bidpsia de pacient a la
recaiguda després d'una o més linies de tractament (quimioterapia, terapia
dirigida, immunoterapia (ICls)). Des del nostre punt de vista, quan un farmac es
mostra efectiu en aquests models avancats té més possibilitats d'éxit de

convertir-se en un farmac que arribi a ser utilitzat en el tractament dels pacients.

De la mateixa manera, la manca d'eficacia antitumoral en models PDX es
correlaciona amb resultats clinics negatius. En cancer de pancrees la manca
d'eficacia preclinica de saracatinib (inhibidor de SRC) i sirolimus (inhibidor de

mTOR) en PDX es correlaciona amb el fracas a la clinica.

2. Desenvolupament de Biomarcadors de resposta i per a la seleccio

de pacients

Un altre aspecte molt important dels estudis preclinics amb PDX és que, a més
d'ajudar a prioritzar les possibles indicacions cliniques, també poden facilitar la
identificaci6 de biomarcadors d'eficacia del farmac. Existeix una alta
concordanga entre els models PDX i els assaigs clinics respecte als
biomarcadors de susceptibilitat aixi com de resisténcia a farmacs. Aixi, per

exemple, en cancer colorectal s'ha demostrat que els models PDX amb mutacié
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en KRAS no responen a cetuximab. La preséncia de KRAS no mutat és un

biomarcador clinic per a aquesta terapia dirigida (155,156).

De la mateixa manera, és important descobrir en els PDX marcadors de
resisténcia que puguin ajudar-nos a identificar combinacions cliniques efectives.
Un exemple el veurem en aquesta tesi en la identificacid de la GCS en TTCG i
tumors d'ovari com a diana per tractar tumors resistents als platins. Un altre
exemple és en el CCR en qué els tumors resistents a la inhibicid6 de 'EGFR
presenten amplificacions d'altres gens com HERZ2 i MET. Els estudis preclinics
en PDX van demostrar, i després es va validar clinicament, que I'is de farmacs
contra aquestes dues proteines va ser efectiu (157).

Els models PDX també son eines molt utils per mimetitzar o simular en el ratoli
els mecanismes de resisténcia que es donen en els tumors quan els pacients es
tracten. Aixi, com mostrem en dos treballs d'aquesta tesi (Article 1i2) en TTCG
i tumors d'ovari sensibles als tractaments amb cisplati, quan els ratolins
implantats amb aquests tumors s'exposen a tractaments iteratius amb cisplati
aixo resulta en l'aparicio de resisténcies de forma analoga al que ocorre en
I'entorn clinic. A més, els models aixi generats sén eines molt potents no només
per a identificar els mecanismes de resisténcia, sind també per avaluar nous
farmacs com exposarem al llarg de la tesi. Els PDOX/Orthoxenografts de cancer
d'ovari i TTCG sensibles i els seus aparellats aixi generats resistents al cisplati,
recapitulen les caracteristiques distintives de la resposta tumoral humana
primaria, com sén els criteris de regressio histopatologica del tumor associada

amb la resposta al tractament del pacient.

Des del nostre punt de vista, i tal com mostrarem en aquesta tesi, perque els
models de PDX puguin complir amb els objectius de millorar el desenvolupament
de nous farmacs o terapies, aixi com la cerca de biomarcadors efectius per a

seleccié de pacients, aquests han de complir diverses premisses basiques:

i) Els PDX han d'estar ben caracteritzats tant a nivell histopatoldogic com

genomic i molecular.

i) En els estudis a realitzar en els PDX a I'hora d'avaluar nous farmacs o
combinacions d'aquests amb els tractaments estandards, és molt

important avaluar tant la resposta immediata al tractament o resposta
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rapida, avaluada en finalitzar I'esquema de tractament; aixi com el retard
en el recreixement del tumor en el temps una vegada finalitzat el

tractament o resposta a llarg termini.

ii) Els tractaments efectius no només han de produir una disminucié de la
mida tumoral sind que s'ha de traduir en la preséncia de parametres

quantificables de resposta histologica.

3. Desenvolupament d’assaigs co-clinics

Un cop que un farmac ha entrat en un assaig clinic es molt dificil poder analitzar
informacio que sigui Util per al desenvolupament del farmac, fins i tot en aquells
estudis que seleccionen als pacients per entrar en l'assaig basant-se en una
alteracié molecular i que per tant requereix moltes vegades de teixit tumoral
abans i després del tractament. Aixd succeeix per la naturalesa intrinseca dels
assaigs clinics on els pacients son seguits sota criteris molt especifics, perd
també per la manca de materials biologics suficients i d'accés facil per realitzar
estudis (158).

En els assaigs clinics els pacients poden tenir comportaments extrems, és a dir,
arribar a desenvolupar tant respostes extremes com resisténcies de forma
primerenca, sent molt dificil estudiar aquests mecanismes en detall, que
permetrien millorar els resultats. En aquest context s'ha plantejat la realitzacié
d'assaigs co-clinics, en qué de forma paral-lela el PDX o Avatar/Orthoxenograft,
generat amb el tumor del pacient que entra en l'assaig, es tracta amb el mateix

farmac experimental per emular la resposta clinica.

Aquesta estratégia permet 'avaluacio de I'eficacia del farmac tant en el pacient
com en el model en el ratoli proporcionant una plataforma on investigar
marcadors de susceptibilitat/resisténcia, aixi com wuna eina on provar

combinacions per superar les resisténcies.

Tot i que aparentment aquest escenari és factible de realitzar i els PDX podrien

aportar una informaci6 molt valuosa, aquesta aproximaci6 és més una
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aproximacié teorica que un fet real, ja que molt pocs assaigs clinics compten

amb un co-clinic en paral-lel.

4. Desenvolupament d’estratégies de Medicina Personalitzada

La idea de la medicina personalitzada en el camp de I'oncologia és que cada
pacient sigui tractat segons les caracteristiques especifiques del seu propi tumor,
proporcionant-li el tractament més adequat (158). Aixi, avui en dia, en la majoria
d'hospitals, els tumors de cancer colorectal, de pulmé (CPNCP), de mama i
d'ovari, entre d'altres, ja es caracteritzen de manera rutinaria mitjangant NGS o
panells de gens per a identificar les mutacions rellevants i ajudar en el procés de

presa de decisions terapéutiques (159).

En ocasions, també s'utilitza la bidpsia liquida o I'analisi de 'ADN tumoral
circulant per evitar bidopsies complexes i de risc, aixi com per incloure els pacients
en assaigs clinics adequats amb agents dirigits a una determinada alteracio
molecular (160). Totes aquestes estratégies representen un avang significatiu en
la recerca translacional del cancer, perd compliquen cada vegada més el procés
terapeutic. Hi ha pacients per als quals en els seus tumors no es detecten
biomarcadors d'eficacia de medicaments, o bé casos en qué s'identifiquen

multiples opcions que dificulten molt la seleccié del més apropiat.

En aquest context, els models PDX o Avatar/Orthoxenografts es poden utilitzar
per a personalitzar el tractament dels pacients en temps real (152,161). Aquesta
potser és l'aproximacié més complexa, pero alhora més fascinant per a la qual
es poden utilitzar els PDX. L’estrategia es basa en seleccionar en el PDX la millor
terapia per a tractar un pacient, per la qual cosa s'ha de provar la seva eficacia
en temps real en el PDX generat a partir d'una bidopsia del tumor. Les terapies
son seleccionades basant-se en les caracteristiques moleculars del tumor o en
les possibles terapies disponibles per al tractament del tumor, i tot aixo es realitza
en temps real. Aquest procés és complex, pero quan tots els factors involucrats
estan correctament alineats, la resposta en els Avatar/Orthoxenografts i els

pacients esta altament correlacionada.
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No obstant aixd, aquest enfocament no és factible en molts pacients per raons
com el fracas del tumor per implantar-se, la manca d'agents efectius i el temps
necessari per a realitzar un estudi complet. Per tant, es necessita el
desenvolupament d’estratégies per optimitzar aquest procés. En aquest sentit,
el nostre grup ha apostat per generar amplis grups de tumors en els quatre tipus
tumorals objecte d'aquesta tesi, que son el Cancer d'Ovari, el Germinal
Testicular, el cancer d’endometri i el cancer de pulmé (CPNCP), en qué estiguin
representats els diferents tipus de tumor tant histologicament com genética.
Models que ens han de permetre identificar subgrups de tumors segons les
seves caracteristiques histogenetiques als quals se'ls pugui assignar un
tractament optim. Es clar que no es pot generar un Avatar per a cada tumor, perd
si que podem generar Avatar/Orthoxenografts prototipus dels diferents subgrups

per a aixi, en un nou cas, assignar-lo a un grup de tractament.

LIMITACIONS EN L’US DELS MODELS PDX
Tot i la rellevancia de la incorporacio dels PDX en la recerca oncologica, aquests
tenen limitacions importants que s'han d'abordar. Algunes d'aquestes son

limitacions técniques que inclouen diversos problemes com son:

i) La seleccié del teixit més adequat per generar un PDX com a eina
preclinica de maxim valor afegit. Molts dels estudis publicats estan
fets amb mostres quirdrgiques en qué hi ha molta quantitat de teixit i
normalment sén tumors primaris obtinguts abans del tractament. Tot i
que aquest enfocament és util per a generar col-leccions de PDX, les
mostres complexes que provenen de bidpsies de metastasi o tumors
a la recaiguda després de cicles de tractament son molt més
rellevants. Aquestes mostres, pero, son molt més dificils d’aconseguir,

i la quantitat de teixit tumoral que s’obté sol ser molt petita.

ii) Es important definir la millor estratégia d'implantacié del tumor en els
ratolins (implantacié ortotopica, més complexa, vs. subcutania i més

facil).

iii) Es molt important tenir en compte el temps que es necessita perqué el

tumor creixi, sobretot per a les aproximacions de medicina
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Vi)

vii)

viii)

personalitzada en temps real. Normalment, es triga de 3 a 5 mesos en
desenvolupar un model PDX llest per a un estudi preclinic, un temps

que molts pacients no tenen.

Aconseguir taxes d'implantacié acceptables. Tot i que son altes per a
alguns tipus tumorals (pancrees, colon, melanoma cutani, etc.), son
molt baixes per a d'altres (TTCG, melanoma uveal, prostata, etc.). Per
a poder arribar a fer estratégies de medicina personalitzada es
considera que serien acceptables nivells d'implantacié del 60% al 70%,

sent aquest un dels principals aspectes que requereixen millora.

Es important generar col-leccions de PDX no esbiaixades cap a certs
subtipus de cancer, sind que representin ampliament I'heterogeneitat
de la malaltia. Com comentaré més endavant, tot i que no és I'objectiu
d'aquesta Tesi, el nostre grup porta anys intentant aconseguir séries
no esbiaixades dels quatre tipus de tumors objecte de la tesi que

representin I'heterogeneitat canviant de la malaltia.

Un aspecte fonamental en el desenvolupament de PDX és I'is de
soques de ratolins immunodeficients, que manquen d'elements
funcionals del sistema immunologic. Tot i el desenvolupament de
models humanitzats complexos en qué es re-introdueixen cél-lules del
sistema immune després de la implantacié del tumor, els PDX tenen

un us limitat per a I'avaluacié d'immunoterapies.

Un altre aspecte important és la substitucio de I'estroma tumoral huma
per estroma muri, que probablement resulti en canvis en la regulacio
paracrina del tumor, aixi com en propietats fisiques com la pressi
intersticial, que poden limitar I'estudi d'agents dirigits contra aquest

compartiment tumoral.

L’elevat cost economic dels PDX i I'experiéncia necessaria per al seu
maneig fan que no sigui gaire factible el seu Us per fer cribratge de
farmacs, substituint aixi les linies cel-lulars, que tenen un valor
predictiu molt baix. Per aix0, actualment s'esta tendint a I'iUs de

tumoroides o organoides per millorar aquest procés in vitro.
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iX) En el procés de generacié dels PDX en els diferents tipus de tumors
s'ha vist que hi ha un biaix cap a la implantacié de tumors de pitjor

pronostic o més agressius.
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PREMISSES






Els models preclinics son eines fonamentals per a poder desenvolupar la
investigacié translacional del cancer, i s'utilitzen tant per a entendre la

biologia de la malaltia com per al desenvolupament de nous farmacs.

Aconseguir que una molécula s'arribi a convertir en un farmac oncologic
€s un proceés llarg, complex i economicament molt costés. Només alguns
casos d’éxit (aproximadament 1 de cada 10 farmacs en fases cliniques)
acabaran convertint-se després de l'aprovacié de les agéncies

reguladores (FDA i EMA) en tractaments per a I'is en humans.

En els darrers 30 anys s'ha fet un gran esfor¢ en generar en els ratolins
dos tipus diferents de models preclinics tumorals: i) els Genetically
Engineered Mouse Models (GEMM), en qué s'introdueixen diferents
alteracions genétiques al genoma del ratoli, i que s’han fet servir sobretot
per a estudiar la biologia dels tumors; iii) els Patient Derived Xenografts
(PDX) basats en la implantacié i perpetuacio dels tumors humans en
ratolins immunodeficients, i que s’han fet servir entre altres coses per al

desenvolupament de farmacs.

Una de les limitacions més grans que hi ha en el desenvolupament de
nous farmacs o noves estratégies terapéutiques, tant amb els models in
vitro basats en linies cel-lulars convencionals, tumoroides, cultius 3D,
organoides, etc., com amb els models in vivo generats a partir d'aquests
models in vitro coneguts com a xenoempelts és el baix poder predictiu que

tenen respecte al que s'observa als assaigs clinics.

La generaci6 dels models preclinics PDX, i més concretament els PDOX,
a partir de mostra tumoral fresca, ja sigui a partir d'una pega quirurgica o
d'una bidpsia, representen un pas més en la recerca translacional i una
clara millora respecte a I'is de les linies cel-lulars in vitro o dels
xenoempelts derivats in vivo a partir d'elles. Aquests models
reprodueixen les caracteristiques histopatologiques dels tumors primaris i
s6n molt més predictius tant de la biologia del tumor com de la resposta

als tractaments dels tumors.

A més, com més complexos siguin aquests models, més valor afegit

tindran en els diferents estudis en qué s'utilitzin, perd al mateix temps més
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complex sera el seu maneig i més saber fer es necessitara per manejar-
los i treure'ls el maxim rendiment. Aixi, actualment els models més preats
son els models ortotopics, anomenats PDOX o orthoxenografts, generats
a partir de bidopsies obtingudes a la progressié ja sigui de tumors
refractaris als tractaments o de metastasis de diferent localitzacio.
Aquests son models que contenen els canvis moleculars que han tingut

lloc al tumor a conseqliencia dels tractaments.

Les diverses modalitats de PDX, generats a partir de diferents tipus de
mostres tumorals, perd sobretot els PDOX generats de mostres
complexes, com ara tumors recidivats / metastatics, a banda de ser
rellevants per al cribratge i desenvolupament de farmacs i per al
descobriment de biomarcadors, poden permetre el desenvolupament
d'estratégies de Medicina de Precisio i assaigs co-clinics que ens
permetin fer un pas endavant a I'hora de fer una millor seleccié dels

tractaments que reben els pacients.
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HIPOTESI






Establir models preclinics que fenocopiin les caracteristiques primaries del tumor
dels pacients, que reflecteixin de manera precisa el comportament fenotipic,
genotipic i de resposta a la quimioterapia del tumor, és un pas basic en el cami
per a identificar noves dianes terapéutiques i per a provar tractaments nous.
Pensem que fer I'esforg per la implantacié de teixits tumorals primaris de forma
ortotopica en ratolins inmunosuprimits pot ser excepcionalment valuosa per a
I'elevada taxa de fracas que existeix en la translacié dels resultats preclinics als
pacients. Aixi, la generacio6 i perpetuacié de PDOX/Orthoxenografts de Tumors
Testiculars de Cél-lules Germinals (TTCGs), Cancer Epitelial d'Ovari (CEOs),
Cancer d’Endometri (CE) i d’Orthoallografts de cancer de pulmd, aixi com el seu
desenvolupament posterior com a models tumorals in vivo de resisténcia
adquirida al cisplati, ens ha d'ajudar a millorar el tractament dels pacients. Tots
ells, models preclinics avancgats que ens han de permetre testar nous farmacs i

identificar mecanismes de resisténcia a I'acci6 del plati.
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OBJECTIUS






L'objectiu general d'aquesta tesi és generar i caracteritzar models preclinics de
PDOX/Orthoxenografts de Tumors Testiculars de Cel-lules Germinals (TTCGs),
Cancer Epitelial d’Ovari (CEOs) i Carcinoma endometrioide d’endometri aixi com
orthoallografts de cancer de pulmé (CPNCP). Models que s'evolucionaran a
models de resisténcia adquirida al cisplati per tal d'identificar tant mecanismes

de resisténcia com noves estratégies terapéutiques.

Els objectius especifics d’aquesta tesi son:

1. Generacié i caracteritzacio clinico-patologica de models
PDOX/Orthoxenografts de Tumors Testiculars de Cél-lules Germinals
(TTCG), Cancer Epitelial d'Ovari (CEO) i carcinoma endometrioide

d’endometri.

2. Evolucié in vivo d'alguns d'aquests models preclinics de TTCGs i CEOs
com a models de resisténcia adquirida al tractament amb el cisplati.
Utilitzacié d'aquests models preclinics per a identificacid i posterior
validacié en una série clinica retrospectiva de tumors metastatics
d’alteracions genétiques pronostiques associades amb l'adquisiciéo de

resisténcia al cisplati.

3. Identificacié en els models preclinics de TTCGs i CEOs i del cuc
Caenorhabditis elegans (C. elegans) dels gens rellevants associats amb
I'adquisicié de resisténcia al cisplati i validacio preclinica d’'una terapia

resensibilitzant en tumors refractaris.

4. Utilitzaci6 de models avancats de cancer epitelial d’ovari aparellats
sensibles/resistents al cisplati per al desenvolupament preclinic en
col-laboracié amb la companyia farmacéutica Pharmamar S.A. de la
molécula PM11083 (lurbinectedina).
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5. Generacio i caracteritzacié d'al-loempelts ortotopics (orthoallografts)
mitjangant la implantacié en el pulmé de ratolins immunodeficients dels
tumors pulmonars generats en el model K-Ras'o¥SLG12Vgeo | g model

EML4-ALK de ratolins modificats genéticament.

6. Utilitzacio dels PDOX de carcinoma endometrioide d’endometri per a
dissenyar de manera racional una terapia dirigida a partir de la

caracteritzacio transcriptomica i del perfil mutacional d’aquests models.
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ARTICLE 1:

Vidal, A.; Munoz, C.; Guillem, M.J.; Moreto, J.; Sara, P.; Martinez-Iniesta, M.;
Figueras, A.; Padullés, L.; Rodriguez, F.G.; Berdiel-Hacer, M.; Pujana, M.A;;
Salazar, R.; Gil-Martin, M.; Marti, L.; Ponce, J.; Mollevi, D.G.; Capella, G.;
Condom, E.; Vifals, F.; Huertas, D.; Cuevas, C.; Esteller, M.; Avilés,P;
Villanueva, A. Lurbinectedin (PM01183), a New DNA Minor Groove Binder,
Inhibits Growth of Orthotopic Primary Graft of Cisplatin-Resistant Epithelial
Ovarian Cancer. Clinical Cancer Research 2012; 18: 5399 - 5411.

RESUM
Objectius:

1. Generacio i caracteritzacio clinico-patologica de models
PDOX/Orthoxenografts de Cancer Epitelial d'Ovari (CEO).

2. Evolucié in vivo d'alguns d'aquests models preclinics d'CEOs com a

models de resisténcia adquirida al tractament amb el cisplati.

3. Utilitzaci6 de models avancats de cancer epitelial d’ovari aparellats
sensibles/resistents al cisplati per al desenvolupament preclinic en
col-laboracié amb la companyia farmaceutica Pharmamar S.A. de la
molécula PM11083 (lurbinectedina).

Introduccié: El cancer epitelial d’ovari és la cinquena causa de mort per cancer
en dones. La baixa taxa de superviveéncia és deguda al seu estadi avancgat al
moment del diagnostic aixi com a la resisténcia intrinseca o adquirida a la
quimioterapia estandard basada en plati. Aixi, és altament prioritari el
desenvolupament d’estrategies terapeutiques innovatives i efectives per eludir la

resisténcia al cisplati.

Disseny experimental: Per tal d'investigar nous tractaments en models in vivo
que reproduexin el creixement del cancer epitelial d’ovari, es va generar un
model preclinic de cancer d’ovari després de la implantacié ortotopica d’un
carcinoma seros d’alt grau primari en ratolins atimics. A continuacié es va derivar

en els ratolins una versié del tumor amb resisténcia adquirida al cisplati.
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Finalment es va testar en ambdds models preclinics I'eficacia del tractament amb

lurbinectedina (PM01183) sola 0 en combinacio amb cisplati.

Resultats: Els empelts tumorals perpetuats ortotopicament van imitar les
caracteristiques histopatologiques del tumor primari de la pacient aixi com el
patro de resposta del tumor al tractament amb cisplati. La lurbinectedina, tant en
monoterapia com combinada amb cisplati, va resultar efectiva tractant els
models preclinics de tumor d’ovari sensible i resistent al cisplati. A més a més,
es va demostrar un potent efecte sinérgic in vivo en els tractaments combinats,
especialment en tumors resistents al cisplati. La inhibicié del creixement tumoral
induida per la lurbinectedina es va associar amb reduccié de la proliferacio,
increment de la proporci6 de mitosis aberrants i la subsequent induccié

d’apoptosi.

Conclusions: Els models preclinics d’empelts ortotopics en ratolins de tumors
ovarics primaris humans son eines Utils en el desenvolupament de farmacs,
aportant evidéncia consistent que lurbinectedina pot esdevenir una agent
terapéutic util en el tractament del cancer epitelial d’ovari, superant la resisténcia

al cisplati.
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Lurbinectedin (PM01183), a New DNA Minor Groove Binder,
Inhibits Growth of Orthotopic Primary Graft of Cisplatin-
Resistant Epithelial Ovarian Cancer
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Abstract

Purpose: Epithelial ovarian cancer (EOC) is the fifth leading cause of death in women diagnosed with
gynecologic malignancies. The low survival rate is because of its advanced-stage diagnosis and either
intrinsic or acquired resistance to standard platinum-based chemotherapy. So, the development of effective
innovative therapeutic strategies to overcome cisplatin resistance remains a high priority.

Experimental Design: To investigate new treatments in in vive models reproducing EOCs tumor
growth, we generated a preclinical model of ovarian cancer after orthotopic implantation of a primary
serous tumor in nude mice. Further, matched model of acquired cisplatin-resistant tumor version was
successfully derived in mice. Effectiveness of lurbinectedin (PM01183) treatment, a novel marine-
derived DNA minor groove covalent binder, was assessed in both preclinical models as a single and a
combined-cisplatin agent.

Results: Orthotopically perpetuated tumor grafis mimic the histopathological characteristics of primary
patients” tumors and they also recapitulate in mice characteristic features of tumor response to cisplatin
treatments. We showed that single lurbinectedin or cisplatin-combined therapies were effective in treating
cisplatin-sensitive and cisplatin-resistant preclinical ovarian tumor models. Furthermore, the strongest in vivo
synergistic effect was observed for combined treatments, especially in cisplatin-resistant tumors. Lurbi-
nectedin tumor growth inhibition was associated with reduced proliferation, increased rate of aberrant
mitosis, and subsequent induced apoptosis,

Conclusions: Taken together, preclinical orthotopic ovarian tumor grafts are useful tools for drug
development, providing hard evidence that lurbinectedin might be a useful therapy in the treatment of EOC
by overcoming cisplatin resistance. Clin Cancer Res; 18(19); 5399-411. ©2012 AACR.
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Introduction

Ovarian cancer is the fifth leading cause of death among
women, and is the most common cause arising from gyne-
cologic malignancies (1). Although progress has been made
in the treatment of epithelial ovarian cancer (EOC) by
improved surgical debulking and the inuoduction of plat-
inum-taxane regimens, overall 5-year survival rate is only
29% in advanced-stage disease (2-6). This low survival rate
is because ofits frequent diagnosis at an advanced stage and
by intrinsic and acquired resistance to platinum-based
chemotherapy. In the recurrent disease setting, those
patients who experience progression through first-line,
platinum-based therapy (platinum refractory), or those who
experience relapse within 6 months of receiving platinum
therapy (platinum resistant) are typically treated with a
second-line non-platinum-based regimen, such as single-
agent doxorubicin  (7) gemcitabine (8), paclitaxel,
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Translational Relevance

The efficacy of conventional platinum-based chemo-
therapy for EOCs s limited; most patients show an initial
respanse to treatment but upon relapse, the platinum
response rates progressively diminish and they ultimate-
ly die. So, the development of effective innovative ther-
apeutic strategies to overcome cisplatin  resistance
remains a high priority. On the way to identifying novel
therapeutic targets and for drug testing, we have devel-
oped two paired (cisplatin-sensitive and cisplatin-resistant)
preclinical models of serous carcinoma phenocopying
patients’ primary tumor features including chemother-
apy response behavior. In this study, we show that single
lurbinectedin (PM01183), a novel marine-derived DNA
minor groove covalent binder, or cisplatin-combined
therapies were effective in treating cisplatin-sensitive
and cisplatin-resistant preclinical models. Thus, we pres-
ent hard evidences that lurbinectedin might be a useful
therapy in epithelial ovarian cancer overcoming
acquired cisplatin resistance providing a rationale for
future trials,

topotecan (9), vinorelbine (10), or trabectedin plus pegy-
lated liposomal doxorubicin (11). Agents vielding
responses in the range of 15% to 20% that last a median
of approximately 4 months, emphasize the great need for
novel effective therapeutic strategies for its management
(12-15).

DNA structure features 2 well-defined clefis known as the
major and minor grooves, and DNA-binding proteins and
drugs usually make contacts with the sides of the bases
exposed in both grooves (16, 17). The DNA major groove is
asite of attack for cisplatin and many alkylating agents, and
when cisplatin binds to DNA 3 types of lesions can be
formed on purine bases: monoadducts, and intra- and
interstrand crosslinks. On the other hand, other antitumor
drugs including mitomycin C, chromomycin As, and ectei-
nascidins, bind to the minor groove (18). One of the best
examples is trabectedin (Yondelis), which reacts with cer-
tain guanines in the minor groove of DNA to form a
covalent bond (19-21). The adduct is stabilized by van der
Waals interactions with nucleotides in the opposite DNA
strand, creating the equivalent of a [unctional interstrand
crosslink (22). Lurbinectedin (PM01183) is a new synthetic
alkaloid that is structurally related to ecteinascidins (23),
which, with the exception of a module addition (ring C),
confer important pharmacokinetic and pharmacodynamics
properties benefits as well intrinsic activity (24-26).

Establishment of preclinical models phenocopying
patients’ primary tumor features, which accurately reflect
phenotypic, genotypic, and tumor chemotherapy response
behavior, is a basic step on the way to identifying novel
therapeutic targets and for testing novel treatments (27, 28).
Several lines of evidence indicate that engrafting primary
tumor tissues orthotopically into immune-deficient mice

(termed "tumor grafis") may be outstandingly valuable
preclinical models for new drug development, and for
reducing the high failure rate that exists in translating
preclinical results to patients (29-33).

Here, we repart the establishment and characterization of
aserially ransplantable, orthotopic, subject-derived epithe-
lial ovarian tumor graft that retains crucial characteristics of
the original primary tumor specimen, and its further devel-
opment as an in vivo cisplatin-resistance tumor model. We
show in engrafted preclinical models that lurbinectedin, a
new minor groove DNA binder, is effective in the treatment
ol experimental ovarian tumors as a single or a combined-
cisplatin agent, Overall, we present evidence of the efficacy
of a therapeutic strategy based on the idea that a combina-
tion of 2 drugs that bind differentially to each DNA groove
could overcome frequent cisplatin resistance in advanced-
stage ovarian cancer.

Materials and Methods

Drugs and cell lines

Lyophilized lurbinectedin (PM01183) vials (1 mg/mL)
were obtained from PharmaMar (Colmenar Viejo) and
cisplatin (1 mg/mL) from Ferrer-Farma. The A2780 human
ovarian carcinoma cell line was obtained from the Europe-
an Collection of Cell Cultures. Cell cultures were grown
in vitro at 37°C in a humidified atmosphere of 5% CO, in
RPMI-1640 (Sigma-Aldrich Co.) supplemented with 10%
FBS.

Animals

Female athymic nufnu mice (Harlan) between 4 to 6
weeks of age were housed in individually ventilated cages
on a 12-hour light-dark cycle at 21 to 23°C and 40% to
60% humidity. Mice were allowed free access to an irradi-
ated diet and sterilized water. All animal protocols were
reviewed and approved according to regional Institutional
Animal Care and Use Committees.

Primary sample and orthotopic tumor engrafted in
mice

The primary tumor specimen was obtained at Hospital
Universitari de Bellvitge (1'Hospitalet de Llobregat, Barce-
lona, Spain). The study was approved by the Institutional
Review Board. Written informed consent was collected from
a patient who had not received cisplatin-based chemother-
apy. Nonnecrotic tissue pieces (ca. 2-3 mm?*) from resected
serous human epithelial ovarian tumor were selected and
placed in DMEM (BioWhittaker) supplemented with 10%
FBS and penicillin/streptomycin at room temperature.
Under isofluorane-induced anesthesia, animals were sub-
jected to a lateral laparotomy, their ovaries exposed and
tumor pieces anchored to the ovary surface with prolene 7.0
sutures, Tumor growth was monitored 2 to 3 times per week
and when the tumor grew, it was harvested, cut into small
fragments, and transplanted into 2 to 5 new animals.
Engrafted tumors at early mouse passages were cut in 6 to
8 mm? pieces and stored in liquid nitrogen in a solution of
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90% FBS and 10% dimethyl sulfoxide for subsequent
implantation.

Histology and immunohistochemical tumor
characterization

The morphology of the primary patient’s tumor and of
the both engrafted tumors (OVA1X and OVALXR) was
compared by H&E staining in paraffin-embedded sections.
Determination of cytokeratin (CK) 7, Kic7, WT1, alpha
estrogen, and progesterone receptors status by immunohis-
tochemistry, in accordance with the standard clinical pro-
tocols of the Department of Pathology (see Fig. 1 legend).

Invive establishment of cisplatin-resistant xenografted
tumor

Cisplatin-resistant tumor (named OVA1XR) was devel-
oped by iterative cycles of in vive exposure to cisplatin of
OVA1X. Briefly, orthotopically engralted OVAIX tumors
(at mouse passage #3) were allowed to grow until intra-
abdominal palpable masses were noted. Then, animals
were intravenously (i.v.) administered with cisplatin at a
dose of 2 mg/kg for 3 consecutive weeks (Days 0, 7 and
14; cycle#l of treatment). Post-cisplatin tumor relapse
were harvested, prepared as previously described, and
engrafted in new animals. This process was repeated up
to five times by treating tumor-bearing mice with stepwise
increasing doses of cisplatin: cycle#2, 3 mg/kg cycle#3,
3.5 mg/kg; cycle#d4, 4 mg/kg; and cycle#5, 5 mg/kg
(see Fig. 1C). Cisplatin-resistant tumors were obtained
in three independent experiments (OVA1XR-L1, -L2 and
-L3). At doses higher than 3.5 mg/kg, signs of cisplatin-
induced toxicity were ameliorated by 2 days administra-
tion of saline containing 5% glucose.

Drug treatment of engrafted cisplatin-sensitive and
cisplatin-resistant tumor models

Mice were transplanted with fragments of OVAX1 and
OVAXIR tumors, and when tumors reached a homoge-
neous palpable size were randomly allocated into the
treatment groups (n = 8-12/group): i) Placebo; ii) Lur-
binectedin (0.18 mg/kg); iii} Cisplatin (3.5 mg/kg); and
iv) Lurbinectedin plus cisplatin (0.18 + 3.5 mg/kg).
Drugs were i.v. administered once per week for 3 conse-
cutive weeks (days 0, 7, and 14). Seven days after the final
dose (day 21), animals were sacrificed, their ovaries
dissected oul, and weighed. Representative fragments
were either frozen in nitrogen or fixed and then processed
for paraffin embedding,

Evaluation of histologic response after
chemotherapeutic treatment

Regressive histopathological features were evaluated
(34-37), and 3 histologic response categories were estab-
lished (38): (i) NHR, no histopathological response
(=1 regression criterion |3+ ] present); (ii) MHR, moderate
(2 regression criteria [3+] present); and (iii) GHR, good
histopathological response (>3 regression criteria [3+]
present).

In vive evaluation of synergism among lurbinectedin
and cisplatin treatments

Female mice were subcutaneously implanted with 107
A2780 cells suspended in a 1:1 solution of RPMI-1640:
Matrigel (Becton, Dickinson & Co.). Mice bearing tumors
(ca. 150 mm®) were randomly allocated to 13 treatment
groups (see Fig. 3 legend). All reatments were intravenously
administered once per week for 2 consecutive weeks (days 0
and 7). Tumor growth was recorded 2 to 3 times per week
starting from the first day of treatment (day 0) and tumor
volume (in mm’), estimated according to the formula
V = (a-b*)/2, (a: length or biggest diameter; b: width or
smallest diameter). Antitumor drug activity was measured
with respect to the T/C index, and the fraction affected (F,)
by treatment was calculated (F, = 1-T/C). A CI was deter-
mined by the Cl-isobol method (39).

Determination of tumor proliferation, apoptosis, and
angiogenesis

Proliferation was assessed by quantifying the anti-
phospo-Histone H3 (S10; Millipore) mitosis marker as
described (40). Aberrant mitotic figures were identified by
double immunostaining with o-tubulin (1:200) and anti-
phospo-Histone H3 (S10; ref. 40). Apoptotic cells were
quantified with two approaches: (i) immunostaining in
paraffin-embedded samples with anti-Cleaved Caspase-3
(Asp175) antibody (Cell Signaling) at 1:200; and (ii) by
terminal deoxynucleotidyl transferase-mediated biotin-
dUTP nick end labeling (TUNEL) staining kit (Promega)
in frozen OCT tissues (41).

Statistical analysis

Postchemotherapy tumor weight data were analyzed
using a 2-tailed Mann-Whitney U test. The data are pre-
sented as medians and interquartile ranges (IQR) or means
+ SD. Statistical analyses were done and graphs plotted
using GraphPad Prism, version 5.02 (GraphPad Software
Inc.). Synergism analyses were done by CompuSyn, version
1.0 (ComboSyn Inc.).

Results

Orthotopic model of epithelial ovarian cancer mimics
the histopathological characteristics of primary
patients’ tumors

Primary tumors engrafted in the ovarian surface of athy-
mic female mice (named OVAILX) grew as large solid
masses. Ovarian infiltration and neighboring organ inva-
sion were not seen in any of the implanted animals
(Fig. 1A). The engrafted rate was close to 95% in all
mouse-to-mouse passages, with a mean time of ca. 1,000
to 1,500 mm? during the first 6 passages of 84 1+ 8 days. As
shown in Fig. 1A, a very high histologic correlation was
found between primary and engrafted tumors. Indeed,
OVA1X had a typical serous adenocarcinoma appearance
showing high cellularity, cellular papillae formation, and
irregular slit-like spaces, and it remained stable throughout
multiple rounds of serial mouse-to-mouse transplantation.
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Figure 1. Establishment, and comparative histopathological characterization of primary and engrafted OVA1X and its paired developed cisplatin-
resistant OVA1XR tumor. A, top, lateral laparatomy was conducted in isofluorane-anesthetized mice, the ovary mobilized and small tumer pieces
of primary tumor anchored on the ovarian mouse surface with prolene 7.0 sutures. Engrafted tumors grew as large solid masses (usually
1,000-1,500 mm?) in diameter at the time of sacrifice, and ovarian infiltration/invasion or ascitis were not seen. Bottom, representative H&E and
immunchistochemical staining reveals a high correlation between primary and paired engrafted tumors. Primary antibodies were monaoclenal
antibodies: CK7 (clone OV-TL 12/30, Dako); Ki67 (clone MIB-1, Dako); WT1 (clone 8F-H2, Dako) and estrogen receptor alpha (clone SP1, Dako) OV,
ovary: TL, tumor engrafted in the left ovarian; TD, engrafted in the right ovarian; UT, uterus. B, mice engrafted with OVA1X tumor were treated
intravenously with low (2 mg/kg), intermediate (3.5 mg/kg), and high (5 mg/kg) cisplatin doses, and either short- or long-term responses were
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Ki-67 immunostaining revealed a similar proliferative rate
in primary and engrafted tumors, and they both preserved
the same cytokeratin 7 (CK7) and Wilm's tumor suscepti-
bility gene 1 (WT1) immunostaining pattern. Ingrafted
OVA1X tumor also retained their levels of positive immu-
nostaining for estrogen receptor through mouse-to-mouse
passages. Ascitis or synchronic peritoneal implants arising
through tumor perpetuation were rarely identified in mice
(data not shown).

Cisplatin treatment of engrafted tumor recapitulates
characteristic features of primary tumor response in
mice

OVA1X-implanted mice were treated with low (2 mg/kg),
intermediate (3.5 mg/kg), and high (5 mg/kg) doses of
cisplatin, and short- and long-term responses were evalu-
ated (Fig. 1B). Low or intermediate doses of cisplatin were
associated with a good short-term response, characterized
by significant tumor weight reduction relative to the control
group, whereas there was a complete response at high doses.
Long-term response was investigated in a subgroup of mice
(n = 4-6 mice/treatment/dose) that were kept alive for a
postchemotherapy follow-up of 6 to 12 months. Tumors
relapsed in 5 of 10 (50%) mice treated with 2 mg/kg and in
3 of 10 (30%) treated with 3.5 mg/kg at 6 months, whereas
all animals treated with 5 mg/kg were disease-free after a
12-month follow-up. Postchemotherapy, histologic and
immunohistochemical analysis of relapsed masses exhib-
ited a viable serous adenocarcinoma that preserved the
morphology and the main immunophenotypical charac-
teristics of untreated engrafted tumors.

In vive development of a cisplatin-resistant engrafted
tumor model that recapitulates cisplatin primary
tumor behavior response is a feasible model for
pharmacologic drug evaluations

The general approach use to obtain the cisplatin-resis-
tant engrafted tumor model is illustrated in Fig. 1C.
OVAl1X-implanted mice were initially treated with low
doses (2 mg/kg) of cisplatin. When tumors relapsed, they
were harvested and implanted in new animals (mouse-to-
mouse passage). The process was repeated up to 5 times
by treating tumor-bearing mice with stepwise increasing
doses of cisplatin (Fig. 1C). A progressively shortened
time lag between treatment and tumor relapse was noted
for the 3 independent tumor lines (named OVAIXR-L1,
-L2, and -L3) generated after iterative cycles of treatment.
Indeed, a shortened time lag was mainly noted after the
third or fourth cycle, and became stabilized (41 + 6.1
days) subsequently for successive cycles of cisplatin
treatment (Fig. 1D, left). Next, we evaluated the levels

of cisplatin tumor resistance by comparative assays of
OVA1X and each of the 3 independent lines of resistant
tumors and homogeneous resistance was reproduced
with each individual OVA1XR tumors (Fig. 1D, right).
Thus, we selected OVA1XR-1.2 for all further experiments,
hereafter referred to as OVAIXR. Figure 1A shows that
OVA1X and OVA1XR both recapitulated the histologic
and immunohistochemical patterns found in the original
patient-derived tumor. Interestingly, a consistent loss of
estrogen expression was observed among resistant
OVAIXR tumor respect to primary and OVA1X.

Lurbinectedin is effective in the treatment of cisplatin-
sensitive and cisplatin-resistant ovarian tumor models
OVAI1X and OVA1XR were orthotopically implanted in
mice and when homogeneous tumor sizes (300-500 mm~)
were identified at palpation (on days 60 and 64 for OVA1X
and OVALXR, respectively) animals bearing tumors were
randomized to the following groups (n = 8-12 mice/
group): (i) placebo; (ii) cisplatin (3.5 mg/kg); (iii) lurbi-
nectedin (0.180 mg/kg); and (iv) lurbinectedin + cisplatin
(0.180 + 3.5 mg/kg). On day 21, cisplatin-sensitive tumor
OVALX experienced reductions of 95.3%, 88.3%, and
87.2% following the treatment with cisplatin, lurbinecte-
din, and lurbinectedin + cisplatin, respectively (Fig. 2A,
left). Although, as single agents both cisplatin and lurbi-
nectedin had a significant response with respect to the
placebo-treated animals, nonsignificant differences were
observed between both individual treatments. Likewise,
combined lurbinectedin + cisplatin treatment had no addi-
tional significant benefit with respect to each individual
treatment (lurbinectedin + cisplatin vs. cisplatin, = 0.15;
lurbinectedin + cisplatin vs. lurbinectedin, " = 0.85).
Figure 2B summarizes the results obtained for treatments
of cisplatin-resistant tumor (OVA1XR), showing important
differences between both tumors for lurbinectedin-based
treatments. Thus, 48.2%, 93.6%, and 96.7% reductions in
tumor weight were recorded following cisplatin, lurbinec-
tedin, or lurbinectedin + cisplatin treatments, respectively.
Lurbinectedin, as a single therapy was a significantly better
response than with cisplatin (P = 0.003). Notably, the
combined lurbinectedin + cisplatin treatment proved to
be more active than either drug separately, suggesting a
synergistic drug effect (lurbinectedin + cisplatin vs. lurbi-
nectedin, P = 0.022; or vs. cisplatin, P = 0.002).
Histopathological changes were assessed for the different
treaunents within the tumor as surrounding stromal tissue
in both cisplatin-sensitive (Fig. 2A, right, and Supplemen-
tary Table $1) and cisplatin-resistant tumors (Fig. 2B, right,
and Table 1). Thus, enlargement of tumor cells, presence of

analyzed for each treatment. For short-term respense studies, all dose-response mice were sacrificed on day 21 after treatment, whereas for long-temm
studies they were sacrificed after 6 months. C, experimental approach used for cisplatin-resistant tumor generation combines: (i} iterative cycles of
cisplatin treatment (3 doses of cisplatin administered by [.v. injection on days 0, 7, and 15); and (i} successive increase of administered doses through
the process. D, left, illustrates a short time |lag between successive cycles of treatment for 3 independent OVA1XR-L1, -L2, and -L3 tumor lines. For
each line, tumaors at cycle #5 of cisplatin treatment (arrow), were selected for further cisplatin assays. Right, shows comparative short-time cisplatin
response between untreated OVA1X tumor versus each independent cisplatin-resistant OVA1XR-L1, -L2, and -L3 tumors. All mice were treated with
2 mag/kg of cisplatin administered by i.v. injection on days 0, 7, and 15 and sacrificed on day 21. *, P < 0.05.
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Figure 2. Response of engrafted OVA1X and OVA1XR tumors after lurbinectedin-based chemotherapy treatments. Animals were treated with placebo,
cisplatin (3.5 mg/kg), or lurbinectedin (0.180 mg/kg) administered following the same schedule in three doses by i.v. tail vein injection on Days 0, 7, and 15 and
sacrificed on day 21 (n = 8 placebo; n = 10 cisplatin; m = 12 lurbinectedin; and n = 12 combined lurbinectedin + cisplatin treatments). The doses of the
combination (0.180 ma/ka + 8.5 mg/kg: lurbinectedin plus cisplatin) were selected on the basis of the optimal treatment tolerability in mice bearing tumors
(data not shown). A and B, graphs illustrate responses of cisplatin-sensitive OVA1X and cisplatin-resistant OV1XR tumors on day 21 of treatment.
Histopathological characterization of residual tumor masses postchemotherapy of cisplatin-sensitive OVA1X and cisplatin-resistant OVA1XR tumors,
respectively. Sections were stained with H&E and an extensive study of tumor regression characteristics done, as an indicator of chemotherapeutic response
(see Supplementary Table §1and Table 1). C, characterization of the long-term response of cisplatin-resistant OVA1XR tumor. A subgroup of mice (n = 5) for
each treatment was kept alive postchemotherapy, and was simultaneously sacrificed upon tumor relapse of the cisplatin-treated group. The graph illustrates
differences in the weight of relapsed tumor masses for the different treatments. Histopathelogical characterization of relapsed tumor masses (-RL) from mice
treated with cisplatin, lurbinectedin, and lurbinectedin - cisplatin. Sections were stained with H&E and an extensive study of tumor regression characteristics
done, as an indicator of chemotherapeutic response (see Supplementary Table $1 and Table 1). Cisplatin-AL, lurbinectedin-AL, lurbinectedin + cisplatin-AL,

tumer relapsed after cisplatin, lurbinectedin, or combined treatments, respectively. ', P < 0.05.

multinucleated giant cells, lymphocytic and histiocytic
infiltrates with the presence of hemosiderin and fibrosis,
and the scarring of tumoral stroma were observed associ-
ated with treatments. Interestingly, cisplatin treatment did
not induce morphelogic changes in the cisplatin-resistant
OVATXR tumors (Fig. 2B).

To investigate the long-term response a subgroup of
treated mice (n = 4-6 mice/group) were kept alive post-
chemotherapy. Thus, OVAIXR tumor relapse took place
more than a period of 42 days in all cisplatin-treated mice,
whereas in cisplatin-sensitive OVA1X regrowth was found
inonly 1 cisplatin-treated mouse after eight months follow-
up. At sacrifice of OVALXR, significant differences were
found in the weight and histology of relapsed masses (-RL)

for lurbinectedin-based treatments compared with the cis-
platin-RL group (lurbinectedin-RL vs. cisplatin-RL, P =
0.0020; or lurbinectedin -+ cisplatin-RL vs. cisplatin-RL,
P = 0.0008; Fig. 2C, top). Furthermore, combined lurbi-
nectedin + cisplatin treatment was more active than lurbi-
nectedin monotherapy (P = 0.046), suggesting a long-term
synergistic antitumor response for combined therapy. This
finding is reinforced by the histology of lurbinectedin +
cisplatin-RL masses (Fig. 2C, bottom). Together, although
our results showed the efficacy of lurbinectedin treat-
ment in the treatment of cisplatin-sensitive and cisplatin-
resistant orthotopic engrafted tumor models, it is of note
that they also suggest a synergistic effect with cisplatin in
cisplatin-resistant OVA1XR.
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Histopathological tumor regression criteria are
associated with treatment response in cisplatin-sensitive
OVAIX and cisplatin-resistant OVA1XR tumors
Cytotoxic therapy leads to morphologic and histopath-
ological changes within tumor tissue as well in the involved
stroma. Next, we evaluated histopathological tumor regres-
sion, which has been established as the gold standard for
the assessment of treatment response in several types of
solid tumors (42-45). Supplementary Table S1 and Table 1
show extensive analysis of regression criteria for both
OVA1X and OVAIXR, to establish whether they are suitable
indicators of treatment response, as described for primary
neoadjuvant EOC (38). On the basis of these criteria, a
moderate histopathological response was observed in
QOVAILX for single cisplatin and lurbinectedin treatments,
whereas a good response with respect to regression criteria

was found for the combined treatment (Supplementary
Table §1). Taken together, the tumor response and the
histopathological regression criteria were evidence of the
relevance of the combined treatment in cisplatin-sensitive
OVALX. In this context, in cisplatin-resistant OVAIXR
tumor a good histopathological response was confirmed
for the combined lurbinectedin + cisplatin treatment
(Table 1). Moreover, the relevance of combined treatments
was reinforced by the observation that the histopathological
response was maintained in relapsed masses (Table 1).

Lurbinectedin and cisplatin treatments are synergistic
in vivo in A2780-derived tumor xenografts

The synergism of the combined lurbinectedin + cisplatin
treatment was further investigated in mice bearing A2780
xenografted tumors. Figure 3A shows the T/C wvalues,

b
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01 2 3 4 5 86 7 8 9 10
Days of treatment

20
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o
o

0.0

Fraction affected, Fa
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3 it . g £ Placsbo . treatments. Xenografted s.c.
= £ 0.045 mg'kg lurbinectedin = A 1.5 markg cisplatin
A 0.090 mg/kg lurbinectedin & 3.0 mglkg cisplat IimgTsWete Denerled L fude
i T e mice after injection of 10” cells of
Al N " 4 0.135 mo/kg lurbinectedin Cisplatin 4 4.5 mg/kg cisplatin f %
1 Harblnectedin | 0.180 mg/kg lurbinectedin 104 P 4 6.0 mg/kg cisplatin the A2780 ovarian cancer cell line,
o ——— a = —— and mice bearing tumors (ca.
0 91 2 3 4 5 6 7 8 g 10 0 1 4 5 68 7 8 9 10 150 mm?) were randomly allocated
Days of treatment Days of treatment to 13 treatment groups (0 — 8-10/
group): (i) placebo: (i} lurbinectedin
1008y - B -g at 4 dose levels, namely MTD
904 o |DPcebo (0.180 mg/kg), 0.75 MTD (0.135
a0 o ©0.045 mg/kg lurbinectedins ma/kg), 0.5 MTD 0.09 mo/kg), and
704 ; e 1.5 mglkg cisplatin 0.25 MTD (0.045 mg/kg); (iii)
gy 0,000 mgrkg lurtinectedine cisplatin, at 4 dose levels MTD
g i $ Py 2.0 mg/kg cisplatin (6 mg/kg), 0.75 MTD (4.5 ma/kg),
S 404 ® | 0135 mgikg lurbinectedins 0.5 MTD (3.0 mg/kg). and 0.25
% 3 4.5 mg/kg cisplatin MTD (1.5 mg/kg); and (iv)
g 0+ - # 0.180 mg/kg Wbinectedint lurbinectedin plus cisplatin,
?g : Lurbinectedin+cisplatin &0 myhkgeisplatn administered with the combination
4 at (1 + 1), 0.75 + 0.75), {0.50 -
T

0.50), and {0.25 + 0.25) of MTD
ratios. A, graphs show antitumor
activity of each single or combined
treatment followed by T/C values,
defined as the change in tumor
volume for each treated (T) and
placebo (C) group during the
placebo-treated survival period. B,
determination of tumor fraction
affected (F,) by treatment,
calculated according to the
formula F, = 1-T/C and CI
determined by the Cl-isobol
method using CompuSyn
software, version 1.0 (ComboSyn,
Inc. Paramus).
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Table 2. Dose-response treatment effect of s.c. xenografts of A2780-derived cell line

Dose-effect pamametersb

Fraction
Tr it Dose, mg/kg affected®, F, m (SD) D r
Lurbinectedin 0.180 0.29
0.135 0.26 1.04 (0.16) 2.12 0.978
0.090 0.22
0.045 0.09
Cisplatin 6.0 0.45
4.5 0.31 1.24 (0.12) 1.29 0.990
3.0 0.23
1.5 0.12
Lurbinectedin + cisplatin 0.180 { 6.0 0.77
0.135 + 4.5 0.56 2.34 (0.36) 1.20 0.977
0.080 + 3.0 0.50
0.045+ 1.5 0.10

treated survival period.

plot, and r is the linear regression coefficient.

“Fraction affected (F; — 1-T/C), defined as the change in tumor volume for each treated (T) and placeba (C) groups during placebo-

“Derived from the median-effect plot: logFa/(1-Fa)] versus log(Dose), where m is the slope (as mean + SD), D, is the intercept of the

defined as the change in tumor volume for each treated (T)
and placebo (C) group during the placebo-treated survival
period, for mice treated with lurbinectedin, cisplatin or
combined lurbinectedin + cisplatin. Animals treated with
high cisplatin doses showed the lowest T/C of 55.2% on day
10, whereas there was no antitumor effect induced by the
lurbinectedin single-agent treatment (minimal T/C, 70.8%
on day 4). The combined lurbinectedin + cisplatin treat-
ment produced lower T/C values than the more active agent
in this experiment (cisplatin at 6.0 mg/kg). The antitumor
effect seen on day 4 (T/C, 39.8%) for the highest dose of the
combination (0.180 + 6.0 mg/kg; lurbinectedin + cisplat-
in) increased on subsequent days (1/C, 23.4% on day 10).
On day 10, lurbinectedin + cisplatin treatment displayed a
dose-dependent antitumor effect with median tumor
volumes (mm“] of 572.8, 1,074, 1,233, and 2,199 for
animals treated with lurbinectedin + cisplatin at 0.180 +
6.0,0.135 + 4.5, 0.09 + 3.0, and 0.045 + 1.5 mg/kg levels,
respectively. Applying the median-effect principle to the
data gave a Combination Index (Cl) of 0.17 (at Fa = 0.97),
suggesting a synergistic effect of the combination lurbinec-
tedin + cisplatin in ovarian (A2780) xenografted tumors
(Fig. 3B and Table 2).

Lurbinectedin-induced tumor response is mediated by
antiproliferative and proapoptotic features and causes
mitotic catastrophe

Next, we investigated whether tumor response mechan-
isms were induced by lurbinectedin associated with anti-
proliferative and proapoptotic features. Two experimental
approaches were used: (1) in A2780-derived subcuta-
neous (s.c.) tumor xenografts treated with cisplatin, lur-
binectedin or combined drugs for 24 or 72 hours; and

(ii) in cisplatin-sensitive OVA1X and cisplatin-resistant
OVAIXR tumors.

We found that 24 hours after treatments of the A2780
xenografts, the anti-phospo-Histone H3 (S10; H3810ph)
mitosis marker significantly decreased in cisplatin (P =
0.007), lurbinectedin (P = 0.002), or combined (P <
0.001) treatments compared with placebo-treated tumors
(Fig. 4A). In fact, the decrease was significantly greater for
the combined treatment than for each single therapy (lur-
binectedin -+ cisplatin vs. lurbinectedin, P = 0.005; or vs.
cisplatin, P = .015). In addition, a proapoptotic effect was
associated with lurbinectedin treatments. Thus, a 6.7-fold
increase in the number of apoptotic cells (by TUNEL assay)
was observed in combined lurbinectedin + cisplatin (1’ =
0.013) treatment compared with the placebo group, and
3.0-fold and 3.7-fold increases with respect to cisplatin and
lurbinectedin, respectively (Fig. 4C, left).

Likewise, antiproliferative and proapoptotic effects were
confirmed in both engrafted orthotopic models. In
OVALXR (Fig. 4B), all treatments showed a significant
decrease in the number of mitoses determined by H3810ph
(cisplatin, P = 0.007; lurbinectedin, P = 0.003; lurbinecte-
din + cisplatin, P< 0.001). As a single treatment, lurbinec-
tedin was more effective than cisplatin (P = 0.044), Com-
bined lurbinectedin + cisplatin treatment significantly
diminished the number of mitoses with respect to single
lurbinectedin (P = 0.016) or cisplatin (P= 0.003 ) treatment
(Fig. 4B). This effect was also maintained in relapsed tumor
masses (lurbinectedin + cisplatin-RL vs. cisplatin-RL, P =
0.005; or vs. lurbinectedin, P = 0.012). Apoptotic drug-
induction was assessed in OVA1X and OVALXR by immu-
nodetection in paraffin-embedded tissues of caspase-3, an
early and specific apoptotic marker. In cisplatin-sensitive
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Figure 4. Tumor proliferation was determined after immunostaining mitotic figures with antiphosphorylated histone H3 (S10) antibody (H3510ph;
green staining), and mitotic spindles with anti e-tubulin (red staining). Chromosomes were labeled with 4', 6-diamidino-2-phenylindole in the blue
channel. Treatment doses were: (i) lurbinectedin {(0.18 ma/ka); (i) cisplatin (3.5 mg/kg); and (iii) lurbinectedin plus cisplatin (0.18 + 3.5 mg/kg). A, in
A2780-derived s.c. tumors (A2780X) and (B) in residual tumor masses of cisplatin-resistant OVA1XR tumor or in long-term relapsed masses (-RL; 36
days after the sacrifice of the short-term response group). Stained cells were counted in 6 nonoverlapping representative fields. Images were taken
with a Leica TCS LP5 spectral confocal microscope {Leica Microsystems) with 20 and =63 objectives and 405 Diode, Argon and DPSS 561 lasers,
acquiring stacks every 1 mm. Stacks were projected and processed using Imaged software (MacBiophotonics). Hotspot flelds in viable comparable
tissues zones at «400 magnification were captured for each tumor and guantified, also taking the stromal component into consideration. C,
apoptosis was evaluated by TUNEL and immunostaining of Caspase 3. Left, TUNEL assay in A2780X s.c. tumors treated with lurbinectedin,
cisplatin, or combined lurbinectedin + cisplatin, and mice sacrificed 72-hour posttreatment. Right, cleaved Caspase 3 was analyzed in paraffin
sections of residual tumor masses an day 21 of single cisplatin and lurbinectedin treatments of OVA1X and OVA1XR tumors. D, the presence of
aberrant mitotic figures was determined by colmmunostaining with anti-H3S10ph and anti-c-tubulin (40) in A2780X s.c. tumors 72-hour
posttreatment as in residual masses of OVA1X and OVA1XR tumors on day 21 of treatment. Graphs show the percentage of aberrant mitosis in
OVA1X tumor. Scale baris 10 pm. *, P < 0.05.

OVA1X, nonsignificant differences for the proapoptotic- extensive histopathological regression prevents the reliable

induced effect were observed for the single treatments
(cisplatin, 6.3-fold; lurbinectedin, 7.1-fold; P = 0.45;
Fig. 4C, right). Whereas in cisplatin-resistant OVA1XR
tumor the strong proapoptotic effect was noted for lurbi-
nectedin (4.2-fold induction relative to the placebo, P =
0.014; and 2.8-fold with respect to cisplatin, P = 0.007),
cisplatin retaining a moderate capability of inducing apo-
ptosis in OVAIXR tumors (1.5-fold induction relative to
placebo, P = 0.036; Fig. 4C, right). We did not analyze
apoptosis induction in the combined treatment because the

interpretation of the caspase cleaved apoptosis assay (data
not shown).

Finally, we investigated whether lurbinectedin treat-
ments affected the morphology of the mitotic spindle by
double immunofluorescence staining with o-tubulin (red
staining), a protein localized in the spindle, combined
with staining with the mitosis marker histone H3810ph
(green staining; Fig. 4D and Supplementary Fig. 1). Thus,
in mitotic cells identified by H3510ph with vehicle-trea-
ted tumors, c-tubulin shows that control cells display
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normal bipolar mitotic spindles with chromosomes cor-
rectly aligned on the metaphase plate. On the other hand,
lurhinectedin-treated cells exhibited abnormal mitotic
figures, with seriously defective chromosome alignment,
and the cells displaying aberrant figures failed to progress
through mitosis. The presence of cells displaying aberrant
figures was particularly manifested for combined lurbi-
nectedin + cisplatin treatment, in A2780-derived xeno-
grafts and both engrafted orthotopic models (Fig. 4D).

Discussion

In this work, we report the generation and characteriza-
tion of a serous ovarian cancer model based on orthotopic
tumor implantation in nude mice, and its further in vive
development as a tumor model of cisplatin resistance.
Next, as preclinical models, we show that lurbinectedin,
a new synthetic alkaloid binder to the DNA minor
groove, is effective either in the treatment of cisplatin-
sensitive and cisplatin-resistant ovarian tumors. S0, our
results show that the combination of 2 compounds that
differentially bind the DNA major and minor grooves
should be a useful treatment strategy for EOC patients,
and suggest its importance for overcoming cisplatin
resistance.

Recent data suggest an overall success rate of 10% for
oncology products in clinical development, being one of the
reasons attributed to this failure the fact that preclinical
models used frequently do not predict clinical results (31).
Currently, preclinical in vivo drug development is mainly
realized in s.c. tumor xenografts generated after cell line
injection, or in some cases after s.c. engraftment of primary
tumor (29, 32, 33), and pure primary orthotopic tumor-
based models have rarely been used. Few such tumor models
are available: because surgery is often complex, small num-
bers of mice are used per study, and the models are more
expensive (28). Here, we show that these orthotopic-based
preclinical ovarian tumor models, which reproduce primary
tumor properties, are outstanding resources for the develop-
ment of new drug therapies. They would also be very valu-
able for exploring new therapeutic applications for drugs
that are currently approved for use in humans, as we recently
reported in microsatellite instability (MSI) + colorectal
tumors with enoxacin (46). Thus, assessed chemotherapy
responses in cisplatin-sensitive and cisplatin-resistant tumor
models that maintain the morphologic, histologic, and gene-
tic characteristics of patients’ tumors, including the behavior
of the stromal component and the tissue architecture, may
improve preclinical drug translation to patients.

To overcome cisplatin resistance and reduce the side
effects, new agents should have different mechanisms of
action and should be non-cross-resistant with platinum
(47). Stucturally, the DNA duplex gives rise to two well-
defined clefts known as the major and minor grooves (25).
While the DNA major groove represents a site of attack for
cisplatin and many alkylating agents, otherantitumor drugs
such as ecteinascidins, mitomycin C and chromomycin A3
bind to the minor groove (16, 17). Our work with the new

synthetic alkaloid lurbirnectedin strongly suggests that
strategies based on dual major and minor DNA groove-
targeted therapies should be useful for treating cisplatin-
resistant/refractory cases of ovarian carcinomas. Further
studies in these models will allow a deeper insight into the
cooperative mechanism of action among cisplatin and
lubimectedin, and enable their combined properties with
other drugs such olaparib, temozolamide, doxorrubicine,
etc. to be evaluated. Although, lurbinectedin is structurally
similar to trabectedin (Yondelis), their important different
pharmacokinetics properties identified may lead to novel
and/or increased antitumor activity compared with original
trabectedin (25, 26).

Our preclinical findings in cisplatin-sensitive OVA1X
tumor indicate that lurbinectedin monotherapy treatment
could be an active first-line drug on the basis of its similar
cisplatin response rates and the related long-term behavior
response. However, [rom the clinical standpoint, certainly,
the most relevant preclinical result was the capability of
lurbinectedin, either on its own or in combination with
cisplatin, to overcome the cisplatin resistance of OVA1XR
tumor. Its relevance was underlined by the better response
and by the histopathological regression found in OVAIXR
treated with lurbinectedin alone or combined with cisplat-
in, both in short- and long-term experiments. All together,
our results indicate that combined lurbinectedin treatment
should overcome cisplatin resistance, it being an effective
second-line treatment for platinum responder patients as a
first-line agent for refractory tumors.

In agreement with previously described in vitro results
(25), we showed that the tumor response produced in vivo
by lurbinectedin was mediated by an antiproliferative and
proapoptotic induction and causes mitotic catastrophe.
Previous reports showed common PMO1183 (lurbinecte-
din) effectiveness in the nanomolar range in a panel of
representative cell lines of different tumor types, and
described that PM01183 (lurbinectedin) and cisplatin acted
synergistically when tested in viro on platinum-resistant
cells lines (26). In this work, we showed that lurbinectedin
synergizes in vivo with cisplatin treatments, an effect that is
mainly observed in cisplatin-resistant OVAIXR tumors. It
has been reported that although DNA lesions generated by
lurbinectedin are not repaired by nucleotide excision repair
(NER), it can interfere with NER, thereby attenuating the
repair of specific NER substrates. Thus, lurbinectedin has
enhanced activity in cisplatin-resistant cell lines with higher
NER activity (26).

Dissemination in EOCs characteristically involves local
invasion of pelvic and abdominal organs, and unlike many
epithelial cancers, initial dissemination rarely requires the
vasculature, although this is often involved in the advanced
stages of disease (48). The tumor model presented here, as
happens in their original patient, rarely disseminate in mice.
Nevertheless, the generation of other orthotopic-based
EOCs tumor models reproducing human dissemination
patterns should be very useful for investigating drug action
in malignant ascitis formation, the characteristic feature of
advanced ovarian cancer at diagnosis. In fact, we have

www.aacrjournals.org

Clin Cancer Res; 18(19) October 1, 2012

107

5409

ZE0 AInr g1 uosenb Aq pd B6ES/6 | LODE/EEES/E LB IPd-spE seuscuEsLIp/BIa siewNnolisee 1y Wwey pepeojumag



5410

Vidal et al.

developed other engrafted primary EOCs models that mim-
ic in mice human local and distal dissemination behaviors
(A. Vidal and A. Villanueva, personal communication).

After neoadjuvant chemotherapy, the residual tumor size
in ovarian specimens was the only histopathological crite-
rion that was significantly associated with treatment and
subsequent overall survival. Histopathological responders
defined by the absence of residual tumor, scattered solitary
tumor cells, or a residual tumor of 5 mm or less had a
significantly longer survival (38). The size of the residual
tumor remaining after debulking surgery is known to be an
important prognosticfactor (49). Likewise, weshow inboth
tumor models that the size of the residual masses and the
abundance of regressive criteria correlate with response. The
strong correlation between our preclinical tumor models
and clinical settings in terms of tumor progression and
response to chemotherapy, strongly argues in favor of
conducting clinical lurbinectedin trials in resistant/refrac-
tory EOC.

In conclusion, we have shown that lurbinectedin, a drug
targeting the minor DNA groove, is active and in vivo
synergizes with cisplatin, which targets the major DNA
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RESUM
Objectius:

1. Generaci6 i caracteritzacio clinico-patoldgica de models
PDOX/Orthoxenografts de Tumors Germinals Testiculars de Cél-lules
Germinals (TTCG).

2. Evolucio in vivo d'alguns d'aquests models preclinics de TTCGs com a
models de resisténcia adquirida al tractament amb el cisplati. Utilitzacio
d'aquests models preclinics per a identificacio, i posterior validacié en una
série clinica retrospectiva de tumors metastatics, d’alteracions genétiques

pronostiques associades amb I'adquisicio de resisténcia al cisplati.

3. ldentificacié en els models preclinics de TTCGs i CEOs i del cuc C.
elegans dels gens rellevants associats amb I'adquisicio de resisténcia al
cisplati i validacio preclinica d’'una terapia resensibilitzant en tumors

refractaris.

Introduccié: Investigar la base genética de la resisténcia al cisplati, ja que
I'eficacia de la quimioterapia basada en cisplati en el tractament de diferents
cancers sovint es veu compromesa per la resisténcia intrinseca o adquirida de

les cél-lules tumorals als farmacs.

Disseny experimental: Es van generar 14 orthoxenografts trasplantant tumors

testiculars de cél-lules germinals (TTCG) no seminomatosos humans en ratolins,
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mantenint les caracteristiques del tumor primari en termes de genotip, fenotip i
sensibilitat al cisplati. Es van avaluar les alteracions cromosdomiques i genétiques
en orthoxenografts sensibles al cisplati i les seves parelles que havien

desenvolupat resisténcia al cisplati en ratolins atimics.

Resultats: Les analisis d’hibridacié genomica comparada de quatre parelles de
xenoempelts van identificar reordenaments cromosomics recurrents en tres dels
tumors cisplati resistents, mostrant guanys a la regi6é 99q32-9q33.1. Es va trobar
una correlacié clinica entre la preséncia de guanys a 9932-q33.1 en tumors de
pacients refractaris al cisplati i una pitjor supervivéncia global en tumors de
cél-lules germinals metastatics. Es va estudiar el perfil d’expressié dels 60 gens
situats en aquesta regi6. POLE3 i AKNA van ser els dos unics gens desregulats
en tumors resistents que contenien el guany a 9932-9q33.1. A més a més, altres
quatre gens (GCS, ZNF883, CTR1 i FLJ31713) estaven desregulats en els cinc
tumors resistents independentment de I'amplificacié de 9932-q33.1. Les RT-PCR
en tumors i les analisis funcionals en Caenorhabditis elegans (C. elegans) van
indicar que la influéncia en la resisténcia al cisplati dels gens localitzats a 9q32-
g33.1 podia estar causada per una regulacié a 'alga o a la baixa d’aquests gens.
Amb aquests resultats es va centrar I'estudi en la glucosilceramida sintasa (GCS)
per demostrar que l'inhibidor de GCS DL-treo-PDMP resensibilitzava al plati els

orthoxenografts generats resistents al cisplati.
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Demonstrate Genomic Changes Associated with

Cisplatin Resistance and Identify PDMP as a

Resensitizing Agent
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Josep M. Piulats™?, August Vidal®*%, Francisco J. Garcia-Rodriguez"®, Clara Mufoz!,
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Abstract

Purpose: To investigate the genetic basis of cisplatin resis-
tance as efficacy of cisplatin-based chemotherapy in the treat-
ment of distinct malignancies is often hampered by intrinsic or
acquired drug resistance of tumor cells.

Experimental Design: We produced 14 orthoxenograft
transplanting human nonseminomatous testicular germ
cell tumors (TGCT) in mice, keeping the primary tumor
features in terms of genotype, phenotype, and sensitivity to
cisplatin. Chromosomal and genetic alterations were eval-
uated in matched cisplatin-sensitive and their counterpart
orthoxenografts that developed resistance to cisplatin in
nude mice.

Results: Comparative genomic hybridization analyses of
four matched orthoxenografts identified recurrent chromo-
somal rearrangements across cisplatin-resistant tumors in
three of them, showing gains at 9q32-q33.1 region. We
found a clinical correlation between the presence of
9932-q33.1 gains in cisplatin-refractory patients and poorer
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overall survival (OS) in metastatic germ cell tumors. We
studied the expression profile of the 60 genes located at that
genomic region. POLE3 and AKNA were the only two genes
deregulated in resistant tumors harboring the 9q32-q33.1
gain. Moreover, other four genes (GCS, ZNF883, CTR1, and
FLJ31713) were deregulated in all five resistant tumors
independently of the 9q32-q33.1 amplification. RT-PCRs
in tumors and functional analyses in Caenorhabditis elegans
(C. elegans) indicate that the influence of 9q32-q33.1 genes
in cisplatin resistance can be driven by either up- or down-
regulation. We focused on glucosylceramide synthase (GCS)
to demonstrate that the GCS inhibitor DL-threo-PDMP
resensitizes cisplatin-resistant germline-derived orthoxeno-
grafts to cisplatin.

Conclusions: Orthoxenografts can be used preclinically not
only to test the efficiency of drugs but also to identify prognosis
markers and gene alterations acting as drivers of the acquired
cisplatin resistance. Clin Cancer Res; 24(15); 3755-66. ©2018 AACR.

L'Hospitalet de Llobregat, Barcelona, Spain. '*C. elegans Core Facilty-IDIBELL,
Barcelona, Spain.

Note: Supplementary data for this article are available at Clinical Cancer
Research Online (http://clincancerres.aacrjournals.org/).
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Translational Relevance

Cisplatin-based cytotoxic chemotherapy is the mainstay
of the treatment of several types of neoplasias. The acquired
resistance is a major clinical limitation for patient's survival.
Orthoxenografts are the most advanced ex vivo platforms to
investigate the efficiency of drugs in a personalized manner,
but in this study, we also demonstrated other valuable tools
to identify prognosis markers and novel resensitizing ther-
apeutic approaches for the treatment of cisplatin-refractory
tumors. As proof-of-principle, in this study we validate our
approach demonstrating that presence of the 9q32-q33.1
gain is associated with poor risk defined by shorter overall
survival (OS) and that genetic or pharmacologic inhibition
of glucosylceramide synthase (GCS) activity is efficient to
resensitize testicular and epithelial ovarian tumors refrac-
tory to cisplatin.

Introduction

Testicular germ cell tumors (TGCT) of adolescent and young
adults are the most common malignancy in young men (1-3).
They can be classified as seminomas (SE; originated in epithe-
lium of the seminiferous tubules), which represent around 40%
of cases, and nonseminomas (NSE; 60%). Seminomas are radio-
and chemo-sensitive tumors highly curable at all stages. With
the exception of teratomas, NSEs are also highly sensitive to
cisplatin-based chemotherapy and, when combined with sur-
gery, patients achieve high cure rates (4). In contrast with most
advanced solid tumors, approximately 80%-90% of metastatic
TGCTs will achieve complete cure after standard doses of
cisplatin (CDDP) chemotherapy (4). Nevertheless, 10%-15%
of patients die due to cisplatin refractoriness and the absence of
alternative effective resensitizing therapies (5-7). Such high
success in treating advanced testicular cancer has limited the
number of studies addressing the treatment failure in refractory
patients (8, 9).

In TGCTs, cisplatin resistance has been attributed to diverse
cellular mechanisms (10-12), although the molecular details
underlying treatment failure in refractory patients remains obscure
(13-17). Patient-derived orthotopic xenografts, named PDOX or
orthoxenografts, are relevant preclinical animal models that phe-
nocopy human tumor properties (18,19). We have previously used
TGCT orthoxenografts to explore novel therapeutic approaches for
refractory TGCTs (20, 21). In this study, the genetic basis of
acquired cisplatin resistance was investigated by comparative
genomic hybridization (CGH) in a collection of matched cisplat-
in-sensitive and -resistant NSE tumors that were implanted ortho-
topically in nude mice. We studied genome amplifications and
further investigated the 9q32-q33.1 region to identify cisplatin
resistance-related genes. We found a dlinical correlation between
the presence of the 9q32-gq33.1 gain and poor risk defined by
shorter overall survival (OS). We also found gene expression
alterations within the 9q32-q33.1 region that were associated with
cisplatin resistance but not necessarily with the 9q32-q33.1 gain.
Finally, we used a drug to inhibit one of the recurrently upregu-
lated genes in cisplatin-refractory tumors, the glucosylceramide
synthase (GCS), and observed that tumors were resensitized
allowing the maintenance of the cisplatin-based therapy.
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Materials and Methods

Human primary TGCT implantation and perpetuation in
nude mice

To generate the collection of TGCT orthoxenografts, fresh
surgical specimens of 62 human GCTs were implanted in nude
mice. Twenty-two tumors were classified as pure SEs and 40 as
NSE (21 as pure and 19 as mixed tumors containing different
proportions of SE and NSE components). From the 40 NSEs,
14 tumors were perpetuated (35%), 10 derived from pure NSEs
[three choriocarcinomas (CH), four embryonal carcinomas (EC),
three yolk sac tumors (YS)], and four from mixed primary tumors.
Five orthoxenografts were derived from several extragonadal
tumor locations, and in four cases from patients treated previ-
ously with cisplatin-based chemotherapy (Supplementary Table
S1). None of the 22 implanted pure gonadal seminomas (SE)
grew in nude mice. Of the mixed tumors, comprising both SE and
NSE components, only the NSEs grew in mice. Orthotopic
implantation procedure of human tumors was performed as
previously reported by our group (21) and briefly described in
the Supplementary Data. IHC characterization is also described
in the Supplementary Data. All patients gave written consent to
participate in the study. The Institutional Ethics Committees
approved the study protocol, and the animal experimental design
was approved by the IDIBELL animal facility committee (AAALAC
- Unit 1155). All experiments were performed in accordance with
the guidelines for Ethical Conduct in the Care and Use of Animals
as stated in The International Guiding Principles for Biomedical
Research Involving Animals, developed by the Council for Inter-
national Organizations of Medical Sciences.

Generation in mice of refractory engrafted NSEs to cisplatin
treatment

Five selected engrafted tumors, TGT1X, TGT12X, TGT21XB,
TGT34X and TGT38X, from patients without prior exposure
to cisplatin, were allowed to grow until intraabdominal palpable
masses were noted. Animals were administered with cisplatin
intravenously at a dose of 2 mg/kg for 3 consecutive weeks (days 0,
7, and 14; cycle #1 of treatment). Post-cisplatin relapse, tumors
were harvested, prepared as described previously and engrafted in
new animals. This process was repeated up to five times by treating
tumor-bearing mice with stepwise increasing doses of cisplatin:
cycle #2, 3 mg/kg; cycle #3, 3.5 mg/kg; cycle #4, 4 mg/kg; and
cycle #5, 5 mg/kg, as we described for ovarian tumors (22). When
mice were treated at doses higher than 3.5 mg/kg, the signs of
cisplatin-induced toxicity were ameliorated by administration of
saline containing 5% glucose for 2 days. Dynamic CDDP
responses were evaluated after assessing B-hCG and/or AFP serum
levels, as described in Supplementary Data.

Analysis of point mutations and genomic imbalances

The presence of point mutations in a panel of selected cancer-
related genes and microsatellite instability (MSI) were compared
between sensitive and resistant paired orthoxenografts. Proce-
dures are described in detail in the Supplementary Data.

Whole-genome analysis by NimbleGen CGH arrays

The CGH oligonucleotide array was carried out by NimbleGen
Systems, Inc., at their facility in Wisconsin. Array design descrip-
tions were: 2006-07-27_HG18_WG_CGH, single array CGH
design for whole-human genome (hgl8; NCBI Build 36).
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Methods of DNA labeling array construction, hybridization, array
normalization, and data analysis have been described in detail by
Seltzer and colleagues (23).

Patients

Eighty-eight consecutive patients diagnosed with metastatic
germ cell tumors and treated at the Institut Catala d'Oncologia
(Barcelona, Spain) between 1989 and 2004 were initially
included in this study. Thirteen cases were not evaluated
because of the lack of paraffin-embedded tissue blocks. Patient
demographics and clinical characteristics of the 75 patients
finally evaluated are listed in Supplementary Table S3. Sixty-
three patients (84%) had NSE tumors and 12 (16%) had SE
tumors. Four patients presented with mediastinal extragonadal
disease. Sixty percent of the patients were classified as having a
good prognosis, 19% as having an intermediate prognosis, and
21% as being of poor prognosis according to the IGCCCG
categorization. Twenty-four patients were considered resistant,
defined by progression or relapse despite adequate first-line
chemotherapy treatment. Cases with mature teratoma only in
the resected postchemotherapy mass and without posterior
tumor relapse were considered sensitive. Tumor samples from
primary tumors and/or resected metastases obtained before
chemotherapy were included in a newly generated tissue micro-
array (TMA), as described previously (24). FISH analysis was
described in Supplementary Material.

Quantitative gene and miRNA analysis

Total RNA was extracted using TRIzol (Invitrogen), following
the manufacturer's instructions, and reverse-transcribed to
cDNA. Quantitative RNA and miRNA analyses were performed
as described in the Supplementary Material.

Cell culture, transfection and in vitro gene overexpression,
and shRNAi knockdown experiments

The human NSE cell lines SuSaS (of teratocarcinoma
origin) and its matched SuSaR ("R" for CDDP-resistant
derived cell line) were grown for different experiments as
described previously (25). For overexpression experiments,
SuSa$ cells were transfected with plasmid pCMV6-XL5-GCS
containing the whole GCS human c¢DNA from OriGene
(SC118052). Knockdown experiments were realized in
SuSaR with four predesigned short hairpin RNAs (shRNA)
for the human GCS gene from Qiagen (KH02376P) that were
transfected with the jetPrime transfection kit (Polyplus),
following manufacturer's instructions. GCS expression levels
were analyzed by Western blot analysis at 24, 48, 72, and
96 hours posttransfection by anti-GCS (1/1,000; Protein-
Tech) wusing anti-B-actin-HRP antibody as a control
(1/20,000; Sigma-Aldrich). The chosen time to perform the
experiments was 48 hours.

In vitro determination of drug resistance assays

Cisplatin (1 mg/mL) dissolved in NaCl (TEVA) and
DL-threo-PDMP (Sigma-Aldrich) in DMSO at a final concen-
tration of 59 mmol/L were assessed. Cell viability was deter-
mined by MTT assay. Briefly, 1 x 10> cells were plated onto
96-well plates, after 4 hours of transfection, fresh medium
was added and cells were treated for 48 hours with different
drugs concentration ranged from 0 to 20 ug/mL doses. MTT
was added at a final concentration of 0.1% and after 2.5 hours
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of incubation (37°C, 5% CO,) metabolic product formazan
was dissolved in DMSO and the absorbance measured at
570 nm. Prism Software was used to calculate half maximal
inhibitory concentration (ICso) of the drugs.

Determination of GCS activity

Tumor samples were homogenized in lysis buffer (Tris-HCI
10 mmol/L, EDTA 1 mmol/L, and 0.1% Triton X-100 at pH 7.4)
and centrifuged at 600 x g for 5 minutes. GCS activity was
determined from NBD-C6-ceramide and UDP-glucose, the
conversion product separated by TLC with chloroform/meth-
anol/32% ammonia (70:30:5, v/v), and quantified by densi-
tometry (Préférence/DVS, Sebia) as described previously (26).
Briefly, for each assay, 200 ug of protein extract was suspended
in reaction buffer (5 mmol/L MgCl,, 5 mmol/L MnCl,, and
1 mmol/L EDTA in 50 mmol/L HEPES, pH 7.2) and the
substrate mixture containing 10 umol/L NBD-C6-ceramide and
250 pmol/L UDP-glucose. After a 30-minute incubation at
37°C, reactions were terminated by adding 2.5 mL of chloro-
form/methanol (2:1, v/v), the samples were centrifuged
(1,000 x g, 5 minutes), the lower phases dried under nitrogen,
and subjected to TLC by using chloroform/methanol/32%
ammonia (70:30:5, v/v) as the mobile phase.

Evaluation of in vivo responses of cisplatin-refractory
orthoxenografts to treatment with DL-threo-PMDP

Tumors were implanted in mouse testicle and when homo-
geneous tumor sizes were detected, animals were randomized
to four treatment groups (n = 6-8 mice/group): (i) vehicle; (ii)
cisplatin (3.5 mg/kg); (iii) DL-threo-PDMP(D-threo-1-phenyl-2-
decanoylamino-3-morpholino-1-propanol hydrochloride; Santa
Cruz Biotechnology), 50 mg/kg dissolved in 5% of Tween
80%-0.85% NaCl; and (iv) DL-threo-PDMP+-cisplatin (50 mg/kg+
3.5 mg/kg). Cisplatin was intravenously administered once a
week for three consecutive weeks (days 0, 7, and 14), while
DL-threo-PDMP was administered daily by intraperitoneal injection
over the 21-day period and mice were sacrificed on day 22 of
treatment. In combined treatments, PDMP was administered one
hour before cisplatin treatment. Ovarian orthoxenograft 17 model
(OVA17X) was generated from a cisplatin-sensitive human serous
epithelial ovarian tumor by orthotopic implantation (in the mouse
ovary) in nude mice, as described previously (22). Cisplatin-resistant
ovarian orthoxenograft 17 (OVA17XR) was derived from OVA17X
by iterative treatment cycles with increasing doses of cisplatin, as
described above for TGCT tumors. For the in vivo treatment with
DL-threo-PMDP, OVA17XR was grown and implanted in the mouse
ovary of several animals. When homogeneous tumor sizes were
detected, they were randomized to four treatment groups (n = 6
mice/group) and treated as described previously.

Statistical analysis

For the clinicopathologic features, P values were calculated
using the x? test. Survival curves were estimated using the
Kaplan-Meier method, and differences between individual curves
were evaluated by multivariate Cox proportional hazards regres-
sion modeling. Analyses were adjusted for pathologic diagnostic
classification. HRs and 95% confidence intervals (CI) were cal-
culated. Likelihood ratio tests were used to assess the prognostic
value of genomicamplification of 9q32-q33.1 by FISH in the TMA
of metastatic GCTs. Values of P < 0.05 were considered significant.

Clin Cancer Res; 24(15) August 1, 2018

117

220z AInp €1 uo 1senb Aq 4pd°5G/€/2£0802/SSLE/S LIvZ/pd-slonie/salisoueoulio/Bio sieuinolioeey/:dny woly pspeojumoq

3757



Piulats et al.

Results secreted beta subunit of human chorionic gonadotropin (B-hCG)
Establisment of orthoxenografts of TGCT NSE tumors and/or alpha-fetoprotein (AFP) were detected in mouse serum as
surrogate markers of tumor growth (Supplementary Table S1;

To study cisplatin resistance in TGCTs, our laboratory has
compiled avaluable collection (n = 14) of both cisplatin-sensitive
and -refractory TGCT NSE orthoxenografts (Supplementary Table
S1). These orthoxenografts grew on mouse testicles as a big solid
mass, displaying a strong correlation with their corresponding
primary tumors in terms of histological appearance and expres-
sion of cellular markers (Fig. 1A and B). These tumors were kept
stable throughout serial passages and, as occurring in patients, the

refs. 27, 28).

Orthoxenografts reproduce in mice some of the patterns of
dissemination observed in humans with the presence of retro-
peritoneal lymph nodes, lungs, and liver metastasis. Rare brain
metastases were not detected in mice. Distant from what happens
in humans in two tumors, we have detected the presence of
peritoneal implants (Supplementary Table S1).
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Figure 1.

Generation of TGCT orthoxenografts and development of paired cisplatin-refractory tumors. A, Macroscopic appearance and hematoxylin and eosin
(H&E) staining of mice with orthoxenografts (left, TGT1X pure yolk sac, right, TGT12X pure embryonal carcinoma). B, OCT4 protein immunostaining.
High levels of nuclear staining were only identified in TGT14X, pure embryonal carcinoma (EC) and TGT21BX, mixed EC and yolk sac tumor (YS).
Absence of protein expression was noted in TGTIX, pure YS and TGT17X, pure choriocarcinoma (CH). Seminoma (SE) was used as a positive control. C,
Generation of engrafted tumors refractory to cisplatin treatment combines: (i) five cycles of repetitive cisplatin treatments (one cycle: 3 doses of
cisplatin administered by intravenous injection for three consecutive weeks, on days 0, 7, and 14) each cycle performed in diferent animals and (ii) doses of
cisplatin were increased after each cycle of treatment ranging from 2 mg/kg (first cycle) to 5 (fifth cycle). D, The time lag between tumor-treatment
and tumor-regrowth decreased as the different treatment cycles occurred. Tumors at cycle #5 of treatment (arrow) were used to assess the response
to chemotherapy. E, Comparative short-term cisplatin response assays for paired nontreated versus cisplatin-resistant tumor. Mice were treated with low
(2 mg/kg) and high (5 mg/kg) doses of cisplatin. TGT21BX and TGT34X showed a complete response at high doses. **, for paired TGT34X versus TGT34XR,
only the response to the low dose was assessed (*, P < 0.05).
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Orthoxenografts of NSE recapitulate the responses to
cisplatin treatment in humans

We studied the pattern of responses to chemotherapy for
nine orthoxenografts. Mice were treated with low (2 mg/kg)
and high (5 mg/kg) doses of cisplatin, and their short- and
long-term responses were evaluated. All tumors had a good
short-term response to low doses of cisplatin, as indicated by a
significant reduction in tumor weight in 8 cases and complete
response in the tumor TGT21BX (Supplementary Fig. S1). A
good correlation between tumor weight and reduction or
absence of serum B-hCG and/or AFP levels was found, sup-
porting its use as a dynamic surrogate marker of treatment
efficacy. Differences among tumor weight and serum markers
observed in TGT21AX after treatment can be explained by the
predominance of a teratoma with a few microscopic islands of
viable cells (Supplementary Fig. S1C). Administration of higher
doses of cisplatin (5 mg/kg) was associated with a better
response in all cases (Supplementary Fig. S1). In addition,
there was a complete response in tumor TGT21AX (Supple-
mentary Fig. S1C).

To investigate long-term cisplatin responses, a subgroup of
the treated mice was kept alive postchemotherapy until tumor
regrowth was observed. Tumors regrew in 8 of 9 cases, over a
period of 15 to 135 days, independently of the cisplatin dose
in most instances (Supplementary Fig. S1). In TGT39X, both
treatments yielded a long and sustained response, as was
confirmed by constant levels of AFP over a latency period of
90 days (Supplementary Fig. S1A). Histologic analysis of
relapsed masses demonstrated the presence of a viable tumor
in most cases, and the maintenance of the tumor heterogene-
ity, observed in mixed nontreated tumors (Supplementary
Fig. S2). As observed in patients, cisplatin induced increasing
teratoma differentiation in TGT21AX (Supplementary Figs.
S1C, bottom S2).

Development of matched models of cisplatin refractoriness

To investigate cisplatin resistance against the same genetic
background (sensitive vs. resistant), we developed several cis-
platin-refractory tumor models. Thus, from this collection of
14 tumors, to develop this study, we selected 5 that were not
exposed to cisplatin before implantation. This subset includes a
YS (TGT1X), two embryonal carcinomas (TGT12X and
TGT34X), a choriocarcinoma (TGT38X), and a mixed tumor
(TGT21BX; Supplementary Table S1). Through five iterative
cycles of treatment in different mice, and applying increasing
doses of cisplatin through the cycles, we generated orthoxeno-
grafts with acquired resistance in vivo (named TGT1XR,
TGT12XR, TGT21BXR, TGT34XR, and TGT38XR; Fig. 1C). Dur-
ing the process of resistance acquisition, a progressive shortened
time lag between tumor treatment and tumor regrowth was
noted, and the mice to mice passage time stabilized after five
cycles of treatment in all cases (Fig. 1D). To evaluate the
resistance to cisplatin in these transplanted tumors, paired
short-term response assays between untreated (TGTX) and
resistant (TGTXR) tumors at cycle #5 were performed
(Fig. 1E). High levels of resistance were observed in all tumors
at both low (2 mg/kg) and high (5 mg/kg) cisplatin doses.
Finally, supporting the experimental value of this collection of
paired sensitive/resistant orthoxenografts, we observed similar
histologic pattern between original and cisplatin-resistant
tumors (Supplementary Fig. S2).
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Recurrent chromosomal imbalances were associated with
acquired cisplatin resistance

In the DNA, cisplatin induces interstrand crosslinks and
monoadducts that cause mutations and genomic instability
(11, 29). Many of these alterations on the cisplatin-exposed
DNA cannot be repaired and cause cellular lethality, but some
may be selected and promote the cellular resistance to cisplatin.
Thus, we investigated in paired TGCT orthoxenografts (sensi-
tive vs. resistant) with the same genetic background whether the
acquisition of cisplatin resistance was associated with the
selection of specific genomic imbalances or mutations in a
panel of selected genes. First, we did not find mutations in a
subset of cancer-related genes including K-ras, b-raf, PI3KCA,
EGFR, c-Kit, PDGFRa and B, p15, p16, and SMAD4 or changes in
the MSI status in resistant engrafted tumors. Then, we inves-
tigated chromosomal rearrangements, using array-based CGH,
in four paired untreated parental engrafted tumors and their
resistant counterparts (TGT1XR was later tested for 99q32-q33.1
amplification only). Few recurrent genomic changes were con-
sistently detected in distinct resistant tumors when compared
with their paired sensitive orthoxenograft (Fig. 2A). Particular-
ly, gains at 9q were found in three of four cases, 9q32-q33.1
being the smallest common gain (5.1 M bp containing 60
genes) between three resistant tumors (Fig. 2B). In addition,
gains at 15g23-q24.1 and 15q26.3 were identified in two
tumors, and the loss of the Xp22.33 region was identified in
three of four tumors (Supplementary Fig. S3). All these four
genomic regions are hotspots to search for genes involved in the
acquired resistance to cisplatin. In this study, we focused our
attention on studying the 9q32-q33.1 region.

Amplification at 9q32-q33.1 is associated with an increased
risk of death in advanced TGCT patients

To evaluate the clinical relevance of our results in orthox-
enografts, gains at 9q32-q33.1 were studied by FISH in a
human TMA including series of tumors from 75 patients with
metastatic TGCTs (63 NSEs and 12 SEs) homogeneously treated
with cisplatin-based chemotherapy in our hospital (Fig. 2C;
Supplementary Table S2). Amplification at 9q32-q33.1 was
identified in 18 of 75 (24%) cases, including 16 NSEs (5 CEs,
2 CHs, 1 YS, 2 TEs, and 6 mixed tumors) and two pure SEs
(Table 1). Analysis of OS showed that amplification at the
9q32-q33.1 region was associated with a 2.79-fold greater risk
of death in patients with metastatic GCTs (P = 0.036; HR =
2.79;95% CI = 1.11-7.0; Table 1 and Fig. 2D). A higher risk of
death associated to this genetic amplification was revealed
when considering only patients with NSE (n = 63; P =
0.026; HR = 3.03; 95% CI = 1.18-7.76), but there was no
difference in those with SE (P = 0.54; Table 1). OS subgroup
analyses in NSE patients (presence of amplification vs. WT)
showed a trend for good and intermediate risk groups alone;
the relationship was statistically significant when we analyzed
the two groups together (P =0.014; HR=5.16; 95% CI = 1.47-
18.12; Table 1). This genetic amplification was also associated
with shorter progression-free survival (PFS; P = 0.043; HR =
2.46; 95% CI = 1.07-5.63; Table 1; Fig. 2D) and such corre-
lation was significant even when the NSE group alone was
analyzed (P = 0.024, HR = 2.8, 95% CI = 1.19-6.57).

Moreover, there was a trend for tumors harboring the 9q32-
q33.1 amplification to have a worse cisplatin response
(Supplementary Table S3). Fifty percent of tumors with the
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Figure 2.

Recurrent gains at 9q in refractory tumors. A, Chromosomal rearrangements related to acquired cisplatin resistance were identified when compared
with four paired untreated parental engrafted tumors and their resistant counterparts. Whole-genome mapping was performed by oligonucleotide array
CGH analysis (60 kbp window averaging) and visually depicted with the SignalMap graphical interface tool from Nimblegen Systems. B, The 9921.11-q33.3
gain region (arrow) was identified in TGT12XR and TGT2IBXR, while in tumor TGT38XR, there was a smaller overlapping region of 5.1 Mbp at 9932-
q33.1 (arrowhead). C, Representative FISH analyses of the copy number of 9932-g33.1 in human metastatic CGT samples contained in the TMA.
Interphase FISH with RP11-582120 (red) and RP11-616C16 (green) probes. Panel 1: absence of amplification characterized by two red and two green signals in
all interphase nuclei. Panels 2 and 3: amplification of the region. D, Kaplan-Meier plots by status of 9932-g33.1 gains. Left, OS; right, PFS. P values are
those from multivariate Cox proportional hazards regression models, controlling for the pathologic diagnostic classification.

amplification (9/18) were considered resistant to first-line
chemotherapy compared with 26.3% (15/57) of tumors with-
outit (P=0.060). Up to 27.8% of tumors with the 9q32-q33.1
amplification did not achieve a tumor marker complete
response or progressed during first-line treatment (P =
0.007; Supplementary Table S4).

Identification of 9q32-q33.1 genes whose expression is
associated with tumor response to cisplatin

Next, to identify which genes within 9932-q33.1 region could
be related to cisplatin resistance, we performed quantitative PCR
(qPCR) to study the expression levels of 60 genes and two
miRNAs in the five paired sensitive/resistant engrafted tumors
(Fig. 3A). In order to better represent our study of resistant
tumors without the 9q32-q33.1 amplification, we included the
pair TGT1X/TGT1XR in the gene expression profiling of this
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region to get a panel of three with and two without the 9q32-
q33.1 gain. By qPCR, we found that 37 9q32-q33.1 genes, and
the two miRNAs, were expressed in these five TGCTs (Fig. 3A
and B). From these gene expression analyses, we observed that
only two genes, POLE3 and AKNA, were differently regulated in
relation to the presence or absence of 9q32-q33.1 amplification.
Interestingly, POLE3 was upregulated in resistant tumors with
9q32-q33.1 gains, but downregulated in the two others without
this genetic alteration. AKNA was downregulated in resistant
tumors with 9q32-q33.1 gains, but not altered in the other
two tumors without this alteration. Moreover, these results also
indicate that a chromosomal gain does not necessarily mean
gain of functions. Moreover, another five genes [UGCG (also
known as GCS), ZNF883, CTR1, ATP6V1G1, and FLJ31713] were
consistently up- or downregulated in all five resistant tumors
independently of the 9q32-q33.1 amplification.
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Table 1. Analysis of 9932-933.1 amplification in metastatic germ cell tumors

Orthoxenografts to Identify Targets for Cisplatin Resistance

Overall survival

Progression-free survival

N (%)

HR (95% Cl) 4

HR (95% CI) 4

Chromosome copy number at 9931-q32.1 (n = 75)
WT 57 (76)

1 0.036* 1 0.043*

Amplification 18 (24) 2.79 (1M-7.0) 2.46 (1.07-5.63)
Stratified analysis
Pathologic classification

Nonseminoma (n = 63)
WT 47 (74.6) 1 0.026* 1 0.024*
Amplification 16 (25.4) 3.03 (118-7.76) 2.8 (119-6.57)

Seminoma (n = 12)
WT 10 (83.3) 1(0-Inf) 0.54 1(0-Inf) 0.38
Amplification 2(16.7) 0 0

IGCCCG classification
NSE with good risk (n = 33)
WT 27 (81.8) 1 0.096 1 0.22
Amplification 6 (18.2) 5.89 (0.82-42.52) 3.29 (0.55-19.71)

NSE with intermediate risk (n = 14)
WT 10 (71.4) 1 0.5 1 0.28
Amplification 4 (28.6) 3.41(0.68-17.02) 2.33 (0.52-10.44)

NSE with poor risk (n = 16)
WT 10 (62.5) 1 0.88 1 0.30
Amplification 6 (37.5) 0.9 (0.21-3.79) 2(0.55-7.21)

Grouping NSE according to good and intermediate risk (n = 47)
WT 37 (78.7) 1 0.014 ® 1
Amplification 10 (21.3) 516 (1.47-18.12) 3.28 (1.03-10.37) 0.056

Abbreviation: WT, no amplification at 9932-33.1.

2P values are from multivariate Cox models adjusted for pathological diagnostic classification.

Therefore, we found that gene expression changes at the 9q32-
q33.1 region in resistant tumors were not necessarily correlated
with the presence of the amplification, suggesting the coexistence
of other mechanisms modifying gene expression that confer
resistance to cisplatin.

The influence of genetic changes on resistant tumors is
complex and multifactorial as reflected by the fact that the
functional network (obtained from the web-based tool
STRING) for 34 genes differentially expressed in these resistant
tumors was rather poor (30), indicating a low functional
relation between these genes. Importantly, the six genes show-
ing deregulation in resistant tumors do not show any func-
tional link (Supplementary Fig. S4).

Some gene functions involved in cisplatin response are
conserved in C. elegans

We wondered whether the 9q32-q33.1 genes deregulated in
resistant tumors were acting in the same manner in the response
to cisplatin. Cisplatin has a broad mode of action being also
toxic to eukaryotic cells of model organisms as Caenorhabditis
elegans (C. elegans; ref. 31). We found that three of the five genes
deregulated in resistant tumors (GCS, CTR1, and ATP6VIGI)
were conserved in C. elegans. Through an automated toxicity
assay, we found that vha-10/ATP6V1G1(RNAi) animals were
sensitive to cisplatin (Supplementary Fig. S5). GCS present three
paralogs in C. elegans and we needed to inactivate two of them at
the time to produce sensitivity to cisplatin. On the contrary,
worms treated with CTR1/F27C1.2(RNAi) were resistant to
cisplatin exposure, as expected from the inactivation of the
cooper transporter that is involved in cellular intake of cisplatin
(Supplementary Fig. S5).

We conclude that 9q32-q33.1 genes deregulated in the resistant
tumors can either be up- or downregulated, and provide either
resistance or sensitivity to cisplatin. Moreover, the mechanisms
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of response seem to be conserved through evolution rather than
be specific of human cells or tumors.

DL-threo-PDMP, a competitive inhibitor of GCS, resensitizes
refractory TGCT and EOC orthoxenografts to cisplatin

As a proof-of-concept of our approach to search novel thera-
peutic strategies for overcoming cisplatin resistance, we decided to
diginto the therapeutic value of one of these genes/proteins at the
preclinical level. GCS was chosen on the grounds that: (i) displays
increased mRNA expression in all cisplatin refractory orthoxeno-
grafts and (ii) there are specific inhibitors for GCS available, some
of which are currently in clinical use for other pathologies
(32, 33). First, NSE testicular germ cell line SuSa$ and its paired
cisplatin-resistant SuSaR were used as cellular models to corrob-
orate the functional relationship among GCS expression/activity
and cisplatin resistance in TGCTs. Significant differences among
protein levels of GCS were observed between both cell lines,
being more abundant in resistant cells (Fig. 4A, top). Transfected
SuSaS$ cells overexpressing GCS (Fig. 4A, bottom) displayed a
significant cisplatin-resistant increase (5-fold; Fig. 4B), while
shRNAi knockdown of the endogenous GSC gene (70% of inhi-
bition) in SuSaR cells correlates with a partial (57.6%) cisplatin
resensitization (Fig. 4B). Likewise, the treatment of SuSaR cells
with the specific GCS inhibitor DL-threo-PDMP (PDMP) mimics
this cisplatin sensitization (44.8%; Fig. 4C). Combined cisplatin
-+ PDMP treatment produces a significant increase in the intra-
cellular levels of ceramide (Fig. 4D). Thus, we demonstrated that
impaired GCS expression/activity in vitro resensitizes a cisplatin-
resistant NSE cell line newly to cisplatin treatment.

Interestingly, cisplatin-refractory engrafted tumors exhib-
ited an increase in GCS activity (Fig. 4D). Then, we treated
TGT1XR and TGT38XR daily for 21 days with PDMP. As a
single-agent, PDMP did not produce a significant response
with respect to the vehicle-treated animals, and no significant
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Figure 3.

Differential profiling expression patterns of the 60 genes and two miRNAs annotated on 9932-g33.1 region determined by gPCR. A, Results are presented
as changes in the expression levels in cisplatin-refractory tumors relative to the untreated tumors, grouped by 9932-g33.1 gain status. No expression
changes (in gray), underexpression in resistant tumors (in green), overexpression in resistant tumors (in red), and lack of expression in engrafted
tumors (in white). B, Graphs showing gPCR experiments for relevant genes. For each gene, normalized gene expression (left graph), and the expression
ratio among refractory versus sensitive tumors (right graph) are shown. Reactions were performed in triplicate and all data were normalized

with endogenous control gene (B-actin).
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Figure 4.

GCS activity and cisplatin resensitization by DL-threo-PDMP (PDMP) in cisplatin-resistant cell lines and orthoxenografts. A, Differential protein
expression levels of GCS in SuSaS and paired SuSaR determined by Western blot analysis (left) and GCS transient overexpression in SuSaS cells after
transfection with pCMV6-GCS and shRNAi knockdown in SuSaR cells with a mix of four predesigned shRNAs for the human GCS (right). B, Cisplatin response
of SuSaS cells overexpressing GCS and SuSaR cells with GCS silenced. Each curve represents the average of values from at least three

independent experiments and cell proliferation was measured by MTT assay. C, Dose-response curves for SuSaS and SuSaR treated with cisplatin and with
30 umol/L of PDMP [ICso (umol/L):SuSaS (29.93 + 0.006)] and SuSaR (28.73 + 0.054; left). Generation of ceramide was determined in SuSaR cells
after treatment with cisplatin, PDMP and for combined cisplatin + PDMP (right). D, Activity of GCS in five paired sensitive versus refractory engrafted TGCTs.
E, Responses of cisplatin-refractory engrafted TGTIXR and TGT38XR tumors to treatment with the GCS inhibitor DL-threo-PMDP. F, GCS activity was also
determined in six paired sensitive versus refractory orthoxenografts of EOC. Increased levels of glucosylceramide were detected in 5 of 6 resistant cases. G,
Response of cisplatin-refractory engrafted OVAI7XR orthoxenograft (serous tumor) treated with the GCS inhibitor DL-threo-PDMP. H, Apoptosis was
evaluated by immunostaining of caspase 3 in paraffin sections of residual tumor masses on day 21 of single cisplatin, PDMP, and combined cisplatin +
treatments of TGTIXR, TGT38XR, and OVAI7XR tumors (22). TGTX, untreated TGCT; TGTXR, cisplatin-refractory TGCT; OVAX, epithelial ovarian tumor;
OVAXR, cisplatin-refractory epithelial ovarian tumor (*, P < 0.05).

differences were observed among individual PDMP and cis- approach (22). In 4 of 5 (83.3%) serous tumors, a median
platin treatments (Fig. 4E). Nevertheless, both tumors expe- increase of 52.5% =+ 9.4% GCS activity was observed in the
rienced significant tumor weight reductions (TGT38XR, 73.5%  resistant orthoxenografts with respect to its paired sensitive
and TGT1XR, 42.8%) for combined PDMP + cisplatin treat- tumors (Fig. 4F). Furthermore, PDMP treatment of OVA17XR,
ment (Fig. 4E). having high levels of GCS activity, has a cisplatin resensitizing
Finally, we asked whether the identified association among effect (Fig. 4G; tumor weight reduction of 76.5% in combined
GCS and cisplatin resistance happens in other tumors commonly  cisplatin + PDMP treatment).
treated with cisplatin. Thus, GCS expression/activity was also Together, the GCS inhibitor PDMP resensitizes cisplatin-
determined in a panel of five paired cases of sensitive and refractory orthoxenografts to cisplatin treatment, providing a pro-
cisplatin-resistant orthoxenografts of epithelial ovarian cancer mising therapeutic opportunity for treatment of refractory cases;
(EOC) generated in our lab following the same described being a strong preclinical rationale for further clinical trials.
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PDMP-induced tumor response is mediated by proapoptotic
features in germ cell tumors and ovarian cancer

Next, we investigated whether tumor response mechanisms
induced by PDMP associated with proapoptotic induction fea-
tures. Thus, apoptotic drug induction was assessed in
TGT1XR, TGT38XR, and OVA17XR by immunodetection in
paraffin-embedded tissues of caspase-3, an early and specific
apoptotic marker. In the three orthoxenografts, no significant
differences for the proapoptotic induced effect were observed
for the single treatments with respect to vehicle group (Fig. 4H).
Whereas, for combined PDMP + cisplatin treatment, significant
increase in the apoptosis levels was observed in the three
tumors respect to cisplatin group (TGT1XR 2.7-fold, P =
0.0016; TGT38XR 2.81-fold, P = 0.0011; and for OVA17XR
2.06-fold, P = 0.0002).

Discussion

Establishment of advanced preclinical models of phenocopy-
ing patients' primary tumor features in terms of phenotype,
genotype, and response to chemotherapy is a basic step on the
way to identifying novel therapeutic targets and for testing anti-
tumoral treatments. Here, we report the generation of an impor-
tant collection of NSE TGCTs engrafted orthotopically in nude
mice, keeping features of primary tumors including sensitivity to
cisplatin. In our study, we have used five of those original tumors
and their corresponding orthoxenografts that developed cisplatin
resistance in vivo. Our methodology to induce cisplatin-resistant
tumors includes exposure to an increasing concentration of cis-
platin through five cycles. Such cisplatin treatment does not occur
in the clinic, but in our hands was previously very efficient to
generate cisplatin-resistant orthotopic tumors derived from EOC
(22). Engrafting patient tumor tissues orthotopically into immu-
nodeficient mice (termed "orthoxenografts or PDOX") are state-
of-the-art preclinical models that may contribute to reduce the
high rate of failure in translating preclinical results to patients.
Among the orthoxenografts used in this study, we previously
reported TGT1X, TGT38X, and also its paired resistant TGT38XR
as tools to support the preclinical value of sunitinib and lapatinib
in TGCT treatments (20, 21, 34). Likewise, other orthoxenografts
of EOC and lung cancer have been used to evaluate potential
patients' treatments (22, 35, 36).

In 1998, Rao and colleagues provided the first evidence of
chromosomal amplification associated with cisplatin resistance
by comparing unpaired GCTs obtained from relapse-free patients
with chemotherapy-resistant tumors (37). Differently, our study
compared resistant and sensitive tumors with the same genetic
background and we identified fewer recurrent genomic changes
across the different refractory tumors. Still, both studies found
amplifications in similar regions at chromosomes 9 and 15. Other
studies have identified distinct chromosomal imbalances upon
cisplatin exposure suggesting that gains and losses of chromo-
somal regions are genome instability events whose specific influ-
ence in cisplatin resistance acquisition needs to be unraveled. Our
study suggests that these genomic imbalances do not have a
common impact on gene activities but are hotspots to find genes
involved in the response to cisplatin. Thus, GCS and CTR-1/-2
genes are both deregulated in distinct manner (upregulated and
downregulated, respectively) in all five resistant tumors indepen-
dently of the 9q32-q33.1, indicating that these genes are major
drivers of resistance to cisplatin and therefore genomic imbalance
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of their loci would favor tumor grow in presence of cisplatin.
However, we still found a modest clinical correlation between the
presence of 9q32-q33.1 gains in tumors and a poor risk defined by
shorter OS. Here, we demonstrate that the presence of the 9q32-
q33.1 amplification is associated with increased risk of progres-
sion and death in one of the largest cohort of patients with
metastatic GCTs, of whom 32% are truly refractory to cisplatin
treatment. Thus, determining the presence of this amplification
can be especially helpful in the good/intermediate prognostic
groups and may allow dlinicians to include them under more
aggressive protocols, or to offer alternative drug treatments.
Although it is a single retrospective analysis, it is important to
highlight its relevance given the difficulty to obtain representative
TGCT series that include patients with a poor prognosis, and
refractory tumors.

Regarding specific alterations in gene expression, few genes
have been associated with cisplatin resistance in TGCT. Thus,
low incidence of mutations in KRAS, AKT1, PIK3CA, and HRAS
were exclusively identified in resistant GCTs cases, while
FGFR3 mutations occurred with equal frequency in both sen-
sitive and resistant cases (14). Controversy exists about the
presence of the b-raf (V600E) mutation in some refractory NSE
(14, 38). The whole exome sequence of 42 TGCTs (including
SE an NSE, but only some were refractory tumors) pointed few
recurrent genetic changes identifying mutations in the XRCC2,
which is a gene strongly implicated in defining cisplatin
resistance (39). Recently, also by exome sequencing, TP53
pathway alterations including MDM2 amplifications have
been described exclusively in patients with cisplatin-resistant
tumors and they were particularly prevalent among primary
mediastinal NSEs (17). Here we point to six genes within the
9q32-q33.1 region, two of them being (POLE3 and AKNA)
specifically deregulated in resistant tumors carrying the 9q32-
q33.1 gain. POLE3 is a subunit of the DNA polymerase epsilon
that binds DNA in a sequence-independent manner and is part
of the CHRAC chromatic-remodeling complex (40). AKNA
encodes an AT-hook transcription factor (41). The role of these
two DNA-binding proteins in response to cisplatin should be
studied in the future, but its distinct deregulation in cisplatin-
refractory tumors (POLE3 is upregulated, whereas AKNA is
downregulated) indicate that their mechanisms of action in
response to cisplatin exposure may be different. One expla-
nation for the distinct types of deregulation of genes in 9q32-
q33.1 is the frequent amplification of one parental chromo-
some (of part of it) with loss of the other parental chromosome
that led to loss-of-heterozygosity (LOH) in GCTs, but not in
other tumor types (42).

Other four genes displayed a deregulated expression in
cisplatin-resistant orthoxenografts but such deregulation was
not associated with the presence of the 9q32-q33.1 gain. One of
them is CTR1, which encodes a copper transporter that has
previously been associated to cellular mechanisms of resistance
to cisplatin (33, 34). ZNF883 encodes a zinc finger protein
that may be involved in transcriptional regulation and
FLJ31713 is an uncharacterized protein. Finally, we experimen-
tally confirmed the fourth gene, the GCS, as a target to resen-
sitize tumors refractory to cisplatin.

Targeting GCS, due to its central role in the glycosphingo-
lipid synthesis pathway, has emerged as a novel approach for
treating metabolic diseases such as Gaucher, Niemann-Pick,
and diabetes. In this context, several GCS inhibitors are in
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clinical use or under development, including miglustat,
PDMP, and EXEL-0346 among others (43-45). Recently, it
has been reported that GCS inhibition improved sorafenib
effectiveness in vitro and in vivo in experimental hepatocellular
carcinoma, recovering drug sensitivity of sorafenib-resistant
tumors in mice (46). Thus, the therapeutic value of GCS
inhibitors as tool to resensitize cell to drugs may not be only
restricted to cisplatin.

We have demonstrated the relevance of GCS activity as a
biologic mechanism that mediates tumor cell protection against
cisplatin exposure, and they denoted the significance of sphingo-
lipid metabolism through cisplatin-induced tumor cell death.
Thus, we hypothesize that PDMP or other GCS inhibitors, block-
ing the conversion of ceramide to glucosylceramide, should open
an important therapeutic window in patients with refractory
tumors by exploring the influence of ceramide pools in cisplat-
in-induced cell-death. Our preclinical results in advanced refrac-
tory cisplatin orthoxenografts of both GCTs and EOCs tumor
models demonstrate that PDMP resensitizes to cisplatin treat-
ment, providing a firm preclinical rationale of drug repositioning
and for developing further clinical trials in the field. Interestingly,
the association among GCS activity and cisplatin resistance has
recently been reported also for head and neck cancer (47),
pointing to a broader usage of GCS inhibitors to treat tumors
refractory to cisplatin. Given the rather unspecific mechanisms of
action of cisplatin, we believe that strategies to resensitize cisplat-
in-resistant TGCT orthoxenografts may help to improve the
treatment of other tumors types that are unsuccessfully treated
with cisplatin (8).

In summary, we report the generation of cisplatin-refractory
orthoxenografts of germ cell tumors as preclinical models and
demonstrate that this preclinical platform have a great potential to
better design future trials for the treatment of patients with
cisplatin-resistant/refractory tumors.
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SUPPLEMENTARY METHODS

Generation process of orthoxenografts of testicular germ cell tumors in nude mice

Primary tumor samples were obtained after surgical resection at Hospital Universitari de
Bellvitge, Barcelona (Spain) and placed at room temperature in DMEM medium
supplemented with 10% fetal bovine serum and penicillin/streptomycin. Fresh surgical

specimens of human GCTs were implanted in nude mice. Animals were housed in a
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sterile environment, cages and water were autoclaved and bedding and food was y-ray
sterilized. Tumors were implanted in the testis of five-week old male nu/nu Swiss mice
(Charles River, France) weighting 18-22 g. After anesthesia by isofluorane inhalation, a
median laparatomy was performed and the testes were mobilized. Tumor pieces were
anchored to the testis surface with prolene 7.0 sutures. After implantation, mice were
inspected twice a week, and if no tumor growth was apparent, mice were sacrificed six
months after implantation. Serial tumor passaging was performed in two to five animals.
Time lags varied for each tumor, depending upon their growth kinetics (Table S1). Four
orthoxenografts were derived from patients previously treated with cisplatin-based

chemotherapy.
Immunohistochemistry characterization of xenografted tumors

Tissues taken for histological studies were fixed in 10% buffered formalin and 3-pm
slices of paraffin-embedded tissues were used for immunohistochemistry (IHQ) studies.
Monoclonal primary antibody for OCT3/4 was diluted 1:300 (Santa Cruz) Reactions
were visualized using the EnVision anti-mouse antibody system, and developed using
the DAB-Plus Kit (Dako, Copenhagen, Denmark). Slides were counterstained with

Harry’s modified hematoxylin.

Determination of mouse serum levels of tumor markers

Serum concentrations of alpha-fetoprotein (AFP) and the B-subunit of human chorionic
gonadotropin (B-hCG) concentrations were measured as subrogate tumor growth
markers in the serum of nude mice using commercially available two-site enzyme

chemiluminometric assays automated on the Immulite® 2000 analyzer (1,2).
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Primary response of engrafted NSEs to cisplatin treatments

Small fragments of engrafted tumors were reimplanted in the testicles of 30 nude mice,
as described above. When palpable intra-abdominal masses and increased levels of
serum tumor marks had both been detected, usually 7-30 days after implantation, mice
were randomized into three groups: (i) control group (n = 10), treated with vehicle; (ii)
low-dose treatment group (n = 20) (2 mg/kg of cisplatin); and (iii) high-dose treatment
group (n = 20) (5 mg/kg of cisplatin). Each treatment group was randomly divided into
a short-term response group (n = 10), defined by tumor weight at the time of sacrifice
of the control group, and a long-term response group (n = 10), defined by recurrent
tumor mass regrowth post-chemotherapy. Cisplatin was intravenously administered
(i.v.) once a week for three consecutive weeks (days 0, 7 and 14). Animals were

sacrificed seven days after the final dose (day 21) to examine their short-term response.

Genetic characterization of engrafted NSE tumors

DNA was extracted following standard phenol-chloroform protocols, while total RNA
was extracted using TRIZOL reagent following the manufacturers’ instructions
(Invitrogen). Nude mouse tissues were included in all PCR experiments to avoid mouse

DNA and RNA contamination.

Mutations in TP53 (exons 4-10); K-ras (codon 12 and 13), b-raf (exons 11 and 15),
EGFR (exons 18, 19, 20 and 21), ¢-Kit (exons 9, 11, 13 and 17), PDGFRa (exons 12
and 14), PDGFRp (exon 12) and PI3KCA (exons 9 and 20) were analyzed. All exons
were amplified in independent PCR reactions using human intronic primers to avoid
amplification of mouse DNA. PCR reactions were carried out using 100-200 ng of

genomic DNA in a mixture containing PCR buffer, 100 mM deoxynucleotide
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triphosphates, 0.5 puM of each primer and 1 unit of Taq DNA polymerase (Invitrogen).
RNA was reverse-transcribed to cDNA using pd(N)s and the M-MLV retrotranscriptase
kit (Invitrogen) and the entire coding Smad4 region was analyzed in five overlapping
reactions. Primer sequences and PCR conditions are available on request. The presence
of gene mutations was detected by direct sequence and/or single-strand chain
polymorphism (SSCP). Homozygous deletions or microdeletions in pl15, pl6 and
Smad4 were evaluated in agarose gels and were defined by the absence of PCR product

in three independent experiments.

Genetic instability (MSI) was analyzed using Bethesda’s set of five microsatellite

markers (D2S123, BAT25, BAT26, D5S346 and BAT40).

FISH analysis

FISH was done by standard methods. We used the UCSC genome browser to select
three bacterial artificial chromosomes (BACs) from the K32 BAC library (kindly
provided by Dr L. Pérez-Jurado). BAC RP11-582120 is contained in the amplified
9932-9q33.1 region while RP11-616C16 flanks it at its distal end. FISH results were
analyzed under an Olympus BX60 microscope and images were captured with a
Cytovision (Applied Imaging) workstation. One hundred non-overlapping nuclei were

scored for each sample.

Quantification of gene and miRNA expression
Total RNA was extracted using Trizol (Invitrogen, San Diego, CA), following the
manufacturer’s instructions, and reverse-transcribed to cDNA. Quantitative RNA and

miRNA analyses was performed as described. Quantitative real-time RT-PCR analyses
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were performed using the Light-Cycler 2.0 Roche System and LightCycler FastStart
DNA Master SyBR Green I kit (Roche). All the primers were designed specifically to
amplify human RNA. Primer sequences and PCR conditions are available on request.
Experiments were performed in triplicate using three independent RT reactions. Gene

expression was normalized with respect to B-actin.

For miRNA, RNA samples were DNase-treated with Turbo DNA-free (Ambion, Austin,
TX), and determined as described (3). Reactions were performed in triplicate and
incubated in an Applied Biosystems 7900HT Fast Real-Time PCR system in 384-well
plates. All data were normalized with endogenous controls: PPIA, HPRT1 and RPLPO.

The relative miRNA levels were calculated using the formula 24" (4).

C. elegans RNAI and cisplatin-response assays

The C. elegans N2 strain (wild type), and the rrf-3 (pk1436) and cgt-1 (0k1045) mutant
strains were provided by the Caenorhabditis Genetic Centre (CGC). The bacterial RNAi
clones used were obtained from the ORFeome-based RNAI library (5) or the JA library
(6). For adult survival assays, RNAi by feeding was performed on synchronized worms
(7) that were cultured in NGM plates containing 50 pg/ml ampicillin, 12.5 pg/ml
Tetracycline and 3 mM IPTG. Then, at the young-adult stage, animals were transferred
to a 96-well plate. Each well contained S-medium with the corresponding RNAi clone
plus 50pg/ml ampicillin, 12.5 pg/ml Tetracycline 3 mM IPTG. Cisplatin (Sigma 15663-
27-1) dissolved in water was added to each well to reach the indicated concentration.
Lethality was scored as absence of movement that was recorded by an automated
tracking system (wmicrotracker) that registers numbers of bins per hour (8). Cisplatin-

induced toxicity was evaluated by measuring worm locomotor activity over a 24-h
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period. All assays were performed at 20°C, tracking 20 worms per well each time in

each of four replicates.
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Supplementary Table S2. Clinicopathological characteristics of patients, by response to cisplatin.

Sensitive (N = 51) Resistant (N = 24)
Characteristic No. % No. %

Age, years

Median 27.9 28.1

Range (16 -56) (15 - 53)
Histology

Seminoma 10 19.6 2 8.3

Nonseminoma 41 80.4 22 91.7
Localization

Testis 51 100 20 83.3

Mediastinum 0 0 4 16.7
IGCCCG stage at diagnosis of metastasis ?

Good 38 74.5 7 29.2

Intermediate 7 13.7 7 29.2

Poor 6 11.8 10 41.7
First line of chemotherapy treatment °

EP 9 17.6 2 8.3

BEP 33 64.7 12 50.0

Taxol-BEP 2 3.9 1 4.2

BOMP/EPI 7 13.7 9 37.5
Response to first line of chemotherapy treatment °

Good response (CR, PR-) 51 100 16 66.7

Poor response (PR+, SD, PD) 0 0 8 333
Late relapse®

Non 0 22 91.7

Yes 0 2 8.3

* IGCCCG International Germ Cell Cancer Collaborative Group.

EP, etoposide/cisplatin; BEP, bleomycin/etoposide/cisplatin, BOMP/EPI,
bleomycin/vincristine/methotrexate/
cisplatin-etoposide/cisplatin/ifosfamide.

° CR, complete remission characterized by tumor mass reduction by CT scan and negative valor of serum
tumor marks; PR-, partial remission characterized by normalization of CT scan and negative valor of
serum tumor markers; PR+, partial remission characterized by reduction of tumor mass by CT scan and

positive valor of serum tumor markers; SD, stable disease; PD, progressive disease).
4 Relapse >24 months after first diagnosis.
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Supplementary Table S3. Tumors with amplification at 9932-q33.1 in metastatic GCTs.

Patient Histology * Status of 9932-933.1° Cisplatin response
#1 CE High amplification Resistant
#2 CE High amplification Sensitive

CE Low amplification
CE NA
#3 SE NA Resistant
CE High amplification
#4 YS High amplification Resistant
CE High amplification
CH High amplification
SE High amplification
#5 SE High amplification Sensitive
CH High amplification
TE Low amplification
#6 CH Low amplification Resistant
#7 CH High amplification Resistant
CH Low amplification
#8 CE Low amplification Resistant
YS NA
TE High amplification
#9 SE High amplification Sensitive
#10 CE High amplification Sensitive
#11 YS Low amplification Resistant
#12 SE Low amplification
#13 TE Low amplification Resistant
#14 TE Low amplification Sensitive
#15 CE High amplification Sensitive
CE NA
#16 CE Low amplification Sensitive
#17 CE High amplification Sensitive
CE NA
TE/CE NA
CH NA
#18 CE Low amplification Resistant
TE Low amplification

*Tumor histology: YS, yolk sac; EC, embryonal carcinoma; CH, choriocarcinoma; TE,
teratoma; SE, seminoma.
®Low (4 or 5 signals) and high (>5 signals). NA, none amplified.
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Supplementary Table S4. Patients classified with respect to 9q32-q33.1 amplification status.

9g32-g33.1 status °

Non-amplification Amplification
(N=57) (N =18)
Number % Number % P

Age, years 0.25
Median 27.6 29.1
Range (15 -56) (16 -53)

Histology 0.52
Seminoma 10 17.5 2 11.1
Nonseminoma 47 82.5 16 88.9

Localization 0.96
Testis 54 94.7 17 94.4
Mediastinum 3 53 1 5.6

IGCCCG stage at diagnosis of metastasis 0.26
Good 37 64.9 8 44.4
Intermediate 10 17.5 4 222
Poor 10 17.5 6 333

First line of chemotherapy treatment ° 0.83
EP 9 15.8 2 11.1
BEP 35 61.4 10 55.6
Taxol-BEP 2 3.5 1 5.6
BOMP/EPI 11 19.3 5 27.8

Response to first line of chemotherapy treatment © 0.007
Good response (CR, PR-) 54 94.7 13 72.2
Poor response (PR+, SD, PD) 3 53 5 27.8

Sensitivity to cisplatin ¢ 0.060
Sensitive 42 73.7 9 50.0
Resistant 15 26.3 9 50.0

*IGCCCQG International Germ Cell Cancer Collaborative Group.

®EP, etoposide/cisplatin; BEP, bleomycin/etoposide/cisplatin, BOMP/EPI, bleomycin/vincristine/methotrexate/
cisplatin-etoposide/cisplatin/ifosfamide

¢ CR, complete remission characterized by tumor mass reduction by CT scan and negative value of serum
tumor marks; PR-, partial remission characterized by normalization of CT scan and negative value of serum
tumor markers; PR+, partial remission characterized by reduction of tumor mass by CT scan and positive
value of serum tumor markers; SD, stable disease; PD, progressive disease.

4 Patients who achieved durable complete response with first-line cisplatin-based chemotherapy were
considered sensitive. Patients who had either a poor response or relapsed after first-line chemotherapy were
considered resistant to cisplatin.

¢ Amplification at 9q determined by FISH using two different probes (see Material and Methods).
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SUPPLEMENTARY FIGURE LEGENDS

Supplementary Fig. 1. Short- and long-term CDDP responses at low (2 mg/kg) and
high (5 mg/kg) doses of CDDP were characterized in xenografted tumors. (A) TGT1X,
apure YS; TGT12X and TGT14X, two pure ECs, and TG39X, a mixed tumor with EC
and YS components. Dynamic curves of CDDP treatments show a sustained response,
characterized by levels of AFP that were maintained for 90 days (TGT39X, right panel).
Dynamic CDDP response curves were generated by serial AFP and B-hCG
determinations in the serum of control (saline-treated) and drug-treated mice in both
types of responses and for 2 and 5 mg/kg doses of CDDP. (B) and (C) Characterization
of differential CDDP responses of TGT21AX and TGT21BX, two tumors obtained
from the same patient. A complete short- and long-term response was obtained at high
doses for both tumors. (C) H&E analyses of relapsed masses in long-term response (2
mg/kg) of TGT21AX, showed the presence of a teratoma (TE), characterized by the

absence of tumor serum markers.

Supplementary Fig. 2. Comparative histological analysis of original non-treated
orthoxenografts and their pairs with acquired resistance to CDDP after five cycles of
treatment in mice. All tumors maintained the same histological appearance, and unlike
untreated tumors, higher levels of fibrosis and necrosis were observed. **TGT21AX
differentiated to a growing teratoma after the first cycle of CDDP treatment, and did not

regrow after mouse reimplantation.

Supplementary Fig. 3. Representative recurrent imbalanced regions in different
orthoxenografts with acquired CDDP resistance. (A) Gains at 15q23-q24.1 and 15q26.3
were identified in TGT12XR and TGT21BXR. (B) Loss of the Xp22.33 region happens
in TGT12XR, TGT21XR and TGT38XR. Whole-genome mapping was performed by
oligonucleotide array CGH analysis (60 kbp window averaging) visually depicted with
the SignalMap graphical interface tool from Nimblegen Systems. Arrows indicate

regions of new gain/loss in resistant tumors.

Supplementary Fig. 4. Physical and Functional interactions of proteins encoded by
9q32-q33.1 genes expressed in PDOXs of this study. UniProtKB/Swiss-Prot ID names
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were loaded to the web-based tool STRING 10.5 (9). The resulting network contains 33
nodes and 4 edges, with a Protein-Protein Interaction (PPI) p-value of 0.221, which
means that the network have significantly less interaction than expected. Blue line,
Known interaction from curated databases; Pink line, Known interaction from curated

databases; Green line, Text mining; and Black line, Co-expres “

Supplementary Fig 5. Impact of some RNAI clones on cisplatin toxicity in
Caenorhabditis elegans adults

(A) Cisplatin induces a dose-dependent descrease in C. elegans adult locomotor activity.
Locomotor activity is represented as percentage of variation respect to initial activity of
a worm population growing in liquid media. Since cisplatin cause sterility, animals that
were not expose to cisplatin show an increase in the movement due to the presence of
newborn larvae. (B) To score the effect of RNAi clones in cisplatin toxicity, we plotted
the percentage of locomotor activity after 24 hours of exposure to cisplatin. Animals
exposed at 500pg/ul keep about 30-35% of their initial locomotor activity. (C) Different
response of worms fed with some RNAi clones exposed to 500 pg/ul of cisplatin.
Inactivation of vha-10(RNAi) and F27C1.2(RNAI) cause sensitivity and resistance to
cisplatin respectively. cgt-1 and cgt-3 are functionally redundant and double
inactivation (cgt-1 mutation plus cgt-3(RNAI)) is required to induce sensitivity to
cisplatin. RNAi against F27C1.2 was started at L1 stage whereas vha-10(RNAI) and cgt-
3(RNAI) was initiated at L3 stage. RNAi against the Copper-transporter encoding gene
F27C1.2 was performed on the RNAI sensitive background rrf-3(pk1426). ***p<0,001,
**p<0,01, *p<0,05 compared to control, ~ p<0,01 compared to cgt-1(0k1045) and
cgt-3(RNAI) " p<0,001 compared to rrf-3(pk1426) by Student’s t-test.
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Tumor with acquired CDDP resistance after
Non-treated iterative cycles of treatment
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Supplementary Fig. 2. Comparative histological analysis of original non-treated orthoxenografts and their
pairs with acquired resistance to CDDP after five cycles of treatment in mice. All tumors maintained the same
histological appearance, and unlike untreated tumors, higher levels of fibrosis and necrosis were observed.
**TGT21AX differentiated to a growing teratoma after the first cycle of CDDP treatment, and did not regrow
after mouse reimplantation.
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Supplementary Fig. 3. Representative recurrent imbalanced regions in different orthoxenografts with
acquired CDDP resistance. (A) Gains at 15q23-q24.1 and 15q26.3 were identified in TGT12XR and
TGT21BXR. (B) Loss of the Xp22.33 region happens in TGT12XR, TGT21XR and TGT38XR. Whole-
genome mapping was performed by oligonucleotide array CGH analysis (60 kbp window averaging) visually
depicted with the SignalMap graphical interface tool from Nimblegen Systems. Arrows indicate regions of
new gain/loss in resistant tumors.
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UGCG SLC31A1

DEC1

Supplementary Fig. 4. Physical and functional interactions of proteins encoded by 9q32-q33.1 genes
expressed in PDOXs of this study. UniProtKB/Swiss-Prot ID names were loaded to the web-based
tool STRING 10.5 [30]. The resulting network contains 33 nodes and 4 edges, with a Protein-Protein
Interaction (PPI) p-value of 0.221, which means that the network have significantly less interaction
than expected. Blue line, Known interaction from curated databases; Pink line, Known interaction
from curated databases; Green line, Text mining; and Black line, Co-expres.
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Supplementary Fig 5. Impact of some RNAI clones on cisplatin toxicity in Caenorhabditis elegans adults. (A)
Cisplatin induces a dose-dependent descrease in C. elegans adult locomotor activity. Locomotor activity is
represented as percentage of variation respect to initial activity of a worm population growing in liquid media.
Since cisplatin cause sterility, animals that were not expose to cisplatin show an increase in the movement due
to the presence of newborn larvae. (B) To score the effect of RNAI clones in cisplatin toxicity, we plotted the
percentage of locomotor activity after 24 hours of exposure to cisplatin. Animals exposed at 500 pg/ul keep
about 30-35% of their initial locomotor activity. (C) Different response of worms fed with some RNAi clones
exposed to 500 pg/ul of cisplatin. Inactivation of vha-10(RNAi) and F27CI1.2(RNAi) cause sensitivity and
resistance to cisplatin respectively. cgz-1 and cgt-3 are functionally redundant and double inactivation (cgz-1
mutation plus cgz-3(RNAI)) is required to induce sensitivity to cisplatin. RNAi against F27C1.2 was started at
L1 stage whereas vha-10(RNAi) and cgt-3(RNAi) was initiated at L3 stage. RNAi against the Copper-
transporter encoding gene F27C1.2 was performed on the RNAi sensitive background rrf-3(pkl426).
*¥p<0,001, **p<0,01, *p<0,05 compared to control, ™" p<0,0/ compared to cgt-1(oki1045) and cgt-3(RNAi)
AMA p<0,001 compared to r7f-3(pk1426) by Student’s t-test.
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Ambrogio, C.; Carmona, F.J.; Vidal, A.; Falcone, M.; Nieto, P.; Romero, O.A;
Puertas, S.; Vizoso, M.; Nadal, E.; Poggio, T.; Sanchez-Céspedes, M.; Esteller,
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A. Modeling lung cancer evolution and preclinical response by orthotopic mouse
allografts. Cancer Research 2014; 74: 5978 — 5988.

RESUM
Objectiu:

1. Generacid i caracteritzacié d'al-loempelts ortotopics (orthoallografts)
mitjangant la implantacioé en el pulmé de ratolins immunodeprimits dels
tumors pulmonars generats en el model K-Ras!*/SLG12Vgeo j g model

EML4-ALK de ratolins modificats geneticament.

Introduccid: L’evolucié del cancer de pulmé és un procés encara poc conegut
degut a la manca d’estudis versatils longitudinals in vivo. Es fonamental arribar
a establir models animals de carcinoma de pulmé no ceél-lula petita que siguin
capacos de recapitular fidelment la malaltia humana per a millorar el coneixement

d’aquest procés.

Disseny experimental: Mitjancant la generacié d’orthoallografts de carcinoma
de pulmé no cel-lula petita (CPNCP) muri i les seves corresponents linies
cel-lulars primaries aparellades proporcionem una detallada descripcio in vivo
del procés de malignitzacié que depén del temps. Aixi, en aquest treball hem
desenvolupat un enfocament versatil i reproduible que supera importants
desavantatges que presenten els models animals preexistents de CPNCP
generats en GEMM (ratolins modificats genéticament), en particular aquells que
estan associats tant amb la baixa heterogeneitat histologica com la capacitat de
generar metastasis espontanies. Aquesta metodologia es basa en la implantacié
ortotopica sequencial al pulmé de ratolins immunodeficients de petits fragments

solids dels tumors CPNCP murins generats en GEMM.

Resultats: Amb aquest enfocament, hem generat una ortoal-lobanc de CPNCP,

és a dir una col-leccio d'adenocarcinomes pulmonars murins passats en série al
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llarg del temps en ratolins immunodeficients, aixi com una col-leccié de linies
cel-lulars aparellades derivades d'aquests tumors crescuts en els ratolins
immunodeficients. En aquest models hem reproduint la natura estocastica del
desenvolupament del cancer de pulmé identificant I'adquisicié de potencial de
disseminacio metastasica, la seleccié de mutacions co-drivers, aixi com I'aparicié

d’heterogeneitat intratumoral.

Conclusions: Aquesta aproximacié combina la robustesa dels models de cancer
en ratolins modificats genéticament amb la flexibilitat de la metodologia de la
implantacio ortotdpica dels tumors murins en ratolins immunodeficients . Aquesta
eina s’ha aplicat per a l'avaluacié pre-clinica de diferents aproximacions
terapeutiques. A més, aquest sistema es pot implementar per a millorar el
disseny de futurs tractaments per a pacients amb carcinoma de pulmé no cel-lula
petita (CPNCP).
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Modeling Lung Cancer Evolution and Preclinical Response by

Orthotopic Mouse Allografts
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Sara Puertas®, Miguel Vizoso®, Ernest Nadal®, Teresa Poggio’, Montserrat Sanchez-Céspedes?,
Manel Esteller®>®®, Francisca Mulero'®, Claudia Voena’, Roberto Chiarle”'!, Mariano Barbacid’,

David Santamaria', and Alberto Villanueva®'?

Abstract

Cancer evolution is a process that is still poorly understood because of the lack of versatile in vivo longitudinal
studies. By generating murine non-small cell lung cancer (NSCLC) orthoallobanks and paired primary cell lines,
we provide a detailed description of an in vivo, time-dependent cancer malignization process. We identify the
acquisition of metastatic dissemination potential, the selection of co-driver mutations, and the appearance of
naturally occurring intratumor heterogeneity, thus recapitulating the stochastic nature of human cancer
development. This approach combines the robustness of genetically engineered cancer models with the flexibility
of allograft methodology. We have applied this tool for the preclinical evaluation of therapeutic approaches.
This system can be implemented to improve the design of future treatments for patients with NSCLC. Cancer Res;

74(21); 5978-88. ©2014 AACR.

Introduction

Lung cancer is the leading cause of cancer death worldwide.
Non-small cell lung cancer (NSCLC) accounts for about 85% of
cases, with a 5-year survival rate below 15% (1). To improve
control over this devastating disease, a variety of in vivo
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preclinical models have been used during the last decade.
Among those, subcutaneous xenografts of human NSCLC cell
lines have been extensively applied for drug sensitivity assays
(2). Alternatively, intrapulmonary delivery of human cell lines
in nude mice has provided a more clinically relevant system to
study NSCLC biology (3). However, these methodologies still
present some disadvantages. In particular, it is troublesome to
obtain a single intraparenchymatous lung tumor that mimics
the clinical situation and allows longitudinal follow-up. Indeed,
localized intrapulmonary disease accounts for the majority of
patients with NSCLC and is the basis of further tumor pro-
gression. In parallel, genetically engineered mouse models
(GEMM) have become indispensable tools for our understand-
ing of the mechanisms that contribute to tumor development
as well as for treatment design and target validation demands.
However, GEMM lung tumors induced by a single initiating
oncogene are predominantly early-stage lesions, display lim-
ited histologic variation, and metastasize rather infrequently
(4).

In sum, there is an urgent necessity to establish suitable
animal models of NSCLC that faithfully recapitulate every
salient aspect of the human disease. Here, we report a versatile
and reproducible approach that circumvents important dis-
advantages of preexisting animal models of NSCLC, in partic-
ular those associated with low histologic heterogeneity and
lack of spontaneous metastasis. This methodology is based on
sequential orthotopic implantation of small solid fragments
from an individual murine primary tumor into recipient mice.
With this approach, we have generated an NSCLC orthoallo-
bank: a comprehensive archived collection of serially passaged
murine lung adenocarcinomas together with paired cell lines.
This methodology enables full recapitulation of human NSCLC
histopathologic features, including selection of mutations in
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relevant tumor suppressors together with metastatic dissem-
ination. Our method offers a powerful tool to study the poorly
characterized progression toward full-blown metastatic ade-
nocarcinomas present at the time of diagnose in human
patients. Moreover, it provides a rapid and standardized
platform for the preclinical evaluation of therapeutic treat-
ments in vivo.

Materials and Methods

Animals

The K-Ras'®*/"SVG12Veeo, ppppert/ert grain has been previous-
ly described (5). Lung tumors were induced by intraperitoneal
injection of 4-hydroxitamoxifen as previously described (5).
EML4-ALK mice will be reported elsewhere (Voena and col-
leagues, manuscript submitted). In brief, a ¢cDNA fragment
encoding EML4-ALK (variant 1) was ligated to the surfactant
protein-C (SP-C) promoter as well as to a polyadenylation
signal. The expression cassette was injected into pronuclear
stage embryos of FVB/N mice. The presence of the transgene
was examined by PCR analysis after extraction of DNA from the
tail of founder animals. RT-PCR analysis was performed to
detect EML4-ALK mRNA to confirm the lung-specific expres-
sion of the transgene. Crl:NU-FoxnI™ mice were purchased
from Charles River. All animal experiments were approved by
the Ethical Committee of CNIO and IDIBELL and performed in
accordance with the guidelines for Ethical Conduct in the Care
and Use of Animals as stated in The International Guiding
Principles for Biomedical Research Involving Animals, devel-
oped by the Council for International Organizations of Medical
Sciences (CIOMS).

Orthotopic implantation in Crl:NU-FoxnI™ mice
Primary tumors from inducible K-Ras'®/"S'¢12Vee oy EML4-
ALK mice were aseptically isolated and placed at room tem-
perature in DMEM supplemented with 10% FBS plus 50 U/mL
penicillin and 50 mg/mL streptomycin. Within 12 hours from
surgical resection, tumors were implanted in Crl:NU-FoxnI™
mice following previously reported procedures (3). Briefly,
mice were anesthetized with a continuous flow of 1% to 3%
isoflurane/oxygen mixture (2 L/min) and subjected to right
thoracotomy. Mice were situated in left lateral decubitus
position, and a small transverse skin incision (~5-8 mm) was
made in the right chest wall. Chest muscles were separated by a
sharp dissection and costal and intercostals muscles were
exposed. An intercostal incision of 2 to 4 mm on the third or
fourth rib on the chest wall was made and a small tumor piece
of 2 to 4 mm® was introduced into the chest cavity. The tumor
specimen was deposited following two alternative surgical
procedures: (i) tumor specimens were deposited between the
second and the third lung lobule and (ii) for the chemother-
apeutic approach, tumor specimens were anchored to the lung
surface with Prolene 7.0 suture. Next, the chest wall incision
was closed with surgery staples, and finally chest muscles and
skin were closed. Mice were inspected twice a week and
monitored for the presence of breathing problems. On average,
implanted lung tumours were harvested at humane endpoint,
cut into small fragments, and serially transplanted into two to

three new animals. These engrafted tumors (named orthoallo-
grafts) were also cryopreserved as 2 to 4 mm® pieces in a
solution of 90% FBS and 10% dimethyl sulfoxide and stored in
liquid nitrogen for subsequent future implantations. In addi-
tion, a fresh small piece was used to derive matched cell lines in
vitro when appropriate (see below).

In vivo drug treatments

K-Ras'>"SH612Veee. grhoallografts were implanted in Crl:
NU-FoxnI™ mice and randomly allocated into the treatment
groups. Mice were intravenously treated at days 7, 12, and 17
(cisplatin, 3 mg/kg; paclitaxel, 20 mg/kg) and sacrificed at day
22 postimplantation.

EML4-ALK orthoallografts were implanted in Crl:NU-
FoxnI™ mice and randomly allocated into the treatment
groups. Crizotinib (100 mg/kg) was administered daily by oral
gavage starting on day 60 postimplantation and continued
during 10 days. Upon completion of both treatments, hema-
toxylin and eosin (H&E)-stained lung sections were blindly
assessed by a pathologist. Crizotinib (PF-02341066) was a kind
gift from Pfizer Inc.

Micro PET-CT imaging and analysis

Images were acquired using eXplore Vista PET-CT (GE
Healthcare). Mice were injected with 15MBq of *F-FDG into
the lateral tail vein in a volume of 100 pL. During imaging, mice
were anesthetized with a continuous flow of 1% to 3% iso-
flurane/oxygen mixture (2 L/min). Forty-five minutes after
radiotracer injection, micro-CT images were acquired at 400
projections and collected in one full rotation of the gantry in
approximately 10 minutes. Micro PET scans were performed at
20 minutes per bed. CT images were reconstructed using
filtered back projection with a Shepp-Logan filter and PET
images with 3D OSEM reconstruction algorithm. '*F-FDG
(2["®F]fluoro-2-deoxy-p-glucose) PET-CT images were ana-
lyzed using Amide Medical Image Data Examiner (AMIDE)
software for evaluation of tumor '*F-FDG uptake. '*F-FDG
uptake is indicated as maximal standardized uptake value
(SUV Max), and was calculated by drawing a 3-dimensional
(3D) region of interest (ROI) over the tumor applying the
formula SUV = ROI radioactivity concentration (MBq/cc)/
injected dose (MBq)/mice body weight (g).

Generation of murine K-Ras®'*Y NSCLC cell lines and
single-cell clones

Freshly collected lung tumor tissues coming from
K-Ras'>/MSEG12VEe and EML4-ALK orthotopic implants were
minced with sterile scalpels. Single cells and clumps were
transferred to cell culture plates and maintained in DMEM
supplemented with 10% FBS plus 50 U/mL penicillin and 50
mg/mL streptomycin under standard culture conditions.
When cell colonies with epithelial cell morphology were
observed, cells were trypsinized and expanded. For the
single-cell colony generation, cells were diluted with culture
medium to obtain a concentration of approximately 1 cell/
100uL and seeded in 96-well plates (100uL/well). After 12
hours, each well was carefully examined by bright-field
microscopy. Wells containing single cells with epithelial
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morphology were marked, and the culture medium in such
wells was changed every 3 days. Expanded cell populations
derived from these colonies were subjected to further char-
acterization. When appropriate, doxorubicin (Sigma-
Aldrich) was used at 5 pug/mL.

For X-Gal staining, cultured cells were fixed with 0.2%
glutaraldehyde for 15 minutes and incubated in X-Gal staining
solution (0.1 mol/L phosphate buffer, 2 mmol/L MgCl,, 5
mmol/L potassium ferrocyanide, and 5 mmol/L potassium
ferricyanide containing 1 mg/mL X-Gal [5-bromo-4-chloro-3-
indolyl-B-p-galactosidase]) for 12 to 16 hours at 37°C.

Quantitative RT-PCR

Total cellular RNA (1 ug), extracted by RNeasy Mini Kit
(QIAGEN), was reverse-transcribed by random primers using
SuperScript Double-Stranded cDNA Synthesis Kit (Invitrogen),
and the reverse transcription reaction (1 pL) was then sub-
jected to PCR amplification using FastStart Universal SYBR
Green Master (Roche). PCR signals were recorded on a
StepOnePlus Real-time PCR System (Applied Biosystems) and
analyzed using the StepOne version 2.2 software (Applied
Biosystems). Primer sets were the following:

(i) Cytokeratin 13 Fw: TCGTGACTGGCATCTGAAAC
Cytokeratin 13 Rev: AGGATGATCCGGTTGTTGTC

(ii) Cytokeratin 19 Fw: GGGGGTTCAGTACGCATTGG
Cytokeratin 19 Rev: GAGGACGAGGTCACGAAGC

(iii) Vimentin Fw: CGGCTGCGAGAGAAATTGC
Vimentin Rev: CCACTTTCCGTTCAAGGTCAAG

(iv) E-cadherin Fw: TTTTCGGAAGACTCCCGATTCA
E-cadherin Rev: AGCTTGTGGAGCTTTAGATGC

(v) N-cadherin Fw: CTGATAGCCCGGTTTCACTTG
N-cadherin Rev: CAGGCTTTGATCCCTCTGGA

Western blotting

About 25 ug of protein extracts obtained from cell lysates
was separated on SDS-PAGE (Bio-Rad), transferred to a nitro-
cellulose membrane, and blotted with primary antibodies
raised against p53 (Cell Signaling Technology), p21 (Santa
Cruz Biotechnology), and GAPDH (Sigma).

Tumorigenicity assays

Cells (1 x 10°) were resuspended in 200 UL of sterile PBS and
then inoculated by tail vein injection into Crl:NU-FoxnI™ mice
of 6 to 10 weeks of age. Animals were euthanized at different
time points postinoculation, and whole lungs or individual
lung tumors were collected.

Histopathology

For routine histologic study, lung lobes were fixed in 10%
buffered formalin (Sigma) and embedded in paraffin. Paraffin
sections (5 wm thick) were then processed for either H&E
staining or immunohistochemistry. Images were acquired with
a LEICA DM4000B microscope equipped with LEICA DC500
digital camera. Antibodies used for immunostaining included
those raised against cleaved caspase-3 (R&D Systems), cyto-
keratin-7, and thyroid transcription factor 1 (Abcam).

Results

Establishment and validation of an orthoallobank of
murine NSCLC by orthotopic implantation in Crl:NU-
FoxnI™ mice

To develop orthotopic lung cancer implants, we took
advantage of the inducible K-Ras®'* model that was engi-
neered as a silent knock-in mutation preceded by a floxed
transcription stop cassette (Lox-Stop-Lox or LSL). Activation
of the K-Ras"S"C'2Ve gllele is achieved upon Cre recombi-
nase-mediated excision of the stop cassette, resulting in the
development of NSCLC (6). To generate a more aggressive
model, we used the K-Ras'®/"S"612V8 girain that includes a
floxed version of the K-Ras wild-type allele. In this compound
strain, delivery of the Cre recombinase results in expression of
the oncogenic mutation together with the concomitant abla-
tion of the wild-type copy of K-Ras (5). With this approach, we
recapitulated the recurrent LOH event as found in 50% of
human lung tumors with K-Ras activating mutations (7).

A total of 46 primary NSCLC tumors were isolated from four
K-Ras'®*/"S1612Vee mice upon appearance of breathing diffi-
culties (on average 11 months subsequent to oncogene induc-
tion). These primary lesions displayed limited histologic het-
erogeneity and were mainly classified as solid or papillary
adenocarcinomas (Supplementary Table S1). All tumors were
individually implanted in the right parieto-pleural lung region
of Crl:NU-FoxnI™ mice (hereafter nude mice) following a
surgical procedure that can be easily implemented in any
standard animal facility. Twenty-seven (~60%) implanted
tumors successfully engrafted and were able to grow as ortho-
topic implants through a period of time ranging from 98 to 150
days from implantation to humane endpoint (Supplementary
Table S1). We observed that papillary primary tumors
engrafted more efficiently (82%) when compared with solid
tumors (50%). In 12 cases (26%), tumors did not grow through a
follow-up period of 6 months, whereas the remaining seven
animals had to be prematurely euthanized because of post-
operative complications.

Passage #1 implants were used to perform consecutive
mouse-to-mouse serial transplantations, resulting in faster
tumor growth and consequently shorter lifespan (Supplemen-
tary Table S1). At the humane endpoint of every passage, all
tumors were harvested and cryopreserved to create a com-
prehensive NSCLC orthoallobank. In addition, we embedded in
paraffin and snap froze all implants upon conclusion of every
passage to generate an inclusive archive of samples for future
analysis. To check the viability of cryopreserved samples, we
thawed and orthotopically reimplanted four different second-
passage orthoallografts (oag-9, oag-12, oag-21, and oag-22)
chosen to represent the three most frequent histologic sub-
types (papillary, acinar, and solid; Supplementary Table S2).
Importantly, these tumors not only successfully engrafted but
also displayed median passage duration and histologic features
indistinguishable from paired samples implanted without the
cryopreservation step. Next, to test its suitability as a practical
tool for the validation of preclinical treatments, we assessed
whether the evolution of implanted tumors could be followed-
up by standard imaging technology. To this end, we analyzed a
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cohort of animals orthotopically implanted with cryopreserved
tumors by PET following injection of "*F-FDG. Tumor-specific
FDG-PET signal was readily measurable upon implantation
and increased during the course of the experiment becoming
detectable in other lung lobules (Fig. 1A and B). This was
further documented by post-mortem histopathologic analysis
(Fig. 1C).

Finally, to prove whether this methodology could be extend-
ed to other driver oncogenes found in human NSCLC, we
implanted murine primary lung tumors derived from EML4-
ALK transgenic mice (Voena and colleagues, manuscript sub-
mitted; see Materials and Methods). Eleven tumors were
orthotopically implanted in nude mice, resulting in four suc-
cessful engraftments (36%). The observed frequency of engraft-
ment increased to 77% when the procedure was replicated with
EML4-ALK; p53~/~ primary tumors (Supplementary Table S3).
All these lesions were also subjected to sequential passages (up
to passage #3) and cryopreserved. This indicates that the
methodology described above can be potentially extended to
primary tumors from virtually any alternative GEMM.

NSCLC orthoallografts faithfully recapitulate human
disease including histologic heterogeneity and
progressive malignization over time

In humans, invasive adenocarcinoma represents 60% to 70%
of all surgically resected lung cancer cases. According to the
predominant histologic pattern, adenocarcinomas can be fur-
ther classified in differentiated (comprising lepidic, acinar,
papillary, and micropapillary) and undifferentiated/solid sub-
types (8). However, lung tumors in K-Ras mutant mice display
much lower complexity than human NSCLC. Indeed, the
heterogeneity of human disease is poorly represented in pri-
mary tumors from K-Ras'/"S"912Vee® mice, which predomi-
nantly display a differentiated pattern (Supplementary Table
S1; see also ref. 9). In sharp contrast, orthoallografts obtained
after a single passage in nude mice closely reproduced the
diverse histologic appearance of human NSCLC. Unlike what
we observed in the originating primary tumors, the most
representative histologic subtypes found in human cancers
appeared with variable frequency in the orthoallograft collec-
tion (Supplementary Fig. S1 and Supplementary Table S2).

A

3 days 2 weeks

B

3 days

2 weeks

Mice (n) SUV (max) Vol (mm?)

SUV (max) Vol (mm?)

1 0.1635 | 148.46 | 1.5176 [1232.36

2 0.2519 | 367.69 | 0.4741 | 835.30

3 0.2143 82.59 | 0.5538 | 875.02
i ii 'q;“f &

v il <

Figure 1. Follow-up of orthoallograft implants by "8F-FDG PET-CT imaging. A, representative axial (top) and sagittal (bottom) projections of FDG-PET scans
performed at the indicated time points following implantation of a passage #2 cryopreserved orthoallograft. Proper tumor FDG-PET signal upon tumor
implantation is indicated by an arrow. Corollary postsurgery processes such as wound healing did not interfere with the detection of the tumor-specific
FDG-PET signal. Asterisks mark atypical CT artifacts due to the presence of surgery staples. H, heart. B, quantification of both "8F-FDG uptake (SUV
Max) and tumor volume was assessed at the indicated time points in three animals receiving independent cryopreserved tumor implants. C, H&E-stained
sections from one representative animal sacrificed following FDG-PET analysis at the 2 weeks' time point. The nonadjacent sections shown (i-iv) represent

distally spaced regions along the anteroposterior axis. Scale bar, 2 mm.
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We next asked whether the serial passaging of NSCLC
orthoallografts could reveal a tendency to acquire increased
malignancy over time. This is an important aspect, as the initial
stages of malignization are difficult to be approached in
humans. To this end, a group of representative primary tumors
(n = 6) including predominant differentiated and undifferen-
tiated histologic subtypes were passed mouse-to-mouse in the
course of up to four sequential passages (Supplementary Table
S4). As an initial evidence of increased malignancy, we first
examined whether orthoallografts may have accumulated
mutations with prognostic value. We focused our search to
the tumor suppressor genes p53 and LkbI (also known as
Stk11), as both present the highest frequency of co-occurrence
with K-Ras activating mutations in advanced human NSCLC
(10). While we failed to detect changes in the most frequently
mutated p53 exons (exons 4, 6, and 7), on average, 10% of the
tumor cells in two of the 13 orthoallografts analyzed presented
aberrations in the Lkbl gene, a frequently mutated gene in
human NSCLC (11). We detected one nonsynonymous
mutation (D162G) and one deletion (E354A) affecting the Lkb1
protein kinase and C-terminal regulatory domains, respec-

tively (Fig. 2A). These regions concentrate most Lkbl
cancer-related mutations in humans (11). Importantly, Lkb1
aberrations were not identified in the originating passage #1
implants (Fig. 2A). Furthermore, the expression of the tumor
suppressor pl6 was decreased in late-passage samples, thus
resembling the loss of pl6 in human NSCLC progression
(Fig. 2B; ref. 12). Finally, it has been proposed that expression
of embryonic stem cell (ESC) markers correlates with undif-
ferentiated NSCLC and is associated with worse prognosis (13).
We took advantage of an RT-PCR array to measure the
expression changes of a collection of established ESC markers
during the orthotopic sequential transplantation (data not
shown). KIf4, Oct4, c-Myc, CD24, and Lgr6 displayed a higher
expression fold change in late- versus early-passage implants in
a cohort of paired samples (n = 8; Fig. 2B).

We further collected other evidences that suggested an
evolution toward a more malignant phenotype during the
serial passaging of orthoallografts. First, we observed that the
period from tumor implantation to humane endpoint was
progressively shortened along the serial transplantation pro-
cedure. Yet, beyond passage #3, this period remained constant

Figure 2. Identification of Lkb1
mutations and p16 silencing in
late-passage orthoallografts. A,

chromatograms obtained upon
sequencing of passage #1 (top)
and #3 (bottom) of the
orthoallograft implants oag-79 and
oag-20. The resulting amino acid
changes are indicated. Mutation
analysis was carried out by
sequencing of individual PCR

E354A

products. Both D162G and
E354A mutations were found in
approximately 10% of the
sequences. B, quantification of the
relative expression levels by gRT-
= PCR of the indicated genes in late
passage implants. For
normalization purposes, the
expression levels of all analyzed
transcripts in passage #1 implants
were considered as 1. *, P < 0.01.
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(Fig. 3A). In all cases and irrespectively of passage duration,
when the initial implant predominantly displayed solid fea-
tures, we did not observe major histologic changes through
passages being the engrafted tumor histologically stable (data
not shown). In contrast, those implants that initially showed a
predominant differentiated pattern eventually displayed an
increase in the incidence of the solid subtype (Fig. 3B). Impor-
tantly, despite of the increment of undifferentiated compo-
nents, these tumors maintained some degree of histologic
heterogeneity as also observed in human biopsies (Supple-
mentary Table S3).

Notably, in addition to their close histologic resemblance to
human NSCLC, orthoallografts displayed metastatic potential
as early as passage #1. This is in sharp contrast to K-Ras mutant
GEMM models that lack metastatic capacity unless additional
genetic modifications are included (4). As mentioned above
and akin to human disease, the engrafted implants frequently
invade neighboring lung lobules and disseminate to various
locations forming macroscopic implants in the diaphragm,
ribs, chest cavity, lymph nodes, and liver (Fig. 3C). Further-
more, careful histopathologic scrutiny of brain and liver sec-
tions, two of the main metastatic target tissues of primary
human NSCLC, revealed the presence of micrometastasis in 7
of 21 (33%) implant-bearing animals (Fig. 3D and Supplemen-
tary Table S5).

Murine NSCLC cell lines generated from primary and
metastatic tumors are p53-proficient

Thus far, it has been unfeasible to efficiently establish
murine NSCLC cell lines that are p53-proficient. This is
particularly relevant, as 50% of human NSCLC cases retain a

wild-type p53 (14). In an attempt to establish such primary cell
lines, orthotopic implants were resected and mechanically
disaggregated immediately after passage #1 and maintained
in culture under standard conditions. Following this approach,
a panel of 35 murine K-Ras®'?¥ lung cancer (mKLC) cell lines
was successfully derived from their corresponding orthoallo-
grafts. The process of cell line generation occurred with similar
efficiency irrespectively of the predominant histologic subtype.
Yet, the paired metastatic cell lines predominantly originate
from solid orthoallografts (Supplementary Table S6). To assess
whether these cell lines retained metastatic dissemination
potential, a cohort of mice received a cell line derived from
a diaphragmatic implant via tail vein injection. As expected
because of the inoculation route, all animals developed pul-
monary nodules. Remarkably, the injected animals also devel-
oped macroscopic tumors in various tissues such as lymph
nodes, bone, liver, adrenal gland, ovary, skin, and salivary gland,
thereby resembling the metastatic pattern reported in human
patients with NSCLC (Fig. 4 and data not shown).

Next, four mKLC lines were further characterized in vitro. To
confirm expression of K-Ras®'?¥ and the absence of stromal
contaminants, we took advantage of the surrogate marker
B-geo, inserted as a bicistronic transcript at the 3'-untrans-
lated region (UTR) of the K-Ras locus (6). As expected, all cell
lines displayed strong X-Gal staining, indicative of K-Ras®'*"
expression (Supplementary Fig. S2A). Although all cell lines
showed a characteristic morphology evocative of an epithelial
origin, we nevertheless assessed by RT-PCR the expression of
prototypical epithelial markers such as cytokeratin 13, cyto-
keratin 19, and E-cadherin along with the mesenchymal mar-
kers vimentin and N-cadherin. All tested mKLC cell lines

Figure 3. Orthoallografts acquire A w

aggressive histopathology F 120

features and metastatic capacity & "“-

upon sequential passaging. A, % " y

evolution of the passage duration % =
along four sequential transplants of ER

nine independent NSCLC
orthoallografts. B, H&E staining 0
of a representative case of a
differentiated adenocarcinoma at
passage #1 (top) evolving to a
solid subtype upon completion

of passage #3 (bottom). C,
macroscopic aspect of an
engrafted orthoallograft upon
completion of passage #1 (1)
together with metastatic liver lesion
(Il), invasion of neighboring

ribs (lll) and diaphragm (IV). D,
representative images of an H&E-
stained liver metastasis detected in
recipient nude mice at endpoint of
passage #1. DP, diaphragm; HM,
hepatic metastasis; LV, liver; T,
implanted tumor. Arrows, tumor
nodes invading neighboring
tissues. Scale bars, 100 um.
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Bone

Skin

Ovary

Figure 4. Cell lines derived from spontaneous metastasis display wide
dissemination potential in vivo. A, macroscopic aspect of bone (left) and
ovary (right) from a recipient nude mice 25 days after tail vein inoculation
with 10° mKLC cells derived from a diaphragmatic implant. B, H&E
staining of bone (top), skin (middle), and ovary (bottom) showing distal
dissemination of the metastatic cell line upon tail vein injection. Right,
higher magnification images of selected areas. Scale bars, 100 um (top)
and 200 um (middle and low).

expressed these epithelial markers (Supplementary Fig. S2B).
Interestingly, we also observed increased levels of vimentin and
N-cadherin when compared with primary tumors, suggesting
the acquisition of a mesenchymal-like phenotype as previously
reported for other epithelial cancer cell lines in vitro (15).
p53 is known to be stabilized in response to DNA damage
and other stress signals, resulting in the induction of several
downstream targets that mediate a variety of cellular
responses such as cell-cycle arrest or apoptosis (16). To assess
p53 functionality, we exposed the mKLC lines to the genotoxic
agent doxorubicin. This treatment resulted in clear p53 sta-
bilization together with an induction of the p53 transcriptional
target p21, indicating that mKLC cell lines derived by an
orthoallograft procedure can be efficiently established pre-
serving a functional p53 response (Supplementary Fig. S2C).

Cell-autonomous determination of NSCLC histologic
heterogeneity

Considering that undifferentiated histopathologic subtypes
are associated with poor prognosis in human patients with
NSCLC (17), we set out to assess the capacity of our mKLC cell
lines to fully reconstitute tumor heterogeneity in vivo. To this
end, we used grafting by tail vein injection to favor lung

colonization and performed a time course study to investigate
tumor progression. Injection of 1 x 10° cells resulted in tumor
formation that recapitulated the histologic heterogeneity as
well as time-dependent evolution observed in the orthoallo-
grafted tumors. Whereas early stages (12 days) were char-
acterized by small nodules of tumor cells with focal acinar
differentiation, tumor progression invariably resulted in the
appearance of adenocarcinomas with predominant solid
features at humane endpoint (25 days; Supplementary Fig.
$3). Importantly, the presence of a variable contribution of
other histologic subtypes was also identified in a cell line—
dependent manner (data not shown). We next aimed to
assess whether this histologic heterogeneity, also observed
in the majority of orthotopic implants as well as in human
disease, was the result of a mosaic composition of cells of
different nature or instead a reflection of inherent cellular
plasticity in vivo. To this end, we generated single-cell clones
starting from mKLC mass cultures and injected them via tail
vein into recipient mice. Remarkably, single-cell clones were
able to generate lung lesions displaying different histologic
subtypes with variable composition depending on the indi-
vidual clone (Supplementary Fig. S4).

Orthotopic implants as a model for preclinical
evaluation of therapeutic intervention

We next wanted to assess whether the orthotopic implants
could be used to anticipate therapeutic response in the clinic.
To this end, we subjected nude mice implanted with K-Ras“**"’
orthoallografts to the current standard of care for patients with
NSCLC consisting of cisplatin-based chemotherapy (cisplatin
plus paclitaxel). As shown in Fig. 5A, the cohort receiving
chemotherapy showed a reduction in tumor burden when
compared with those receiving vehicle alone. This was accom-
panied by the appearance of abnormal nuclei in the majority of
cells, displaying enlarged, irregular, or multinucleated mor-
phology (Fig. 5B). Overall, this response and the resulting
histopathologic changes recapitulate the clinical outcome
observed in patients with NSCLC subjected to this chemother-
apeutic regime (18, 19).

Next, we aimed to extend our approach to a targeted therapy
currently used in clinical practice with patients with NSCLC.
Because there are no targeted treatments available for K-Ras
mutant tumors, we studied the EML4-ALK model for which a
crizotinib-based therapy is already in use in the clinic. Patients
with NSCLC harboring an EML4-ALK inversion show an initial
response accompanied by substantial tumor regression but
this is inevitably followed by the acquisition of resistance (20).
Interestingly, mice carrying EML4-ALK implants displayed a
substantial tumor burden reduction when subjected to crizo-
tinib treatment (Fig. 5C), with viable tumor areas scattered
among necrotic and fibrotic tissue that may be responsible for
future relapse (Fig. 5D and Supplementary Table S7).

Discussion

We describe a novel and reproducible methodology based
on sequential orthotopic implantation of primary tumors in
recipient mice that circumvents most of the disadvantages
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Figure 5. Orthoallografts as preclinical models for therapeutic assessment and target validation in vivo. A, nude mice implanted with K-Ras

G2V orthotopic

tumors were treated three times during a 10-day period starting 7 days after implantation either with vehicle only (solid column) or subjected to the
standard chemotherapy for patients with NSCLC (cisplatin plus paclitaxel, empty column). Tumor burden was quantified at endpoint (1 = 5; error bars,

mean + SD). B, H&E staining of sections from K-Ras®'2¥

orthotopic tumors showing a vehicle-treated sample (left) and nuclei with prototypical aberrant

morphology following chemotherapy (right). C, nude mice implanted with EML4-ALK orthotopic tumors were treated daily for 2 weeks starting

60 days after implantation either with vehicle only (solid column) or with crizotinib. Tumor burden was quantified at endpoint (n = 9-12; error bars,
mean + SD). D, H&E staining of sections from EML4-ALK orthotopic tumors showing a vehicle-treated sample (left) and two representative tumor
areas showing a predominant necrotic response (middle) or viable tumor cells in a fibrotic context (right) following crizotinib therapy. *,a fibrotic area

adjacent to tumor cells. Scale bars, 100 um. *, P < 0.05; n.s., not significant.

associated with murine models of NSCLC such as the presence
oflow histologic heterogeneity and lack of spontaneous metas-
tasis. With this approach, we have been able to document
cancer evolution toward an increased malignant phenotype.
This time-dependent evolutionary trend had been previously
postulated for the progression of human NSCLC but lacked
formal experimental evidence. In our model, the progressive
acquisition of malignant traits is supported by several
observations:

1. Serial passaging results in increased local invasion
together with acquisition of distant metastatic potential
displaying the same dissemination tropism observed in
humans.
Similarly to advanced human NSCLC, serial passaging
results in the acquisition of tumor-promoting mutations
as well as loss of expression of relevant tumor suppressor
genes. These alterations were not found in the original
primary lesions, suggesting that they are progressively
enriched as a consequence of fitness advantage and
selective pressure.
. Marked intratumor heterogeneity is generated by NSCLC
cell lines originating form single cells and evolves over

»

w

time toward an increase in more undifferentiated
histologic subtypes that resemble those associated with
poor prognosis in humans.

4. Both K-Ras®'?Y- and EML4-ALK-driven implants are
responsive to chemotherapy and crizotinib, respectively,
but invariably display viable tumor cells posttreatment.

5. Serial transplantation allowed for the first time the
generation of p53-proficient murine NSCLC primary cell
lines.

The orthoallobank is a powerful tool to allow a compre-
hensive study of NSCLC evolution (Fig. 6). Our approach is
well suited for the study of tumor features from a cell-
autonomous perspective such as target validation exercises
(both genetically and pharmacologically based), appearance
of resistance mechanisms, and the contribution of stromal
components. However, it is now accepted that the immune
system plays both host-protective and tumor-promoting
functions that influence various important aspects from
tumor onset to metastatic dissemination (21, 22). In this
context, the lack of a functional adaptive immune response
represents an obvious limitation. The implementation of this
technology in syngeneic mice is ongoing and will facilitate
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Figure 6. Graphical abstract. Schematic representation of the main findings and applications of the murine orthoallobank procedure.

the analysis of the immune system contribution, resulting
in a more comprehensive approach (data not shown). The
collection of archived samples may be used to characterize
by deep sequencing technologies the order of genomic
events that eventually lead to the establishment of aggres-
sive NSCLC. This is particularly relevant, as in humans, many
of the co-driver mutations that trigger or influence the
progression of the disease remain poorly defined. They
appear with variable frequency and are often difficult to
set apart from the substantial number of passenger muta-
tions. Because there is no fitness advantage associated with
passenger mutations, their accumulation during tumor
development is largely proportional to time (23). Because
of the relatively short period from implantation to malig-
nization, this orthotopic allograft approach may diminish
the chances to accumulate passenger mutations. Instead,
those that play a relevant role during tumor development
will be selected for, thus facilitating their identification.
Indeed, we have identified mutations in the tumor suppres-
sor gene LkbI identical to those previously reported in
human NSCLC. Among those, the D162 mutation has been
shown to be important for the structural integrity of human
LKB1, and mutations affecting this residue have been
reported in Peutz-Jeghers syndrome and other types of

cancer (24). Therefore, this methodology will yield the causal
and temporal relationships between specific genotypic aber-
rations acquired during multistage carcinogenesis and the
resulting lung cancer phenotype. For instance, our results
suggest that mutations affecting p53 arise later than those in
Lkbl or p16 silencing in K-Ras“'?"-driven NSCLC. Interest-
ingly, unlike the originating primary tumor models, the serial
transplantation of both K-Ras®'?" and EML4-ALK implants
results in the acquisition of metastatic potential. Thus, this
approach offers an invaluable platform to potentially char-
acterize the metastatic dissemination process in vivo as well
as the mutations, gene expression variations, or epigenetic
changes responsible for the acquisition of the invasive
capacity.

Likewise, the orthoallobank is a versatile and rapid platform
for the preclinical assessment of therapeutic regimes including
those dealing with the appearance of resistance mechanisms.
K-Ras®'?V- and EML4-ALK-driven implants respond to che-
motherapy and crizotinib, respectively, and display histopath-
ologic features that could facilitate the understanding of the
clinical outcome in patients subjected to similar regimes.
‘While this response is comparable to that observed in primary
murine tumors (20, 25), the orthotopic approach is substan-
tially faster, reproducible, and homogenous, thus resulting in a
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Lung Cancer Malignization In Vivo

more reliable and straightforward alternative. Furthermore,
selected tumors from the archived orthoallobank that carry
particular sets of co-driver mutations could be treated simul-
taneously to assess potential differences in the therapeutic
response that may depend on, or be influenced by, a particular
genetic composition. Also, proteomic profiling of plasma
samples could potentially be applied for the identification of
predictive biomarkers of treatment efficacy (26).

In sum, we show a new systematic approach to study the
evolution of cancer that provides a powerful strategy not only
to tease out the molecular events that stimulate NSCLC
progression but also to identify novel therapeutic strategies
to fight this devastating disease.
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Table S$1. K-Ras®"?¥ tumors serially transplanted in Crl:NU-Foxn1™ mice and paired derived cell lines.

Duration of Median
. . e g duration of _
Tumor | Tumor size ® Histological classification first tumor second ﬁ"thmf’t Cell line
of primary K-Ras tumors passage and third ogra derived
(days) d name
passages
1 +++ 118 94 oag-1 -
2 +++ 98 ni oag-2 -
3 +++ 118 dead oag-3 -
4 +++ i . 118 dead oag-4 -
5 ot Papillary predominant ADC 150 91 oag-5 -
6 A 150 40 o0ag-6 ye T
7 +++ 150 91 oag-7 -
8 + dead ° - - -
9 — 98 24 oag-8 %
10 . 98 ¢ o0ag-9 -
11 o Micropapillary predominant ADC _c R R _
12 et 98 54 0ag-10 ye T
13 +++ 45 52 oag-11 Y
14 + Solid predominant ADC 150 91 oag-12 -
15 + Acinar predominant ADC 118 ni oag-13 -
16 + Micropapillary predominant ADC 118 58 oag-14 -
17 +++ . . 118 ni oag-15 -
18 et Solid predominant ADC c N _ _
19 _¢ - - -
20 Solid predominant ADC _¢ - . -
21 _c - - -
22 ++ . ) dead ° B . .
A d t ADC
23 — cinar predominan 150 3 oag-16 -
24 +++ Solid predominant ADC 118 ni oag-17 -
25 + , . g 98 74 oag-18 -
26 ; Solid predominant ADC dead ° N N -
27 Micropapillary predominant ADC 98 30 0ag-19 ve T
28 Papillary predominant ADC ° 98 37 oag-20 %
29 et 98 22 oag-21 ye T
30 bk Solid predominant ADC - - : :
olid predominan

31 et d precom! 132 46 0ag-22 veT
32 _¢ - - -
33 Solid predominant ADC dead ° - - -
34 Micropapillary predominant ADC 98 _¢ oag-23 -
35 et dead ° - - -
36 ++ Solid predominant ADC ¢ 98 94 oag-24 Y
37 +++ _c - - -

+ 15 ¢ -2 -
38 Solid predominant ADC CO 0ag-25
39 + - - -
40 ++ Micropapillary predominant ADC 98 - oag-26 -
41 ++ 98 88 oag-27 Y
42 + _° - - -
43 + g _c - - B
44 + Papillary predominant ADC dead ° R R -
45 + dead ° - - -
46 + e - - -

2 size of K-Ras®'? primary tumors before implantation: +, <2 mm?® size; ++,2to 4 mm® size; +++,(> 4 mm® size).

®dead as a consequence of the surgery procedure

© unsuccessful engraftment

4 median duration of tumor passage #2 and #3; © cell line derived from more than one passage
" cell line derived from metastatic implant

9 presence of signet ring cells

ADC, Adenocarcinoma

ni: not re-implanted after passage #1

160



Table S2. Semiquantitative assessment of the percentages of histologic components in passage #1 engrafted tumors.

Histological classification of engrafted Semiquantitative histologic components
Orthoallograft tumors
Lepidic | Acinar | Papillary | Micropapillary | Solid | Spindle
oag-1 Papillary predominant adenocarcinoma 0 15 70 10 5 0
oag-2 Acinar predominant adenocarcinoma ° 0 50 0 5 15 30
oag-3 Acinar predominant adenocarcinoma 0 60 15 15 0 10
oag-4 Acinar predominant adenocarcinoma 0 50 0 40 0 10
oag-5 Acinar predominant adenocarcinoma 0 100 0 0 0 0
oag-6 Micropapillary predominant adenocarcinoma 0 10 5 80 5 0
oag-7 Acinar predominant adenocarcinoma 0 50 40 5 5 0
oag-8 Acinar predominant adenocarcinoma® 0 50 30 20 0 0
oag-9 Solid predominant adenocarcinoma 0 30 0 0 70 0
oag-10 Micropapillary predominant adenocarcinoma 0 10 0 90 0 0
oag-11 Papillary predominant adenocarcinoma 0 30 40 0 30 0
oag-12 Acinar predominant adenocarcinoma 0 95 0 5 0 0
oag-13 Acinar predominant adenocarcinoma 0 50 20 0 30 0
oag-14 Solid predominant adenocarcinoma ? 0 0 0 0 100 0
oag-15 Acinar predominant adenocarcinoma 5 95 0 0 0 0
oag-16 Papillary predominant adenocarcinoma 0 10 60 30 0 0
oag-17 Solid predominant adenocarcinoma 0 0 10 90 0 0
oag-18 Solid predominant adenocarcinoma ° 0 5 5 90 0 0
oag-19 Solid predominant adenocarcinoma 0 5 0 0 80 15
oag-20 Micropapillary predominant adenocarcinoma ° 0 5 0 90 5 0
oag-21 Acinar predominant adenocarcinoma *° 0 40 0 0 30 30
oag-22 Acinar predominant adenocarcinoma 0 55 5 0 40 0
oag-23 Acinar predominant adenocarcinoma ° 0 50 10 0 0 40
oag-24 Solid poorly diffgrentiated adenocarcinoma 0 0 0 0 100
with spindle cell features
oag-25 Acinar predominant adenocarcinoma 0 90 0 5 5 0
oag-26 Solid predominant adenocarcinoma ° 0 0 0 0 100 0
oag-27 Micropapillary predominant adenocarcinoma ° 0 35 0 40 0 25
? Presence of signet ring cells
® Lymph-node affection or presence of diaphragmatic invasion
8
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Table S3. EML4-ALK tumors orthotopically implanted in Crl:NU-Foxn1™ mice.

Semiquantitative histologic components a

Serial passage

Number of Histological classification
'i"r::’)fa:ltf: of engrafted EML4-ALK tumors Acinar Papillary Micropapillary | Solid #1 #2 #3
Tg EML4-ALK ; p53 -/-
1 Predominant papillary adenocarcinoma 40 60 0 0 70 32 29
2 Predominant papillary adenocarcinoma 0 100 0 0 85 47 35
3 No engraftment
4 Predominant papillary adenocarcinoma 0 100 0 0 103 28 25
5 Predominant solid adenocarcinoma 20 0 0 80 103 42 45
6 No engraftment -
7 No engraftment -
8 Predominant papillary adenocarcinoma 0 80 0 20 76 69 54
9 Predominant papillary adenocarcinoma 0 80 0 20 103 28 35
10 Predominant papillary adenocarcinoma 0 60 0 40 103 28 35
11 Predominant acinar adenocarcinoma 80 0 10 10 103 28 21
12 Predominant solid adenocarcinoma 0 0 0 100 50 60 35
Tg EML4-ALK ; p53 +/+
13 No engraftment -
14 No engraftment -
15 Predominant papillary adenocarcinoma 20 80 0 0 115 109 91
16 No engraftment -
17 No engraftment -
18 No engraftment -
19 Predominant papillary adenocarcinoma 0 100 0 0 103 82 96
20 No engraftment -
21 Predominant solid adenocarcinoma 0 0 0 100 103 92 76
22 Predominant solid adenocarcinoma 0 0 0 100 103 83 dead
23 No engraftment -
? Lepidic and sarcomatoid components were not identified.
9
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Table S4. Histologic progression of orthoallografts upon sequential mice-to-mice passages.

Orth Histological classification of Histological subtypes
oallograft | Passage
engrafted tumors Lepidic | Acinar | Papillary | Micropapillary Solid Spindle
oag-8 #1 Acinar predominant adenocarcinoma 0 50 5 5 40 0
#2 Solid predominant adenocarcinoma 0 30 0 0 70 0
#3° Solid predominant adenocarcinoma 0 0 0 0 70 30
#3° Solid predominant adenocarcinoma 0 20 0 0 70 10
#3° Solid predominant adenocarcinoma 0 5 0 0 75 20
0ag-10 #1 Micropapillary p_redominant 0 10 0 90 0 0
adenocarcinoma
#3° Solid predominant adenocarcinoma 0 30 10 0 60 0
#3° Acinar predominant adenocarcinoma 0 50 40 10 0 0
oag-14 #1 Solid predominant adenocarcinoma ® 0 0 0 0 100 0
#3 Solid predominant adenocarcinoma ° 0 30 0 10 60 0
oag-19 #1 Solid predominant adenocarcinoma 0 5 0 0 80 15
#2 Solid predominant adenocarcinoma 0 15 0 0 85 0
#3 Solid predominant adenocarcinoma 0 5 0 5 85 5
#4 Solid predominant adenocarcinoma 0 5 0 0 95 0
oag-21 #1 Acinar predominant adenocarcinoma 0 40 0 0 30 30
# Adenocarpinoma with predominant 0 20 0 0 30 50
spindle cell features
#3 Solid predominant adenocarcinoma 0 25 0 5 70 0
#4 Solid predominant adenocarcinoma 0 10 0 0 90 0
oag-22 #1 Acinar predominant adenocarcinoma 0 55 5 0 40 0
#2 Acinar predominant adenocarcinoma 0 50 30 0 20 0
#3 Acinar predominant adenocarcinoma 0 60 15 0 25 0
?|ndependent tumors derived from same passage implant.
P Presence of signet ring cells
10
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Table S5. Presence of distal metastasis in animals implanted with the indicated orthoallografts.

Lung

orthoallograft

Presence of
metastasis

oag-1

oag-2

oag-3

oag-4

oag-5

oag-6

oag-7

oag-8

Liver

oag-9

oag-10

Liver; Brain

oag-11

oag-12

oag-13

oag-14

oag-15

oag-16

oag-17

oag-18

Liver

oag-19

Liver, Brain

oag-20

oag-21

Liver

oag-22

0ag-23

oag-24

oag-25

oag-26

oag-27
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Table S6. Summary of primary cell lines obtained from the indicated orthoallograft implants.

Paired
Orthoallograft Passage Predominant histology of orthoallografts Derived cell line metastatic
derived cell line
0ag-6 #2 Micropapillary predominant adenocarcinoma mKLC1.7B -

#3 Micropapillary predominant adenocarcinoma mKLC1.7C -

#1 Acinar predominant adenocarcinoma mKLC2.1A -

#2 Solid predominant adenocarcinoma mKLC2.1B -
0ag-8 mKLC21CR

. . . m AC-
#3 Solid predominant adenocarcinoma mKLC2.1C mKLC2 1C-HI
mKLC2.1C-MD
0ag-10 #1 Micropapillary predominant adenocarcinoma mKLC2.4A -

#2 Micropapillary predominant adenocarcinoma mKLC2.4B mKLC2.4B-HM
oag-11 #1 Papillary predominant adenocarcinoma mKLC2.5A -
0ag-19 #1 Solid predominant adenocarcinoma mKLC4.1A mKLC5A-DI

#3 Solid predominant adenocarcinoma mKLC4.1C mKLC5C-DI
0ag-20 #2 Micropapillary predominant adenocarcinoma mKLC4.2B -

#3 Solid predominant adenocarcinoma mKLC4.2C -

#1 Acinar predominant adenocarcinoma mKLC4.3A mKLC7A-DI

# Adenocarcinoma with predominant spindle cell mKLCA.3B mKLC7B-DI

features
oag-21 #3 Solid predominant adenocarcinoma mKLC4.3C -
mKLC4.3D-DI
. . . mKLC4.3D-RI

#4 Solid predominant adenocarcinoma mKLC4.3D mKLC4 3D-HI

mKLC4.3D-MD

#2 Acinar predominant adenocarcinoma mKLC4.5B -
oag-22 . . . mKLC4.5C-DI1

#3 Acinar predominant adenocarcinoma mKLC4.5C mKLC4 5C-DI2
oag-24 #1 Solid poorly diffe_rentiated adenocarcinoma with mKLC1.4A B

spindle cell features
oag-27 #1 Micropapillary predominant adenocarcinoma mKLC2.5A -

-DI, diaphragmatic implants; -RI, rib implants; -HI, heart implants; MD, mediastinic lymph-node; -HM, hepatic metastasis.
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Table S7. Histopathological characterization of EML4-ALK implants after crizotinib treatment.

Mice | Tumor histology % of tumor . % Of. % Of. Foamy Inflammation | Hemosiderin | Tumor viable post-treatment
cells fibrosis | necrosis | macrophages
Cohort 1
Placebo 1 Micropapillary 100 0 0 No No No Yes
2 Micropapillary 100 0 0 No No No Yes
3 Micropapillary 90 10 0 No No No Yes
4 Micropapillary 100 0 0 No No No Yes
5 Micropapillary 85 15 0 No No No Yes
Crizotinib 1 Micropapillary 90 10 0 No Yes No Yes
2 Micropapillary 95 5 0 Yes Yes Yes Yes
3 Micropapillary 30 70 0 Yes Yes Yes Yes
4 Micropapillary 0 100 0 Yes Yes Yes No
5 Micropapillary 100 0 0 No No No Yes
6 Micropapillary 90 10 0 Yes Yes No Yes
Cohort 2
Placebo 1 Micropapillary/Acinar 80 20 0 Yes Yes No Yes
2 Micropapillary/Acinar 95 5 0 Yes Yes No Yes
3 Micropapillary/Acinar 95 5 0 Yes Yes Yes Yes
4 Micropapillary/Acinar 80 20 0 Yes Yes No Yes
Crizotinib 1 Micropapillary/Acinar 50 50 0 Yes Yes Yes Yes
2 Micropapillary/Acinar 50 50 0 Yes Yes Yes Yes
3 Micropapillary/Acinar 40 50 10 Yes Yes Yes Yes
4 Micropapillary/Acinar 0 60 40 Yes Yes Yes Yes
5 Acinar 20 20 60 Yes Yes Yes Yes
6 Acinar 20 20 60 Yes Yes Yes Yes
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Supplementary Materials

Supplementary Fig.S1 Ambrogio et a/
[ » -5».\ g—:‘i‘-‘ a‘»-,"-':’-

Fig. S1. Common histological subtypes of NSCLC orthoallografts.

Passage #1 orthoallografts derived from K-Ras'“S“¢'?V; RERT*"*" primary tumors
after implantation into recipient nude mice. Engrafted tumors reproduce the major
histological subtypes of human invasive lung adenocarcinoma. A) H&E staining of a

representative engrafted tumor that shows invasion of the host lung. B) Acinar
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adenocarcinoma consists of round to oval-shaped malignant glands invading a fibrous
stroma. C) Papillary adenocarcinoma with contribution of solid adenocarcinoma. D)
Pure papillary adenocarcinoma. E) Adenocarcinoma with areas of acinar and
micropapillary subtypes. F) Adenocarcinoma with signet ring cell features. G) Solid
adenocarcinoma with mucin component. H) Diastase-periodic acid Schiff (DPAS)
staining to highlight the intracytoplasmatic mucin droplets in solid adenocarcinoma. I)
Poorly differentiated adenocarcinoma with spindle cell features and sarcomatoid
appearance. J) Cytokeratin 7 immunohistochemical staining in predominant solid
adenocarcinoma with acinar component. K) Thyroid transcription factor-1 (TTF-1)
immunohistochemical  staining in  papillary adenocarcinoma. L) TTF1
immunohistochemical staining in solid adenocarcinoma. Scale bars 100 pm except

panel A (1 mm) and G, H, I (50 um).
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Supplementary Fig.S2 Ambrogio et al
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Fig. S2. In vitro characterization of primary cell lines derived from NSCLC

orthoallografts.

A) Detection of K-Ras®"?V expression (based on its surrogate marker 3-Geo) by X-Gal

staining in the indicated primary mKLC cell lines. Scale bar: 40 microns. B) qRT-PCR

of the cytokeratins 13 and 19, N- and E-cadherin and vimentin in the indicated mKLC

cell lines. Samples from murine normal lung, K-Ras'®"SF612Vee NSCLC primary

tumors and mouse embryonic fibroblasts (MEFs) were assessed in parallel for

comparative purposes. C) Western blot analysis of p53 and p21 in lysates prepared from

the indicated mKLC cell lines in the presence or absence of doxorubicin. GAPDH is

shown as a loading control. * indicates p-value < 0.01.
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Supplementary Fig.S3 Ambrogio et al
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Fig. S3. Lung colonization and tumor formation upon reintroduction of mKLC cell

lines.

A cohort of recipient nude mice (n=3 per time point) was inoculated with 10® mKLC
cells (3 independent cell lines) via tail vein injection. Lung tissue was collected at 4, 8§,
12, and 25 days post-injection and tissue sections stained with H&E A) X-Gal staining
of lung sections after 4 days to facilitate detection of mKLC cells. B) Small clusters of
tumor cells (marked by a red dashed line) were observed after 4 days. C) Presence of
clusters of scattered atypical cells identified after 8 days. D) Small nodules of tumor
cells with focal acinar differentiation observed at 12 days post-injection. E) Confluent
tumor nodules including both acinar and solid components observed at humane end
point (25 days after injection). Images of increasing magnification are shown from left
to right, scale bars: left column 2 mm (except upper panel 400 pm), middle column 200

pum, right column 100 pm.
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Supplementary Fig.S4 Ambrogio et al

mKLC.7A-DlI

Fig. S4. Inoculation of mKLC single cell clones gives rise to NSCLC heterogeneity

A, - by . - . 5

in vivo.

Representative H&E staining of lung tumors developed following tail vein injection of
three independent cell lines (A-C) derived upon single cell cloning of mKLC.7A-DI.
The presence of mixed solid (S) and acinar (A) histopathological component is

indicated in the right panels. Scale bars 400 pm (left panels), 200 pm (right panels).
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Supplementary Figure Legend

Figure S1. Common histological subtypes of NSCLC orthoallografts.

Passage #1 orthoallografts derived from K-RasloxiLsLG12v; RER Tertrert primary tumors after
implantation into recipient nude mice. Engrafted tumors reproduce the major histological
subtypes of human invasive lung adenocarcinoma. A) H&E staining of a representative engrafted
tumor that shows invasion of the host lung. B) Acinar adenocarcinoma consists of round to oval-
shaped malignant glands invading a fibrous stroma. C) Papillary adenocarcinoma with
contribution of solid adenocarcinoma. D) Pure papillary adenocarcinoma. E) Adenocarcinoma
with areas of acinar and micropapillary subtypes. F) Adenocarcinoma with signet ring cell
features. G) Solid adenocarcinoma with mucin component. H) Diastase-periodic acid Schiff
(DPAS) staining to highlight the intracytoplasmatic mucin droplets in solid adenocarcinoma. 1)
Poorly differentiated adenocarcinoma with spindle cell features and sarcomatoid appearance. J)
Cytokeratin 7 immunohistochemical staining in predominant solid adenocarcinoma with acinar
component. K) Thyroid transcription factor-1 (TTF-1) immunohistochemical staining in
papillary adenocarcinoma. L) TTF1 immunohistochemical staining in solid adenocarcinoma.

Scale bars 100 um except panel A (1 mm) and G, H, I (50 um).

Figure S2. In vitro characterization of primary cell lines derived from NSCLC
orthoallografts.

A) Detection of K-Rasci2v expression (based on its surrogate marker B-Geo) by X-Gal staining
in the indicated primary mKLC cell lines. Scale bar: 40 microns. B) qRT-PCR of the
cytokeratins 13 and 19, N- and E-cadherin and vimentin in the indicated mKLC cell lines.
Samples from murine normal lung, K-Rasiox/LsLG12vgeo NSCLC primary tumors and mouse
embryonic fibroblasts (MEFs) were assessed in parallel for comparative purposes. C) Western
blot analysis of p53 and p21 in lysates prepared from the indicated mKLC cell lines in the
presence or absence of doxorubicin. GAPDH is shown as a loading control. * indicates p-value <

0.01.
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Figure S3. Lung colonization and tumor formation upon reintroduction of mKLC cell
lines.

A cohort of recipient nude mice (n=3 per time point) was inoculated with 106 mKLC cells (3
independent cell lines) via tail vein injection. Lung tissue was collected at 4, 8, 12, and 25 days
post-injection and tissue sections stained with H&E A) X-Gal staining of lung sections after 4
days to facilitate detection of mKLC cells. B) Small clusters of tumor cells (marked by a red
dashed line) were observed after 4 days. C) Presence of clusters of scattered atypical cells
identified after 8 days. D) Small nodules of tumor cells with focal acinar differentiation observed
at 12 days post-injection. E) Confluent tumor nodules including both acinar and solid
components observed at humane end point (25 days after injection). Images of increasing
magnification are shown from left to right, scale bars: left column 2 mm (except upper panel 400

pm), middle column 200 pm, right column 100 pum.

Figure S4. Inoculation of mKLC single cell clones gives rise to NSCLC heterogeneity in
vivo.

Representative H&E staining of lung tumors developed following tail vein injection of three
independent cell lines (A-C) derived upon single cell cloning of mKLC.7A-DI. The presence of
mixed solid (S) and acinar (A) histopathological component is indicated in the right panels. Scale

bars 400 um (left panels), 200 pm (right panels).
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and Integrated Analysis of Advanced Patient-Derived Orthoxenograft Models
(PDOX) for the Rational Assessment of Targeted Therapies in Endometrial
Cancer. Advanced Science 2023; 10: 2204211.

RESUM
Objectius:

1. Generacio i caracteritzacio clinicopatologica de models

PDOX/Orthoxenografts de carcinoma endometrioide d’endometri.

2. Utilitzacié dels PDOX de carcinoma endometrioide d’endometri per a
dissenyar de manera racional una terapia dirigida a partir de la

caracteritzacio transcriptomica i del perfil mutacional d’aquests models.

Introduccié: El maneig clinic del cancer d'endometri (CE) es veu limitat per la
reduida disponibilitat de tractaments de segona linia aixi como de biomarcadors
moleculars que ens permetin predir la recurréncia. Aquestes limitacions han
dificultat el tractament d'aquestes pacients i les taxes de supervivéncia no han

millorat en les darreres quatre décades.

Disseny experimental: L'aparicio d'estudis coordinats com The Cancer Genome
Atlas Uterine Corpus Endometrial Carcinoma (TCGA_UCEC) ha solucionat
parcialment aquest problema, perd la manca de bons models experimentals
encara representa un coll d'ampolla que impedeix que els estudis translacionals
es puguin traduir en la millora del tractament de les pacients amb CE. En aquest
context, es presenta el primer estudi que reporta la generacié d'una col-lecci6 de

models murins orthoxenograft derivats de pacients amb CE de tipus
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endometrioide (PDOX). Aquests models ens han de permetre superar aquestes
limitacions experimentals, obrint el cami cap a una medicina de precisié d’ultima

generacio en CE.

Resultats: La col-leccié de 15 tumors primaris i PDOX derivats i perpetuats en
ratolins s'ha caracteritzat extensivament mitjangcant un enfocament integratiu
basat en transcriptomica, perfils mutacionals i analisi morfoldgica. Els tumors de
CE implantats en I'Uter de ratolins (implantacié ortotopica) conserven les
principals caracteristiques moleculars i morfoldgiques dels tumors originals de
les pacients. Com a prova de concepte, en un dels PDOX que té la mutacio
HER2R678Q hem avaluat el potencial terapéutic del trastuzumab, un inhibidor del
receptor 2 del factor de creixement epidérmic huma (HER2) amb un interés

creixent en CE.

Conclusions: Les nostres dades indiquen que els models PDOX derivats de
cancer d’'endometri de pacients representen eines adequades per a millorar

recerca del cancer d'endometri en els propers anys.
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Generation and Integrated Analysis of Advanced
Patient-Derived Orthoxenograft Models (PDOX) for the
Rational Assessment of Targeted Therapies in Endometrial

Cancer

Laura Devis-Jauregui, August Vidal, Laura Plata-Pesia, Maria Santacana,

Sandra Garcia-Mulero, Nuria Bonifaci, Eulalia Noguera-Delgado, Nuria Ruiz, Marta Gil,
Eduard Dorca, Francisco J. Llobet, Laura Coll-Iglesias, Katja Gassner,

Maria Martinez-Iniesta, Ruth Rodriguez-Barrueco, Marc Barahona, Lola Marti,

Francesc Vifials, Jordi Ponce, Rebeca Sanz-Pamplona, Josep M. Piulats, Ana Vivancos,
Xavier Matias-Guiu,* Alberto Villanueva,* and David Llobet-Navas*

Clinical management of endometrial cancer (EC) is handicapped by the
limited availability of second line treatments and bona fide molecular
biomarkers to predict recurrence. These limitations have hampered the
treatment of these patients, whose survival rates have not improved over the
last four decades. The advent of coordinated studies such as The Cancer
Genome Atlas Uterine Corpus Endometrial Carcinoma (TCGA_UCEC) has
partially solved this issue, but the lack of proper experimental systems still
represents a bottleneck that precludes translational studies from successful
clinical testing in EC patients. Within this context, the first study reporting the
generation of a collection of endometrioid-EC-patient-derived orthoxenograft
(PDOX) mouse models is presented that is believed to overcome these
experimental constraints and pave the way toward state-of-the-art precision
medicine in EC. The collection of primary tumors and derived PDOXs is
characterized through an integrative approach based on transcriptomics,
mutational profiles, and morphological analysis; and it is demonstrated that
EC tumors engrafted in the mouse uterus retain the main molecular and
morphological features from analogous tumor donors. Finally, the molecular
properties of these tumors are harnessed to assess the therapeutic potential
of trastuzumab, a human epidermal growth factor receptor 2 (HER2) inhibitor
with growing interest in EC, using patient-derived organotypic multicellular
tumor spheroids and in vivo experiments.

1. Introduction

Epidemiological data from cancer registry
programs indicate that, between 1975 and
2014, 5-year survival rates have improved
for the most common cancers except for
cervix and endometrial cancer, greatly ev-
idencing the need to find more efficient
therapeutic options for these patients.!!! En-
dometrial cancer (EC) is the most common
gynecological cancer in developed coun-
tries, standing as the 4th most frequent and
the 6th most deadliest type of tumor in
women in the Unites States.[?! Not surpris-
ingly, the number of new cases and deaths
for EC in 2020 worldwide were estimated as
417 367 and 97 370, respectively,® and cur-
rent trends indicate that EC incidence and
death rates are further increasing in part
due to the rise of predisposing risk factors,
especially those related to metabolic syn-
drome such as obesity.[>*°]

In general, the prognosis and clinical
course for most EC patients is favorable.
Accordingly, the majority of them (x~75%)
present localized early disease symp-
tomatology, such as vaginal bleeding or
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discharge, which favors early stage diagnosis and curative
surgery leading to 5-year overall survival rates of 80-95%. Nev-
ertheless, around 15-20% of EC patients will experience tu-
mor recurrence, largely impacting treatment options and patient
survival.[%’! Adjuvant therapeutic options for recurred, as well
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as for advanced or metastatic, EC patients are very limited and
encompass the delivery of standard chemotherapy, mainly plat-
inum or paclitaxel. However, treatment resistance is unfortu-
nately common and only 10-15% of all EC patients will bene-
fit from it.[®) This is worsened by the limited availability of es-
tablished second line treatments, validated patient selection pro-
tocols, and licensed targeted drugs for EC.I) Consequently, the
prognosis of patients with recurred or metastatic EC is still poor
with median survival rates of less than one year and median pro-
gression free survival rates of four months.'% Altogether, these
data indicate that EC patients presenting refractory or systemic
disease represent nowadays a therapeutic challenge, which is ag-
gravated by the limited response rates associated to current adju-
vant chemotherapy.

In the last years, patient-derived xenograft (PDX) models have
emerged as powerful tools in cancer research.''3] PDX mod-
els have been revealed as extraordinary accurate preclinical mod-
els with a high predictive drug-response valuel'! by outper-
forming regular in vitro cell line models and cell-line-derived
xenografts because of their ability to retain, among others, es-
sential tumor traits from the original tissue donor such as tu-
mor heterogeneity, molecular fingerprints (genetic and transcrip-
tomic), tissue architecture, spatial distribution, and cell-to-cell
interactions. Not surprisingly, a high correlation between PDX
and patient response has been observed when PDXs were in-
cluded in clinical or coclinical trials,151% offering the potential
to increase the success rate of compound approval after assess-
ment in patient clinical trials. Altogether, this analytical strategy
has become an innovative resource to fine-tune treatment deci-
sions in the future and to accelerate drug development and per-
sonalized medicine by complementing pathology and molecular
analysis.

Herein, we expand our knowledge on the therapeutic potential
and value of this experimental system by generating and profiling
a collection of patient-derived orthoxenografts (PDOXs) from 15
endometrioid endometrial cancer patients. We provide evidence
that EC tissue orthotopic engraftment in mice retains most of
the histological, genetic, and transcriptomic features of patient
donors. Moreover, by leveraging this information, we have as-
sessed the therapeutic utility of trastuzumab (a human epider-
mal growth factor receptor 2, HER2 inhibitor) in HER2-mutated
tumors, collectively demonstrating the relevance of PDOX mod-
els to explore new therapeutic avenues for EC patients. Finally, we
also show that PDOXSs are dynamic entities and that, as such, can
exhibit intriguing evolutionary features such as dedifferentiation
as they progress in vivo.
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Figure 1. Initial patient sample analysis, characterization, and strategy used for PDOX generation. A) Schematic overview of standard procedures during
EC sample pathologic assessment. In a first triage, samples are assessed for the presence of POLE exonuclease domain mutations (EDM) at exons 9 and
13 by targeted DNA sequencing. Wild type POLE EC samples are then analyzed by immunohistochemistry to assess the levels of mismatch repair genes
(MMR) as a diagnostic surrogate of the MSI molecular subtype. MMR proficient tumors are then subjected to an analysis by immunohistochemistry
of TP53 protein levels. As in the case of MMR genes, high levels of TP53 are used as a nonperfect surrogate marker of TP53-mutated EC and CN-high
tumors. Tumors that do not fall into any category are collectively called NSMP (nonspecific molecular profile, low copy number, microsatellite stable
(MSS)). B) Schematic overview of the TCGA_UCEC-based molecular classification of primary tumors used in this study. C) Establishment of PDOX
models for preclinical treatment in endometrial cancer overview. Resected fragments of endometrial cancer tumor were orthotopically injected into
athymic mice uteruses. To test the reproducibility of patient features in the mouse model, primary tumors and established PDOXs were characterized
by immunohistochemistry, RNA-seq, and mutational analyses. Parts of the Figure 1c were drawn by using pictures from Servier Medical Art. Servier

Medical Art by Servier is licensed under a Creative Commons Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/3.0/).

2. Results

2.1. Patient Description and Establishment of PDOXs

In our study, we prospectively recruited 15 patients diagnosed
with EC of endometrioid morphology, the most frequent EC his-
tological subtype, who underwent primary surgical resection at
the Hospital Universitari de Bellvitge/Bellvitge Hospital (HUB)
(Tables S1 and S2, Supporting Information). Detailed histolog-
ical analysis determined that 14 patients (93.3%) presented en-
dometroid endometrial cancer (EEC) with the exception of 1 pa-
tient (6.7%) who presented a mixed endometroid-serous carci-
noma (90% endometrioid; 10% serous). Most patients were diag-
nosed at stage I (12/15; 80%) and presented well or moderately
differentiated tumors (10/15; 66.7%). Seven patients (46.7%) did
not receive any additional treatment after primary surgery and
7/15 patients (46.7%) were treated with brachytherapy +/— ra-
diotherapy. Two patients (13.3%) presented recurrence and 1 of
these patients died of the disease (6.7%). Median follow-up time
was 59.27 months (47.30-71.23 months). Among the two pa-

Adv. Sci. 2023, 10, 2204211

179

tients who suffered recurrence, patient 5 (biopsy BX5) was di-
agnosed at stage IB of the disease with grade 3 (G3) EEC and,
in addition to surgery, received a combination of radiotherapy
and brachytherapy as adjuvant treatment. Patient 9 (BX9) was
diagnosed at stage IA G1 and did not receive adjuvant treat-
ment. Following the HUB standard pathological analysis based
on morphological features and TCGA molecular EC biomarkers
(Figure 1A), primary tumors were classified into polymerase ep-
silon mutated (POLE-mutated), tumors presenting microsatellite
instability (MSI), nonspecific molecular profile; low copy num-
ber or microsatellite stable (MSS) (NSMP), and TP53-mutated
(serous-like, high copy number) (Figure 1B).

To generate the PDOX models, nonnecrotic tissue frag-
ments from EC resected tumors were stored in supplemented
medium and immediately implanted into recipient uteruses
of immunodeficient mouse females in order to preserve cell
viability (Figure 1C). Tumor growth was monitored twice per
week with an engraftment average time (engraftment to early
passage P1 tumors) of 102.47 days (84.57-120.36). Once the
PDOX models were established, we performed histological,

2204211 (3 0f15) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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mutational, and genome-wide transcriptional analyses between
the primary tissue and the tumors from the mouse avatar at P1
to assess their main morphological, genetic, and transcriptomic
characteristics.

2.2. PDOX Models Retain the Main Histological and Molecular
Features of Primary Tumors

Hematoxylin eosin (HE) staining, as well as phosphatase and
tensin homolog (PTEN), TP53, CTNNBI, estrogen receptor
(ESR), mutS homolog 6 (MSHG6), PMS2 immunostainings were
performed in both primary tumors and PDOXs. Overall, PDOXs
presented a high degree of concordance at histological level
(~70% with their primary tumors) and molecular biomarker ex-
pression (Figure 2A,B and Figures S1 and S2 and Table S3 (Sup-
porting Information)). Full concordance was detected in PTEN,
nuclear CTNNB1, MSH6, and PMS2immunostainings between
BXs and PDOXs. ESR and TP53 showed a good correlation
(93.33%) between BXs and PDOXs. In the case of TP53, and
in line with our initial assessment (Figure 1B), BX1 and its de-
rived PDOX1 presented an abnormal staining by immunohis-
tochemistry (a surrogate of the copy number high, CN_high
molecular EC subgroup) and were therefore classified within
the TP53-mutated (serous-like, high copy number) group. Of
note, 2 PDOX models (PDOX7 and PDOX13) displayed differ-
ences in the expression of certain molecular biomarkers com-
pared to their primary tumor (BX). This is evidenced in PDOX7
by an increase in tumor grade from G1 to G3 with undifferen-
tiated tumor areas and a concomitant loss in ESR expression
(Figure 3A). This result is in agreement with the histologic dif-
ference observed in this model (G3 and presence of undifferen-
tiated tumor areas) (Table S3, Supporting Information). On the
other hand, PDOX13 presented de novo serous carcinoma areas,
as observed in the HE, characterized by an abnormal TP53, p16,
and IMP2 stainings that were not observed in the initial tumor
biopsy (Figure 3B,C).

2.3. Transcriptomic Characterization of Tumors and PDOX
Models

To further explore the molecular similarity between PDOX and
primary tumors, we analyzed their transcriptional landscape by
RNA_sequencing. After curated filtering of reads from mouse
origin (please see the Experimental Section for further technical
details), a high degree of resemblance at transcriptional level was
correlated across the 15 paired samples (BX and PDOX) (Spear-
man’s p = 0.89-0.95) (Figure 4A and Figure S3 (Supporting In-
formation)). We also performed differential expression analysis
to identify differentially expressed genes (DEGs) between pri-
mary tumors and PDOXs (Figure 4B). Interestingly, we found
1146 downregulated and 10 upregulated genes in PDOXs com-

www.advancedscience.com

pared with the corresponding primary samples (Table S4, Sup-
porting Information), reflecting potential biological differences
between both tissues. In this line, unbiased gene set enrichment
analysis (GSEA) analysis!’’! using the archived gene ontology bi-
ological process (Figure 4C) and hallmark gene annotations (Fig-
ure 4D), revealed that genes with enriched expression in primary
tumors were mostly associated with human tumor microenviron-
ment (e.g., genes involved in transplant rejection alloimmune re-
sponse, immune cell differentiation and activation, etc.), which
is consistent with the profound changes in the human tumor-
associated stroma (cancer-associated fibroblasts, immune cells,
extracellular matrix, endothelial cells, etc.) and its replacement
by the murine stromal components commonly seen in mouse
xenografts.['?] To support this, we inferred changes in the human
infiltrating stromal compartment by employing the microenvi-
ronment cell populations-counter (MCP-counter) method, which
has one of the highest specificities in quantifying the absolute
abundance of multiple stromal cell compartments from tran-
scriptomic datal’®l (Figure 4E). As expected, we identified sig-
nificant changes in immune and stromal infiltrates across the
15 BX and PDOX samples, including a decrease in human T
cells and cytotoxic lymphocytes, and a reduction in human en-
dothelial cells and fibroblasts in the PDOXs with respect to BXs
which, collectively, indicate that human stromal cells are progres-
sively being replaced by murine cells upon engraftment in the
mouse uterus. This was also supported by our gene set varia-
tion analysis (GSVA)!') of the fibroblastic and endothelial con-
tent when using gene expression from mouse and human origin
in PDOX samples (Figure 4F) which, collectively, evidence a sig-
nificant enrichment in mouse stromal cells within the human or-
thoxenograft. Altogether, our results indicate that PDOX tumors
exhibit not only a notable retention in histological and biomarker
features, but also an excellent correlation with BX samples at
transcriptomic level. Also, consistent with previous observations,
our data point at important changes in the tumor microenviron-
ment.

2.4. Mutational Profiling of Primary Tumors and PDOX Models
for the Rational Assessment of Targeted Therapies

Our data indicate that PDOXs could be harnessed to explore
novel precision medicine compounds in EC based on distinc-
tive BX-PDOX tumor molecular fingerprints. To this end, we
resolved to identify relevant BX analogous actionable or predic-
tive treatment response mutations in our PDOXs. Hence, we
performed DNA targeted next generation sequencing in EC and
PDOX tumors using a comprehensive cancer gene panel that in-
cludes 57 cancer-associated genes (Table S5, Supporting Infor-
mation). A total of 68 and 85 mutations were detected in primary
tumors and in PDOXs, respectively (Table S6, Supporting Infor-
mation). Noteworthy, PDOXs 1, 3,4, 6, 7, 8,9, 10, 12, and 13 pre-
sented a slight increase in the number of mutations compared to

Figure 2. Morphological and immunohistochemical correlation between primary tumors (BXs) and PDOXs. A) Percentage of cases displaying consistent
positive correlations between paired BX-PDOX after morphologic analysis by hematoxylin and eosin (HE) and after immunohistochemical detection
of canonical EC biomarkers (PTEN, TP53, CTNNB1, ESR, MSHG, and PMS2). B) Representative examples of fully correlated BX-PDOX pairs. Images
illustrate HE stainings and detection by immunohistochemistry of PTEN, TP53, CTNNBT, ESR, MSHG, and PMS2 between BX and PDOX. BX1 (CN-high),

BX2 (POLE-mutated), BX10 (MSI), and BX15 (MSS).
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Figure 3. Detection ofimmunohistochemical differences between primary tumors (BXs) and PDOXs. Representative images presenting two PDOX cases
displaying immunohistochemical tumor features that were not detected in the original primary tumor: A) pair BX7-PDOX?7 and B) pair BX13-PDOX13.
Images show a differential ESR expression in PDOX7, while PDOX13 presented areas of serous carcinoma and abnormal TP53 overexpression that were
not observed in the primary tumor. C) HE and immunostaining images for TP53, p16, IMP2, and ESR in PDOX13.

their original primary tumor (Figure 5A). Common and fully con-
cordant mutations shared by primary and PDOX cases (n = 48),
representing the 70.59% and 56.47% of all mutations found in
primary tumors and PDOX, respectively, encompassed several of
the most relevant genes involved in EC development and progres-
sion, including PTEN, PIK3CA, TP53, and KRAS (Figure 5B).
Importantly, full coincidental mutations were also found in other
genes with a less clear role in the development and/or progres-
sion of EC but with potential therapeutic interest (e.g., fibroblast
growth factor receptor 1 (FGFR1), erb-b2 receptor tyrosine kinase
2 (ERBB2), etc.). Altogether, these data suggest that PDOXs are
able to retain the majority of assessed mutations (>50%) detected
in primary tumors and that this information could be leveraged
to assess personalized treatments.

Adv. Sci. 2023, 10, 2204211

2.5. Evaluation of Trastuzumab as a Potential Precision Medicine
Agent for Endometrioid Endometrial Cancer

Based on all the aforementioned, we focused on ERBB2 for
further analysis. ERBB2 (hereafter termed HER2) is a mem-
brane tyrosine kinase receptor that belongs to a family of
four receptors (HER1-4) involved in cell growth, survival, and
proliferation.[?*?!] HER2 is a well-known oncogene, and it is
found overexpressed in multiple types of tumors owing to,
mainly, copy number alteration (CNA) events (amplifications).??]
In EC, although the reported frequencies are variable, it is well
established that HER2 is also found amplified and/or over-
expressed in tumors with high grade histology (~10-80%),!2%!
and that this genetic alteration is frequently associated to TP53

2204211 (6 of 15)  © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 4. Transcriptomic analysis of BX and PDOX tumor pairs. A) Total RNA sequencing for the 15 pairs of BX/PDOX tumors was conducted and
computationally analyzed. BX and PDOX pairs correlated extremely well at transcriptomic level. Spearman’s correlation (rho) p values and p values
indicate the strength and significance of the correlations, respectively. B) Volcano plot depicting differentially expressed genes between PDOXs and
primary tumors (p value < 0.05 and logFC > abs(1.5)). A total of 1146 genes were significantly reduced and only 10 were significantly increased in
the PDOX samples. C) Significantly enriched gene annotations by GSEA from gene ontology biological pathways (GO) and D) hallmarks indicative of
progressive changes in the human tumor microenvironment. E) Transcriptional inference of stroma and immune infiltrates using the MCP-counter
reveals a decrease in the abundance of representative signatures of human T cells, cytotoxic lymphocytes, endothelial cells, and fibroblasts in the PDOX.
F) GSVA analysis of the representation in fibroblastic and endothelial gene annotations from mouse and human specific reads.

mutations.?’] Importantly, HER2 mutations have also been

found in EC, albeit with lower frequency (x~2-3%).1??] Despite
the clinical relevance of HER2 amplification/overexpression and
mutational status in EC is still a matter of intense debate,
HER?2 has attracted attention as a putative therapeutic target. In-

Adv. Sci. 2023, 10, 2204211

deed, not only the inhibition of HER2 has shown potent anti-
cancer effects in vitro and in vivo, alone or in combination,!?*%*]
but also has demonstrated encouraging results in clinical tri-
als. It must be noted, however, that with the exception of
few studies that encompass a reduced number of EC patients
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Figure 5. Mutational characterization of BX and PDOXs and effects of trastuzumab in vivo. A) Dot plot representing the correlation between the number
of mutations in primary tumors and PDOXs. B) Schematic representation of common somatic mutations for several EC-relevant genes between primary
tumors (BX) and their respective PDOX. Gene mutations are ranked from left to right according to percentage of mutations presenting concordance
in relation to all mutations for a given gene in BX (i.e., percentage of mutations for a given gene that are maintained in PDOX models). Missense,
frameshift, and nonsense mutations were detected. Genes highlighted in orange represent druggable genes. C) Lollipop plot and analysis of the HER2
mutational landscape in endometrioid EC. Analysis has been performed on HER2-mutated tumors (n = 31), using the TCGA_ucec dataset. D) Bar
graph showing that ERBB2R75€ mutations account for >15% of HER2 mutations in EC. E) Heatmap and boxplots depicting the variant allele frequency
(VAF) for the three most frequent HER2 mutations in EC: V842I, R678Q, and L755S. F) Generation of tumor spheroids. Left, bright field representative
analysis of untreated and trastuzumab-treated ERBB2R673Q spheres after 24 h. Right, quantification of spheroid perimeters. Statistical significance was
determined by paired Student’s t-test. G) Analysis of Ki67 expression levels by immunofluorescence (IF) in untreated and trastuzumab-treated spheroids
after 24 h. Left, representative IF images. Right, quantification of percentage of Ki67-positive cells and alternative quantification after normalizing Ki67
intensity (arbitrary units) to nuclear area, as previously reported.[’®] H) Analysis of Annexin-V staining by flow cytometry on untreated and 24 h treated
spheroids with trastuzumab. 1) In vivo assessment of trastuzumab anticancer effects on PDOX12, ERBB2R678Q-mutated, mouse model. Females were
treated twice per week with 4 pg kg™! of trastuzumab i.p. for a period for four weeks. Quantification of tumor weight and volume was performed at the
end of the experiment. Statistical significance in in vivo experimentation was assessed by the Mann-Whitney test. Parts of the Figure 5| were drawn
by using pictures from Servier Medical Art. Servier Medical Art by Servier is licensed under a Creative Commons Attribution 3.0 Unported License
(https://creativecommons.org/licenses /by/3.0/).
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with HER2 mutations,?*?%] most of the existing clinical tri-
als assessing anti-HER2 agents in EC are conducted on pa-
tients presenting amplified or overexpressed ERBB2. For in-
stance, existing evidence from the NCT01367002 study indi-
cates that combination of trastuzumab (an anti-HER2 antibody)
with adjuvant paclitaxel-carboplatin increases progression-free
survival rates when compared to the same combination with-
out trastuzumab in advanced/recurrent endometrial cancer pa-
tients with HER overexpression.?**] More recently, results from
the Targeted Agent Profiling and Utilization Registry study
(NCT02693535) also demonstrate the therapeutic benefit of the
combination of trastuzumab with pertuzumab mostly in am-
plified/overexpressed ERBB2/ERBB3 uterine tumors.!?! In this
scenario, we decided to explore the potential use of our PDOX
models to test novel therapeutic strategies by assessing the an-
ticancer efficacy of trastuzumab in HER2-mutated tumors. To
address this, we selected the PDOX12, which harbors a BX12
matched HER2 mutation at the juxtamembrane domain of HER2
(HER2R®78Q), HER2RO78Q represents a suitable experimental con-
text, since this mutation has been reported as the most recurrent
ERBB2 juxtamembrane domain mutation after massive exome
sequencing analysis from ~111 000 cancer patients, represent-
ing ~400 cancer types, including endometrial cancer.*!! Impor-
tantly, HER2R7%Q is regarded as a hotspot mutation(*2**/ (https://
www.cancerhotspots.org) and a driver oncogenic event that con-
fers gain of function features by increasing HER2 phosphoryla-
tion and downstream signaling in bladder cancer and breast ep-
ithelial cells, where it accelerates acinar structure formation and
cell survival.334] Finally, HER2R¢78Q has been shown to confer
sensitivity to trastuzumab in vitro.?"%) In agreement, our analy-
sis of the HER2 mutational landscape across >10 000 tumors us-
ing the cBioportal platform{3®! confirmed that HER2R¢7%Q is one
of the most prevalent mutations in cancer (Figure S4A, Support-
ing Information). Importantly, when we categorized ERBB2R675Q
mutations according to tumor type, we found that >30% of
ERBB2R¢78Q mutations cluster in the endometrial cancer type
(Figure S4B, Supporting Information). Collectively, our data indi-
cate not only that ERBB2R¢%2 is one of the most frequent ERBB2
mutations in cancer globally, but also indicate for the first time
that ERBB2R¢7%C is particularly enriched in endometrial cancer.
Additional analysis using the TCGA_uterine corpus endometrial
cancer (ucec) dataset further demonstrates that this mutation is
the most frequent in endometrioid EC among all ERBB2 muta-
tions (Figure 5C-E).

Next, to explore the effects of trastuzumab, we initially as-
sessed its activity using ex vivo patient-derived organotypic mul-
ticellular tumor spheroids.*”] Despite tumor spheroids do not
fully mimic the 3D conditions of living organs (e.g., vascular-
ization, tissue-tissue interfaces, mechanical pressures or tumor
microenvironment),’®! they are more informative than tradi-
tional 2D cell cultures as tumor spheroids more closely reca-
pitulate certain tissular architecture features (e.g., cell to cell
interactions), and physiological properties of analogous in vivo
tumors.[*’) Hence, spheroids from BX12 were generated and ex-
posed to trastuzumab following previously reported experimen-
tal conditions.l*") As hypothesized, trastuzumab impinged a dra-
matic effect on cell fitness, characterized by a reduction in tumor
spheroid perimeter (Figure 5F) and decreased expression of the
cell proliferation marker Ki67 (Figure 5G). Interestingly, treat-
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ment with trastuzumab also triggered a notable cytotoxic effect,
as measured by apoptosis induction (Figure 5H). On the basis of
these lines of evidence, we resolved to assess the antitumor effect
of trastuzumab in vivo using the ERBB2R3¢-mutated PDOX12.
To this end, the colony of immunosuppressed mouse females
harboring engrafted BX12 tumors in the uterus was expanded
and animals were randomized before treatment. As shown in
Figure 51, treatment with trastuzumab significantly delayed tu-
mor growth, as evidenced by a remarkable reduction in tumor
weight and volume. Altogether, our data demonstrate not only
that PDOXs derived from primary EC biopsies maintain essential
morphologic and molecular features, but that its genetic profiling
can reveal unexpected tumor vulnerabilities that can be used to
advance personalized treatments in endometrial cancer.

3. Discussion

Prior to 1930s-1940s, uterine cervix and uterine corpus cancers
were considered a single epidemiological entity (i.e., uterine can-
cer) that constituted the major cause of biased cancer-related
deaths against women in comparison to men.*!l The implemen-
tation of screenings for the early detection of cervix cancer re-
duced uterine cancer death rates by 80% and represents to date
one of the major achievements in cancer prevention. Unfortu-
nately, in the case of endometrial (or uterine corpus) cancer, the
technological advances accomplished in the cancer arena (e.g.,
robotic surgery, imaging, or pathological analysis) have been
complemented with a scarce increase in therapeutic opportuni-
ties, especially in the area of precision medicine or targeted ther-
apies.

Up to present, Bokhman'’s dualistic model is the most widely
used strategy to classify EC and one of the pillars aiding treatment
decisions.[*?] The model is based on clinical and pathological fea-
tures and broadly classifies ECs into type I or endometroid (EEC)
and type IT or nonendometroid (NEEC) tumors. Type I tumors are
low grade, estrogen-dependent tumors that predominate in pre-
or perimenopausal women and represent ~75% of all diagnosed
ECs. On the other hand, type II ECs are estrogen-independent tu-
mors that mainly develop in older women and present a poor clin-
ical outcome. They include mostly serous and clear cell histolog-
ical subtypes.!*}] Currently, the mainstay approach guiding treat-
ment decisions in endometrial cancer is based on histological
risk criteria that include histological subtype, grade, lymphovas-
cular invasion, and tumor stage,!*) being the International Fed-
eration of Gynecology and Obstetrics (FIGO) staging the single
strongest prognostic parameter for EC patients. However, these
assessments are often challenging and the difficulties that pathol-
ogists sometimes encounter to reach a consensus in the analy-
sis and interpretation of these criteria has hindered the devel-
opment of standardized guidelines to avoid patient under- or
overtreatment. In this line, the discovery in 2013 by the TCGA
consortia of a new classification based on molecular profiling
of EC has shed light onto the different genomic subtypes of
EC, offering the potential to improve EC patient stratification
postsurgery by supporting expert gynecopathologist analyses.[*/]
Importantly, the European Society of Gynaecological Oncology
(ESGO), the European SocieTy for Radiotherapy and Oncology
(ESTRO), and the European Society of Pathology (ESP) ESGO-
ESTRO-ESP guidelines, which represent the main reference on
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evidence-based recommendations for the improvement of care
for women with EC, have incorporated the molecular classifi-
cation as an essential pilar on EC diagnosis and treatment.*]
Moreover, the TCGA_UCEC molecular classification has pro-
vided abundant genetic and epigenetic information with the po-
tential to improve tailored treatments. Results of this study show
that unsupervised hierarchical clustering of somatic copy num-
ber alterations (SNCAs) and exome sequence analysis catego-
rized EC tumors in four groups: group-1 or POLE-ultramutated
(EEC with mutations in POLE, showing high mutation rates,
with low SNCA and associated with good prognosis), group-2
or MSI (EEC with microsatellite instability (hypermutated) and
low SNCA), and group-3 (EEC exhibiting microsatellite stability
and amplification of 1q) showing similar progression-free sur-
vival rates. Finally, group-4 (serous carcinomas (NEEC) and 12%
of EEC, particularly grade 3 tumors) is characterized by present-
ing high SNCA, TP53 mutations, and worse prognosis. One of
the most interesting results is the identification of molecular sim-
ilarities between group-4 and high grade serous ovarian carcino-
mas and basal-like breast tumors, outlining a potential shared
treatment strategy.

Current treatments for EC patients do not substantially dif-
fer from those that have been implemented for decades, and
little advances have been achieved in this underfunded and of-
ten overlooked area of research.l*’! In fact, it is commonly ac-
cepted that traditional chemotherapeutic regimes are less ef-
fective in EC when compared with cancers of other organs,
greatly emphasizing the urgent need to identify new molecu-
lar targets and treatment options. The discovery and emergence
of the TCGA_ucec-based genomic information is thus expected
to hasten the discovery of new molecular targets and strategies
to combat EC in the future. Some of the most promising tar-
geted therapies currently being assessed include those that in-
volve the inhibition of the phosphatidylinositol-3-kinase(PI3K)-
mammalian target of rapamycin (mTOR), PI3K-mTOR path-
way, FGFR2, or RAS—-mitogen activated protein kinase (MAPK)
while, most recently, immunotherapy has become the primary
approach in many trials.’! In this line, the approval in May
2017 by the U.S. Food and Drug Administration (FDA) of pem-
brolizumab for the treatment of refractory microsatellite (MS)
instable-high/mismatch-repair (MMR)-deficient EC,[¥’! the ap-
proval in 2019 of pembrolizumab combined with lenvatinib for
the treatment of progressed MMR proficient/MS stable EC,“]
and the recent approval of dostarlimab for the treatment of ad-
vanced MSI endometrial cancer!***%! have significantly improved
the clinical management of this disease. However, despite our
knowledge of EC has increased considerably over the last decade,
EC treatment still lags far behind other types of malignancies in
the area of precision medicine. The lack of proper experimental
model systems at the preclinical triage still represents a major im-
pediment precluding success of anticancer drug assessment in
clinical trials. Consequently, the future implementation of novel,
more efficient and less toxic treatment options in EC must stem
from accelerated and improved transferability success of “from
bench to bedside” studies, one of the major bottlenecks that ham-
per therapeutic compound approval. In this line, despite several
novel therapies are supported by conventional in vitro/in vivo
preclinical evidences, the efficacy to translate these findings into
the clinic has remained extremely low!°?] and successful drugs

Adv. Sci. 2023, 10, 2204211

www.advancedscience.com

in preclinical testing often fail upon reaching phase III clinical
trials.>3] Accordingly, only 5% of compounds with validated pre-
clinical anticancer properties are approved by the FDA for clin-
ical implementation.l®* The reasons behind these low success
rates could lie in the inability of commonly established preclin-
ical models to recapitulate the complexity of a patient tumor,>?!
the discrepancies observed, over time and with increased cell pas-
saging, between the primary tumor and its derived cell line,* or
the limited value of conventional cell lines to predict treatment
response.l?]

In a recent pilot study from our laboratory, we reported the an-
ticancer properties of the autophagy inhibitor chloroquine com-
bined with sorafenib in three PDOX EC models.[®! The robust-
ness of the assay combined with an evident translational poten-
tial prompted us to further characterize this experimental sys-
tem by expanding this methodology to the most frequent EC
molecular subtypes and by interrogating primary tumor-PDOX
resemblance through genetic and transcriptomic approaches. To
achieve this and to overcome all the aforementioned experimen-
tal limitations, we have expanded our knowledge on EC by gen-
erating direct orthotopic xenograft models from 15 EC patients.
Although the generation of panels of >10 subcutaneous and/or
subrenal EC PDX have been described in the recent years,!>’-!]
to the best of our knowledge, no other attempts to systemati-
cally implant and profile at a genome-wide scale matched pri-
mary tumor and orthotopically inserted primary-derived EC tis-
sue in mice have been reported. Importantly, we provide abun-
dant data demonstrating that implantation and engraftment of
primary EC tissue in the mouse uterus can regenerate the human
tumor in mice. In this regard, it is well recognized that the site
of implantation (heterotopic vs orthotopic) can influence not only
tumor growth, desmoplasia, vascularization, stromal infiltration,
and response to antineoplastic treatments but also dramatically
affect the metastatic behavior, being heterotopic PDX less able
to better recapitulate the tumor progression observed in cancer
patients.[%2-%¢] Altogether, our experimental system aims at mir-
roring as close as possible the patient’s tumor by preserving the
natural setting of the disease through an orthotopic implantation.

Our data indicate that PDOX tumors recapitulate the main
morphological, molecular, and transcriptomic features of the pri-
mary tumor, can be expanded in recipient mice (avatars), and can
be used to explore the therapeutic potential of targeted therapeu-
tic compounds. Accordingly, in this study, we performed a suc-
cessful in vivo analysis using trastuzumab, an inhibitor of HER2
with growing interest in EC clinical management,[262%3% after the
identification of an actionable mutation (ERBB2R¢7%9) in the pri-
mary and the corresponding PDOX tumor. Interestingly, we have
also found not only that ERBB2R%Q represents the main mis-
sense mutation in endometrioid EC but also that it can be tar-
geted in PDOX tumors which, to the best of our knowledge, con-
stitutes the first demonstration that this mutation can be pharma-
cologically tackled in vivo. However, it must be noted that other
relevant endometrial cancer related genes (e.g., AT-rich interac-
tion domain 1A, ARID1A) were not included in our gene panel,
which represents a limitation in our study. Thus, our data demon-
strate that the retention of essential morphologic, genetic, and
transcriptomic tumor traits within the PDOX models can be har-
nessed to tailor patient treatment in real time and maximize ther-
apeutic benefit. Importantly, this system could potentially be also
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used to anticipate and predict tumor progression when included
in coclinical trials.

Finally, our data also demonstrate that tumors engrafted in
vivo may present features that can differ from the original tu-
mor biopsy, as demonstrated by the detection of increased his-
tological grade (e.g., PDOX3), or the progression into more ag-
gressive histological types (such as TP53-positive serous carci-
noma in the case of PDOX13, or undifferentiated carcinoma as
seen in PDOX7). While many factors may contribute to these
differences, |~ it seems clear that, in light of our findings,
the orthotopic perpetuation of EC in mice may allow certain
PDOX the opportunity to progress “in vivo” long after surgi-
cal resection. Strikingly, these observations maintain the paral-
lelism with what can be seen in patients, since transformation
of a preexisting endometrioid carcinoma into these aggressive
histological types is a well-recognized phenomenon and exam-
ples of mixed endometrioid-serous carcinomas!’’! or dedifferen-
tiated carcinomas (endometrioid carcinomas with undifferenti-
ated carcinoma)!’!! have been previously reported. Interestingly,
recent data obtained by microdissection followed by DNA se-
quencing have demonstrated that, in the cases presenting a mor-
phologic merge between these different tumor entities, the ag-
gressive histological type results from the progression of the en-
dometrioid component.l®727>] Hence, our study shows not only
that PDOX tumors may recapitulate the morphologic, immuno-
histochemical, and molecular features of the primary tumor, but
also that it may provide a dynamic “in vivo” model to deepen
unresolved questions in EC progression from a biological and
mechanistic point of view.

Altogether, while these observations warrant additional stud-
ies in the PDX arena, our data indicate that EC-patient-derived
PDOX models unambiguously represent suitable tools to en-
hance endometrial cancer research in the forthcoming years.

4. Experimental Section

Establishment of PDOX in Mice and Treatment: Primary sample col-
lection and tumor engraftment were approved by the IDIBELL Commit-
tee for Animal Experimentation (CEIC Bellvitge Hospital approval ref-
erence number PR047/18). Endometrioid endometrial tumors were ob-
tained at the HUB/Bellvitge Hospital and the Catalan Institute of Oncol-
ogy between 2010 and 2015. Ethical and legal protection guidelines of
human subjects, including informed consent from the patient to implant
the tumor in mice, were strictly followed and conducted according to the
procedure 9111, assigned to AlbertoVillanueva, which was approved by
the Generalitat de Catalunya. Selected nonnecrotic tissue fragments (2—
3 mm?) from resected tumors were placed in supplemented Dulbecco’s
modified Eagle medium (DMEM) (10% fetal bovine serum, FBS, and
penicillin/streptomycin) at room temperature. Six week old Hsd:Athymic
Nude-Foxn 1™ mouse females were subjected to a lateral laparotomy (n =
2 to 4) under isofluorane-induced anesthesia. Animal uteri were exposed
and then, primary tumor resected pieces were anchored using prolene 7.0
sutures. Finally, the abdominal incision was closed with surgery staples.
Tumor growth was monitored by careful inspection and abdominal pal-
pation twice per week, for the generation of PDOX cohort and during in
vivo treatments and harvested when the tumor reached a certain volume
(~300-500 mm?).I%¢] Thereafter, small fragments of the tumor were trans-
planted into 2 to 4 new mice. For subsequent implantation, engrafted tu-
mors at early mouse passages (#1-3) were cut in 6-8 mm3 fragments and
stored in liquid nitrogen in FBS-10% dimethyl sulfoxide. Animals were
housed in a sterile environment, cages and water were autoclaved, and
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bedding and food were y-ray sterilized. For tumor characterization, i.e., im-
munohistochemical analysis and molecular studies, early passage 1 (P1)
tumors were selected. For trastuzumab treatment in vivo, engrafted tu-
mors at early mouse passage 2 (P2) were used. Females orthotopically
harboring the ERBB2-mutated BX12 tumor were randomized and treated
with 4 pg kg™! of intraperitoneally (i.p.) injected trastuzumab for 4 weeks,
twice per week. Total time elapsed for the in vivo experimentation was 85
days, 55 days between tumor engraftment until treatment, and 30 days
of trastuzumab experimentation. A control group of females (n = 5) har-
boring ERBB2-mutated BX12 was used as surrogate controls to indirectly
estimate tumor growth of the experimental cohort. All animals were culled,
and tumors were resected in parallel the same day. Trastuzumab was pur-
chased from the HUB pharmacy service.

Generation and Analysis of Patient-Derived Organotypic Multicellular Tu-
mor Spheroids:  Tumor samples were collected in DMEM (Gibco, 11965-
092) and transported to the laboratory at 4 °C. Samples were transferred
to a 10 cm tissue culture dish and minced into small pieces (2 mm or
smaller) with a sterile scalpel. Fragments were collected in a tube with
20 mL of sterile phosphate-buffered saline (PBS) and centrifuged at 200 g
for 5 min. After that, minced samples were resuspended in DMEM supple-
mented with Liberase DH (Roche, 05401054) at 0.28 u mL~" and digested
for 1-2 h at 37 °C. Sample aliquots were observed every 20 min under opti-
cal microscopy to check for small cell aggregates. After digestion, samples
were centrifuged at 200 g for 5 min, after which pellets were resuspended
in 20 mL of PBS. Thereafter, samples were filtered through a 100 um cell
strainer and the filtrate was transferred to a 50 mL tube. Samples were
finally centrifuged at 200 g for 5 min and the pellet containing spheroids
was cultured in 6-well ultralow attachment plates with Mammocult hu-
man medium kit (StemCell Technologies, 05620) supplemented with 4 pg
mL~" of heparin (StemCell Technologies, 7980) and 0.48 pg mL™" of hy-
drocortisone solution (StemCell Technologies, 07925) at 37 °C and 5%
CO,. After 10 days in culture, spheroids were collected, and media was re-
moved after centrifugation at 100 g for 5 min. Fresh media containing 50 ug
mL~" of trastuzumab (Selleckchem, A2007) was added and the spheroids
were kept in 6-well ultralow attachment plate during 24 h at 37 °C
and 5% CO,.

To analyze cell viability by flow cytometry, tumor spheroids were dis-
aggregated after incubating with 200 pL of TrypLE Express (Gibco, 12604-
013) at 37 °C for 20-30 min. Samples were then brought to single cell
suspensions by gentle pipetting, after which they were washed with PBS
and resuspended in 500 pL of binding buffer (BD Biosciences, 556454)
with 5 pL fluorescein-isothiocyanate-conjugated Annexin V (Immunostep
S.L., ANXVDY-200T) and 5 pL propidium iodide (PI) staining solution (BD
Biosciences, 51-66211E). Cells were incubated on ice for 30 min and ana-
lyzed using the FlowJo and Kaluza softwares. To estimate spheroid perime-
ters, 10x spheroid images were captured on an Olympus IX70 inverted
microscope. Perimeters were then measured using the Image) software.
To perform Ki67 immunofluorescent stainings, spheroids were embed-
ded in Histogel (Life Technologies S.A., HG-4000-012) and fixed in 4%
paraformaldehyde (Life Technologies S.A., 28908) overnight at room tem-
perature. After that, spheroids were embedded in paraffin and the im-
munofluorescence staining was performed as follows: first, paraffin sec-
tions were dewaxed and rehydrated to carry out an antigen retrieval with
citrate buffer at pH = 6 on a DeCloaking chamber. For the immunodetec-
tion, samples were washed with tris-buffered saline (TBS) 3 times for 5
min, blocked with TBS + 0.5% triton + 3% donkey serum for 1 h at room
temperature, and finally incubated with 1:100 purified mouse anti-Ki67
(BD Pharmigen, 550609) for 48 h at 4 °C. A goat anti-mouse immunoglob-
ulin G (IgG, (H+L)) Alexa Fluor 568 (TermoFisher Scientific, A-11004) was
used as secondary antibody. Nuclei were stained with 4’,6-diamidino-2-
phenylindole (DAPI) (Invitrogen, D21490). Differences in Ki67 expression
by immunofluorescence were conducted as previously reported:7®l nu-
clear DAPI stainings were used to estimate nuclei dimensions using Im-
age) on images captured on a Nikon Eclipse 80i vertical fluorescence mi-
croscope. Then, the Image] ROl Manager tool was used to measure the
Ki67 fluorescence intensity after which the intensity of Ki67 staining per
nuclei was normalized to its respective area. Alternatively, overlaid DAPI-
Ki67 images were used to calculate the percentage of Ki67-positive nuclei.
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Statistical significances for all experimental procedures involving tumor
spheroids were determined by Student’s t-test.

Primary Tissue Analysis:  Immunohistochemical studies: tissue blocks
were sectioned at thickness of 3 um, dried for 1 h at 65 °C before pretreat-
ment procedure of deparaffinization, rehydration, and epitope retrieval in
the Pretreatment Module, PT-LINK (Agilent Technologies-DAKO, Santa
Clara, CA, USA) at 95 °C for 20 min in 50x Tris/EDTA (ethylenediaminete-
traacetic acid) buffer, pH 9. Before staining the sections, endogenous per-
oxidase was blocked. The antibodies used were against P53 (ready to use,
clone DO-7), p-catenin (ready to use, clone f-catenin-1), PTEN (1:100 di-
lution, clone 6H2.1), ESR (ready to use, clone 1D5), MSHG6 (ready to use,
clone EP49), PMS2 (ready to use, clone EP51 from Agilent Technologies-
DAKO, Santa Clara, CA, USA), IMP2 (1:100 dilution, clone EPR6741 from
Abcam, Cambridge, MA), and p16 (clone E6H4, Roche Diagnostics). Af-
ter incubation, the reaction was visualized with the EnVision FLEX De-
tection Kit for P53, ER, MSH6 PMS2, IMP2, and p16 or EnVision FLEX+
Mouse/Rabbit Linker Detection Kit (Agilent Technologies-DAKO, Santa
Clara, CA, USA) for PTEN and p-catenin, using diaminobenzidine chro-
mogen as a substrate. Slides were counterstained with hematoxylin. Im-
munoexpression was graded semiquantitatively by considering the per-
centage and the intensity of the staining. Histological scores (Hs) from
two independent pathologists were obtained from each sample, encom-
passing values from 0 (no immunoreaction) to 300 (maximum immunore-
activity). The score was obtained by applying the following formula, Hs =
1x (% light staining) + 2x (% moderate staining) + 3x (% strong staining),
as previously reported.l’””] Identification of POLE-mutated tumors: POLE
mutation status was determined after the identification of pathogenic mu-
tations in the POLE exonuclease domain (exons 9-14) by Sanger sequenc-
ing and analysis with the SeqStudio genetic analyzer (Applied Biosys-
tems).

DNA Extraction and Amplicon Seq VHIO-Card: DNA extraction was
performed from 5 x 10 um sliced sections of formalin-fixed paraffin-
embedded (FFPE) material using the Maxwell FFPE Tissue LEV DNA Pu-
rification Kit. Tumor area content was evaluated by a pathologist. A mini-
mum tumor content was set to 20%, in order to allow detection of 5% min-
imum allele frequency mutations. An initial multiplex-polymerase chain re-
action with a proofreading polymerase was performed on samples using a
panel of over 800 primer pairs targeting frequent mutations in oncogenes
plus several tumor suppressors, totaling 57 genes (Table S4, Supporting
Information). Indexed libraries were pooled and loaded onto a HiSeq in-
strument and sequencing performed (2 x 100). Initial alignment was per-
formed with Burrows-Wheeler Aligner (BWA) after primer sequence clip-
ping and variant calling performed with the GATK Unified Genotyper and
VarScan2 followed by ANNOVAR annotation. Somatic single nucleotide
polymorphisms (SNPs) were filtered out with dbSNP and 1000 genome
datasets (minor allele frequency MAF > 0.05). All detected variants were
manually checked.

RNA Extraction: Total RNA was isolated from primary tumors (BX)
and PDOX tumors from mice using the RNeasy Micro kit (Qiagen, 74004)
according to the manufacturer instructions. Total RNA concentration was
determined on a Thermo Scientific NanoDrop 2000c UV-vis Spectropho-
tometer (Thermo Scientific, Wilmington, DE). RNA integrity number was
assessed using an Agilent 2100 Bioanalyzer to determine the quality of
RNA.

RNA-Seq: RNA_sequencing data that support the findings of this
study were deposited in the Gene Expression Omnibus (https://www.
ncbi.nlm.nih.gov/geo/) under accession number GSE214657. Stranded 2
X 75 bp single end polyA capture messenger RNA (mRNA) sequencing
was performed on a NextSeq500 lllumina sequencing platform at New-
castle University Genomics Core Facility (https://www.ncl.ac.uk/gcf/).
Raw files were merged, and quality control assessed by FastQC analy-
sis (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Trim-
momatic softwarel’8] was used to trim Illumina adaptors and bad qual-
ity reads. Then, reads were mapped over human reference transcriptome
(hg19/GRCh38) with STAR.I”?] An annotation file in general transfer for-
mat (GTF) (downloaded from the UCSC Table Browser, using RefSeq
genes table)[®] including 23 687 genes and 41 970 transcript isoforms
was used for the indexing step. Samples from xenografts were aligned
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against mouse transcriptome (mm10/GRCm38), previously indexed. R
package XenofilteR[®'] was used for deconvolution of mouse and human
reads on xenografts samples. XenofilteR is an accurate method developed
to remove sequence reads of mouse origin from human sequences in
DNA and RNA-seq data with high sensitivity results. After removal of the
mouse-derived reads, aligned sequences were quantified with RNA-Seq by
Expectation-Maximization software (RSEM),[82] and gene expression ma-
trix was extracted as transcripts per million and then transformed to log2
scale. Finally, not expressed genes were removed and an adjustment for
reduction of the batch effect was performed with ComBat function from R
package sva.

DEG and Functional Analysis:  To identify enrichment in specific cellular
functions and pathways, a GSEA!'’] was performed comparing “Primary
Tumor” samples versus “Xenografts—PDOXs"” samples. GSEA performs
a functional enrichment analysis under different conditions by nonpara-
metric test of equality of distributions. Hallmarks collection from MsigDB
was interrogated, including a total of 50 gene sets that summarized the
most representative biological states and processes. A differential Expres-
sion Analysis was performed to identify DEGs between primary tumors
and PDOXGs. A linear model was fitted using the R package Limma,[33] and
a list of DEG with p-value < 0.05 and logFC > abs(1.5) was extracted.

Stromal Cell Infiltration Analysis: The R package MCP-counter!'®] was
used to quantify infiltration of nine cell types, including T and B lym-
phocytes, natural killer (NK) cells, monocytic lineage cells, myeloid den-
dritic cells, neutrophils, endothelial cells, and fibroblasts. Comparisons of
cell types between groups were performed using nonparametric Mann—
Whitney test, and differences were considered significant when p < 0.05. In
order to infer the specie originating the tumor microenvironment cells (hu-
man or mouse) in the PDOX samples, four MCP-counter gene sets (T cells,
cytotoxic lymphocytes, endothelial cells, and fibroblasts) were selected.
Then, gene set variation analysis from R package “GSVA” was performed
using those gene profiles to obtain the enrichment scores.!’”] GSVA was
performed both over the human expression matrix and the mouse expres-
sion matrix. The resulting scores were compared by the Mann—\Whitney
test.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Table S1: Patients characteristics

Age
Mean (+sd)
Median

BMI
Mean (+sd)
Median

Tumor type

Endometrioid
Mixed (90%
endometroid)

Grade

ncz

Treatment
None

BT
BT+RT
CT+RT

Recurrence
No
Yes

Death
No
Yes

Follow-up

(N=15)

61.1 (£13.9)

59

(N=15)
30.3 (5.1)
315

(N=15)
14 (93.3%)

1(6.7%)

(N=15)
6 (40%)
4 (26.7%)
5 (33.3%)

(N=15)
10 (66.7%)
2 (13.3%)
2 (13.3%)
1(6.7%)

(N=15)

7 (46.7%)
4 (26.7%)
3 (20.0%)
1(6.7%)

(N=15)
13 (86.7%)
2 (13.3%)
(N=15)
14 (93,3%)
1(6,7%)

(N=15)

192



Mean months (CI) 59.27 (47.30-71.23)

PDOX growth time (N=15)
Mean days (Cl) 102.47 (84.57-120.36)
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Table S2: Individual patient clinical parameters

Patient

D P aAo©WO®NO O WN =

Age

49
50
73
35
85
77
59
67
54
84
51
61
58
59

54

BMI

24
34
36
21
32.1
31
23.3
27.8
39
31.5
25
33.8
30.9
34
31.7

Treatment

BT
BT
None
CT+RT
BT+RT
None
BT+RT
None
None
None
BT
BT+RT
None
None

BT

Time-elapsed after primary tumor
PDOX engraftment to first
passage in mice
128
115
49
113
30
99
109
79
98
120
90
152
96
113

146
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Table S4. Differentially expressed genes PDOX vs BX

Gene logFC AveExpr t P.Value adj.P.val B statistic
C1QB -7,814922925 1,868216456 -22,39080318 4,15916E-21 5,08307E-17 37,6826424
C1QA -7,66019027 1,799580054 -21,66837235 1,11456E-20 5,08307E-17 36,76541243
TYROBP  -6,963280723 1,567376174 -21,64417598 1,15255E-20 5,08307E-17 36,73413673
c1QcC -7,412964263 1,598733799 -21,55820184 1,29864E-20 5,08307E-17 36,6227118
CLEC14A -5,587954538 0,717256717 -21,46638945 1,47583E-20 5,08307E-17 36,50320678
SPI1 -5,444553187 0,707378125 -20,18458471 9,26759E-20 2,65995E-16 34,77743355
SLAMF8  -5,496187136 0,695962838 -19,3851532 3,06896E-19 6,68589E-16 33,64402193
FCER1G -6,12959568 2,017399602 -19,37729833 3,10592E-19 6,68589E-16 33,63265678
ABI3 -4,66939749 0,295453738 -19,2351486 3,86008E-19 7,38604E-16 33,42619432
DCN -7,912376879 2,860590238 -18,89782777 6,5013E-19  1,11959E-15 32,93021726
AlF1 -6,179118086 1,036547619 -18,6721115 9,25558E-19 1,449E-15 32,59350598
FCGR3A -7,165966752 1,628361201 -18,41852404 1,38233E-18 1,98376E-15 32,21050324
MPEGH1 -5,911680551 0,956197276 -18,29383127 1,68658E-18 2,23421E-15 32,02031775
APBB1IP  -4,580569852 0,182536593 -17,87256461 3,33081E-18 4,09713E-15 31,36854937
CD93 -6,414983117 1,236691756 -17,78718385 3,82956E-18 4,39659E-15 31,23468613
FCGR2A  -6,608132982 1,386464083 -17,74591951 4,09753E-18 4,41022E-15 31,1697741
CD2 -5,694804974 0,852421511 -17,58987979 5,29792E-18 5,36679E-15 30,92302868
SPARC -9,141039395 4,207004753 -17,2772907 8,91442E-18 8,52863E-15 30,42254957
CYTH4 -5,048042807 0,600751332 -16,95232521 1,54376E-17 1,34053E-14 29,89333418
ELTD1 -5,61363943 0,814504256 -16,93232567 1,59726E-17 1,34053E-14 29,86046236
CSF1R -6,023060225 1,249842964 -16,91873724 1,6347E-17  1,34053E-14 29,83810786
RGS1 -7,335967252 1,739307808 -16,68924523 2,42306E-17 1,89671E-14 29,45808693
SLA -5,643033916 0,837008861 -16,5529819 3,06723E-17 2,29655E-14 29,23020781
CYYR1 -5,036357229 0,410430282 -16,28069082 4,93585E-17 3,54167E-14 28,76976765
FLI1 -4,980161875 0,56454293 -16,17588776 5,93768E-17 4,09011E-14 28,59072044
MS4A6A -6,40371989 1,1169257  -16,00573571 8,03143E-17 5,27464E-14 28,29783731
GIMAP6 -4,7393148  0,407609434 -15,98933095 8,26985E-17 5,27464E-14 28,26945527
PLVAP -6,255626616 1,920225786 -15,93044753 9,18724E-17 5,65048E-14 28,16736985
TMEM204 -4,644736136 0,426445028 -15,90771249 9,56887E-17 5,68226E-14 28,12786603
LCP2 -5,736803542 0,89674134 -15,86055586 1,04132E-16 5,97755E-14 28,04577042
MRVI1 -5,322397915 0,963304103 -15,64627091 1,53303E-16 8,51623E-14 27,67002284
CD3E -4,892186917 0,737502524 -15,57963739 1,7304E-16  9,31223E-14 27,55227301
STAB1 -5,938827953 2,278400619 -15,46269602 2,14225E-16 1,09724E-13 27,34457073
ROBO4 -4,876452814 0,330478074 -15,45659621 2,16632E-16 1,09724E-13 27,33369976
COL15A1 -6,422871146 1,763815365 -15,32638371 2,75196E-16 1,35404E-13 27,10075767
CCR5 -4,57634218 0,180422757 -15,25280934 3,15254E-16 1,50805E-13 26,96839071
SASH3 -4,992300421 0,687620781 -15,05875286 4,52247E-16  2,1049E-13 26,61665211
GYPC -4,94670184 0,466278541 -15,02978219 4,77424E-16 2,16361E-13 26,56381356
NDN -4,942256415 0,476253756 -15,01282701 4,92822E-16 2,17612E-13 26,53284991
PDGFRB -6,886855887 2,283122905 -14,99118579 5,13219E-16 2,20954E-13 26,49328592
GNLY -5,179000123 0,504565816 -14,94023645 5,64736E-16 2,37203E-13 26,39995213
EVI2B -5,300023245 0,661686826 -14,84456442 6,76307E-16 2,71133E-13 26,22396994
CD37 -4,487694842 0,157454344 -14,84401745 6,77006E-16 2,71133E-13 26,22296111
CXorf36 -4,683596467 0,234049901 -14,71652305 8,62048E-16 3,37394E-13 25,98696381
RAMP3 -5,455866508 0,814887089 -14,53805405 1,21222E-15 4,63901E-13 25,65375569
TREM2 -4,598552086 0,297242479 -14,51496872 1,26715E-15 4,74384E-13 25,61040931
CD247 -4,016658163 0,035744818 -14,41627501 1,53243E-15 5,6149E-13 25,42445796
LST1 -5,417246617 0,709925566 -14,32473763 1,82946E-15 6,56358E-13 25,25106065
DOK2 -3,744463153 -0,153983556 -14,2975389 1,92866E-15 6,77826E-13 25,19936539
LILRB4 -5,137129491 0,486844614 -14,21056925 2,28455E-15 7,86843E-13 25,03353112
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ITGAX
PTPRC
RASAL3
HCK
CD84
LAIR1
IL16
TRAF3IP3
VSIG4
TIGIT
DOCK?2
FCGR1A
HOXD10
GIMAP1
IGLL5
SPN
LILRB2
ADORA3
ARHGAP9
VWF
COL3A1
CD52
ARHGAP25
IKZF1
GIMAP7
NKG7
CNRIP1
HAVCR2
ANGPT2
FCGR2B
PLEK
FLT1
GPR116
FPR3
ZEB2
C3AR1
FNDCA1
GGT5
GPR4
CD53
IL10RA
A2M
FGR
GZMA
CXCL9
FERMT3
IGSF6
NLRC3
APOC2
TESPA1
CCL3
SFRP4
MYCT1

-5,48024372
-6,45268209
-4,017620404
-5,005590274
-4,852444959
-5,001141552
-4,470612103
-3,982412551
-5,311579787
-4,629314868
-4,593025189
-4,914697064
-4,608815104
-3,4874944
-8,478650234
-3,729564621
-4,62087369
-3,604059193
-4,482836457
-5,849211507
-8,647755135
-5,943181402
-4,648960956
-4,410421333
-4,368013341
-4,972885178
-4,129165903
-5,003847329
-5,900526221
-5,169034647
-5,76174741
-5,963811996
-5,000684407
-4,930021882
-5,132420072
-5,126822576
-4,565656225
-4,33454745
-3,877871766
-6,037901657
-4,689022902
-7,722541104
-4,851095032
-5,3202227
-6,681974115
-3,523580879
-4,268014344
-3,558224006
-4,86287055
-2,76543485
-5,202834279
-6,431590506
-3,830580752

1,322660245
1,382046501
0,47345537
0,709010789
0,318474147
0,904185524
0,780129083
-0,047550683
0,579069341
0,282714287
0,26203482
0,349600199
0,385950336
-0,309551203
2,321861191
-0,181237508
0,202688512
-0,14828729
0,6913504
2,882184865
4,456930782
1,217293922
0,926310079
0,522711158
0,315045484
0,447197582
0,003003879
0,878810438
1,75635974
0,47676899
1,129824181
2,152036929
1,111506685
0,411104476
0,887809771
0,455662955
0,403478957
0,750049659
-0,145903675
1,842461847
1,17096223
3,972616434
0,630816439
0,826330751
1,490395915
1,865521815
0,08070877
0,060574432
0,528990322
-0,725030908
0,562172132
1,545725076
-0,151060907

-14,19380007
-14,17927669
-14,16489507
-14,09246755
-14,01083357
-13,97995127
-13,8913048
-13,7870555
-13,74277986
-13,70724077
-13,67465597
-13,64229648
-13,64121436
-13,68779552
-13,58727977
-13,57772615
-13,54385484
-13,47470295
-13,45693274
-13,44949308
-13,34925235
-13,29549026
-13,28269517
-13,24487195
-13,19292101
-13,18270735
-13,17250146
-13,15379566
-13,14415673
-13,1040207
-13,07080415
-13,05482921
-13,0156517
-13,01103197
-13,00002066
-12,94764529
-12,90996727
-12,88937324
-12,88074184
-12,87123964
-12,81250983
-12,78768245
-12,74251693
-12,73307596
-12,71000549
-12,64090522
-12,51053769
-12,49465931
-12,47998883
-12,47804211
-12,42435416
-12,42221737
-12,35439334
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2,36058E-15
2,42853E-15
2,49779E-15
2,87873E-15
3,38035E-15
3,569277E-15
4,28194E-15
5,26889E-15
5,75605E-15
6,18041E-15
6,59769E-15
7,04074E-15
7,05608E-15
7,85719E-15
7,86537E-15
8,01837E-15
8,568585E-15
9,87595E-15
1,02385E-14
1,03944E-14
1,27479E-14
1,42289E-14
1,46067E-14
1,57848E-14
1,75638E-14
1,79371E-14
1,83182E-14
1,90385E-14
1,94209E-14
2,11E-14
2,26019E-14
2,33628E-14
2,53422E-14
2,55867E-14
2,61792E-14
2,91963E-14
3,15856E-14
3,29754E-14
3,35763E-14
3,4251E-14
3,87407E-14
4,08162E-14
4,48892E-14
4,57919E-14
4,80771E-14
5,66471E-14
7,34336E-14
7,59667E-14
7,83868E-14
7,87138E-14
8,83056E-14
8,87113E-14
1,02631E-13

7,97088E-13
8,04262E-13
8,11593E-13
9,18049E-13
1,05842E-12
1,10484E-12
1,29367E-12
1,56441E-12
1,68008E-12
1,77388E-12
1,8626E-12
1,92877E-12
1,92877E-12
2,08384E-12
2,08384E-12
2,09219E-12
2,20682E-12
2,50108E-12
2,565533E-12
2,565716E-12
3,09199E-12
3,40328E-12
3,44578E-12
3,67338E-12
4,03288E-12
4,0644E-12
4,09686E-12
4,20336E-12
4,23352E-12
4,54204E-12
4,80527E-12
4,90648E-12
5,24557E-12
5,24557E-12
5,30391E-12
5,8464E-12
6,25213E-12
6,45305E-12
6,49683E-12
6,55373E-12
7,33136E-12
7,64017E-12
8,31222E-12
8,38918E-12
8,71512E-12
9,98228E-12
1,30371E-11
1,33492E-11
1,35553E-11
1,35553E-11
1,49774E-11
1,49774E-11
1,71593E-11

25,00146144
24,97366199
24,94611133
24,80702065
24,64956224
24,58980462
24,41768799
24,21416135
24,12735488
24,05751831
23,99336242
23,9295318

23,92739522
23,82175879
23,82073731
23,80181031
23,73462323
23,59704851
23,56160735
23,54675887
23,34607417
23,23796465
23,21218597
23,13587151
23,03078147
23,01008363
22,989389%4

22,95142856
22,93185177
22,85021813
22,78251551
22,74990898
22,66981658
22,66036033
22,63781087
22,53035823
22,45285777
22,41042647
22,39262762
22,37302284
22,25161398
22,20016596
22,10638356
22,0867493

22,03872491
21,89449999
21,62082755
21,58735409
21,55639973
21,55229022
21,43877321
21,43424792
21,2903197



CD27
TNFAIP8L2
GMFG
AMICA1
NCKAP1L
FYB
ISLR
SAMD3
COLG6A3
LILRB3
IL2RB
CXCRG6
INMT
RGS5
LAPTM5
CD163
MMRN1
CARD11
ITK
NTM
KLRK1
SIGLEC10
MYO1G
MS4A4A
IFFO1
GIMAP8
ITGAL
LILRB1
SLAMF7
CSF2RB
NID2
MS4A7
C1orf162
EMCN
CD86
HK3
SLAMF6
EVI2A
GIMAP4
OLFML2B
SH2D3C
SIGLEC9
SRGN
THBS2
PRKCB
SPARCL1
GPR65
1GJ
BIN2
CLEC2B
RUNX1T1
CXCL12
IL21R

-4,239336671
-3,921301897
-5,108151576
-4,231808232
-4,692905181
-4,893387514
-6,035650956
-3,086838379
-7,328289567
-4,176036321
-4,528343545
-4,307170052
-3,258579073
-4,633747438
-6,42203236
-5,940132615
-4,255274808
-3,211026544
-4,120850039
-3,584182066
-4,231981835
-4,421829043
-3,41572415
-4,610229929
-3,673719489
-4,039437563
-4,63857996
-3,737314085
-5,281770396
-4,627978573
-4,833074577
-4,883247561
-3,664858686
-4,314929829
-4,732927618
-3,815060598
-3,750392007
-5,339623214
-5,5616421
-4,70898361
-3,948405243
-2,853873394
-6,714019653
-5,913176652
-3,859693536
-6,854973046
-3,99912998
-7,400688599
-4,18294869
-5,303944767
-3,514578639
-5,282811833
-3,520453397

0,158549035
-0,147097384
0,715626965
0,374251873
0,938864486
0,98972134
2,545338612
-0,541515056
3,430832427
-0,019730172
1,013340625
0,076864474
-0,376877899
3,826987826
3,724157134
0,973406238
0,134115259
-0,296472951
-0,047323313
-0,114164657
0,079993649
0,103166188
0,117873146
0,228394413
0,581508829
0,372274734
1,188514212
0,063082122
0,891770568
0,238015192
0,722322599
0,392499873
1,20135071
0,08149082
0,64365662
-0,009340655
-0,191311585
0,670168608
1,098532171
1,671446235
0,528721523
-0,639570892
2,420742268
1,469463165
-0,045931403
2,903330912
0,05086723
1,963616011
0,603575063
1,173836468
-0,125848855
0,596253583
-0,32461286

-12,3267838
-12,32088049
-12,28350711
-12,25454325
-12,22666414
-12,15118114
-12,12443246
-12,07550287
-12,05662211
-12,04292842
-12,01969715
-11,97446262
-11,96076323
-11,95988004
-11,94918083
-11,92826918
-11,91768235
-11,8801585
-11,87627665
-11,84646098
-11,83342156
-11,80807771
-11,75818575
-11,75128161
-11,74875314
-11,71031967
-11,66630565
-11,66354509
-11,63936778
-11,63603547
-11,62766172
-11,60171928
-11,56886491
-11,52396229
-11,51663087
-11,47203467
-11,43082458
-11,36794252
-11,36490654
-11,35360313
-11,2426213
-11,16023896
-11,12062908
-11,11297322
-11,09721498
-11,09399278
-11,04853621
-11,02298653
-10,98118737
-10,9786337
-10,92435519
-10,91512452
-10,89077892
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1,08921E-13
1,10317E-13
1,19587E-13
1,27318E-13
1,35244E-13
1,59341E-13
1,68901E-13
1,87938E-13
1,9586E-13
2,01819E-13
2,12356E-13
2,34522E-13
2,41692E-13
2,42162E-13
2,4793E-13
2,59612E-13
2,6574E-13
2,8868E-13
2,91166E-13
3,11008E-13
3,20116E-13
3,38608E-13
3,78277E-13
3,8413E-13
3,86296E-13
4,20815E-13
4,64252E-13
4,67125E-13
4,93077E-13
4,96768E-13
5,06169E-13
5,36466E-13
5,7752E-13
6,38892E-13
6,49529E-13
7,18263E-13
7,88398E-13
9,09203E-13
9,15494E-13
9,39311E-13
1,20973E-12
1,4611E-12
1,60042E-12
1,62888E-12
1,6891E-12
1,70169E-12
1,88991E-12
2,00494E-12
2,20879E-12
2,22191E-12
2,5205E-12
2,567523E-12
2,72547E-12

1,80359E-11
1,8093E-11
1,94284E-11
2,04911E-11
2,15652E-11
2,51745E-11
2,64423E-11
2,91575E-11
3,01152E-11
3,07568E-11
3,20788E-11
3,561192E-11
3,56434E-11
3,56434E-11
3,61831E-11
3,75696E-11
3,8136E-11
4,10856E-11
4,10998E-11
4,35436E-11
4,44574E-11
4,66493E-11
5,17008E-11
5,19719E-11
5,19719E-11
5,61771E-11
6,14073E-11
6,14073E-11
6,43222E-11
6,43222E-11
6,50503E-11
6,84332E-11
7,31284E-11
8,03092E-11
8,10547E-11
8,89871E-11
9,69786E-11
1,11026E-10
1,11026E-10
1,13118E-10
1,44672E-10
1,73528E-10
1,88773E-10
1,90822E-10
1,9654E-10
1,96676E-10
2,16975E-10
2,28656E-10
2,50089E-10
2,50089E-10
2,81854E-10
2,86116E-10
3,0075E-10

21,23156822
21,21899413
21,13928911
21,07740027
21,01773132
20,85569354
20,79810283
20,69252525
20,65170546
20,62207212
20,57174564
20,47355879
20,443772
20,44185085
20,41856977
20,37302525
20,34994667
20,26803338
20,25954927
20,19432129
20,16575949
20,11018425
20,00054066
19,98534308
19,97977583
19,89505179
19,79779456
19,79168632
19,73814823
19,73076333
19,71219954
19,6546307
19,58159982
19,48156316
19,46520518
19,3655523
19,27323785
19,13195305
19,1251188
19,09966329
18,8488485
18,66162962
18,57129786
18,55381469
18,51780449
18,51043721
18,40635956
18,34774166
18,2516578
18,24578023
18,12064805
18,09932924
18,04304752



GZMB
TNFRSF4
MARCH1
CD3D
MSR1
C110rf96
CD48
LY86
ALOX5AP
OLFMLA1
MYO1F
BTK
CCL4
EGFLAM
CLEC5A
CLEC1A
SULF1
SIRPG
ZEB1
TEK
CLEC10A
JAM3
COL5A1
SIGLECH1
ADAMTS2
SLA2
HSPA7
RPL19P12
THBD
HAND2
COX7A1
TAGAP
EXOC3L2
KLRB1
CYBB
PTPN7
OR51E1
CD8A
KCNMB1
WNT2
GPR183
PPP1R16B
DTX1
PECAM1
MAGI2-AS3
ATP8B4
MRGPRF
NRXN2
WAS
IRF4
ABCC9
C3orf72
MNDA

-5,139975282
-2,788274219
-4,016623686
-4,48458665
-5,10281673
-4,595153726
-5,468936901
-3,664807217
-5,200210363
-4,021203003
-4,039549504
-3,779922924
-4,864107969
-3,764503463
-4,07970606
-3,207508848
-6,199735594
-3,242091026
-4,24562681
-4,155390403
-3,225750804
-4,453439345
-6,322382238
-4,20351705
-5,296119701
-3,128620785
-3,857742097
-2,843771315
-4,216913071
-3,350555962
-3,781643124
-3,951652228
-2,619128911
-3,744555077
-5,155146861
-4,314827763
-2,994746267
-4,607243577
-4,121464138
-4,757558123
-4,433634316
-3,722124947
-3,255239176
-5,379243006
-3,65070467
-3,077365307
-3,5669299122
-3,685556939
-3,380386859
-3,271958314
-3,492789504
-3,353900168
-4,216146871

0,736550237
-0,580214092
0,21074099
0,461855493
0,782813895
0,813965825
0,695223443
-0,275344725
0,869096822
0,26990168
1,628963933
0,067166933
0,457891403
0,173261078
-0,016442489
-0,210009607
3,167045414
-0,343626254
1,706267938
0,166776535
-0,494872931
0,73412396
2,432825461
0,322141298
1,247071415
-0,262411933
0,270929037
1,121854586
0,634188802
-0,432470352
0,067156788
0,133128558
-0,554551297
-0,235470794
2,063661764
0,834992941
-0,406229451
1,59159468
0,034963334
1,290514149
0,333089877
0,149227812
-0,021988605
2,616952847
0,102182403
0,02103526
0,332786388
0,086081023
1,090503758
-0,400018112
-0,251609511
-0,163183331
0,000325103

-10,88820502
-10,88455056
-10,75771396
-10,74339707
-10,74199152
-10,7193392
-10,71748625
-10,71541941
-10,65807407
-10,65801614
-10,62426668
-10,61994335
-10,57739567
-10,55601078
-10,54497464
-10,53870075
-10,51900809
-10,51250968
-10,50740858
-10,46260619
-10,46049862
-10,43827022
-10,428624
-10,42624878
-10,4081866
-10,3602382
-10,35825036
-10,34268042
-10,29347437
-10,2770532
-10,27644603
-10,2722158
-10,25813274
-10,25709596
-10,2473436
-10,24559848
-10,24397383
-10,1862403
-10,17250302
-10,17014661
-10,16005903
-10,11738926
-10,10392706
-10,10152774
-10,09788197
-10,08849774
-10,03457681
-10,03440147
-10,02889612
-10,01972783
-10,01311781
-9,993155594
-9,98933365

199

2,74187E-12
2,76533E-12
3,72062E-12
3,84785E-12
3,86057E-12
4,07174E-12
4,08953E-12
4,10946E-12
4,70408E-12
4,70473E-12
5,09519E-12
5,14755E-12
5,69316E-12
5,98939E-12
6,14838E-12
6,24069E-12
6,53972E-12
6,64159E-12
6,72269E-12
7,47994E-12
7,51764E-12
7,92729E-12
8,1121E-12
8,15828E-12
8,561834E-12
9,65512E-12
9,60078E-12
9,96629E-12
1,12177E-11
1,16702E-11
1,16873E-11
1,18071E-11
1,22148E-11
1,22454E-11
1,25369E-11
1,25898E-11
1,26393E-11
1,45322E-11
1,50238E-11
1,51098E-11
1,54838E-11
1,71734E-11
1,77447E-11
1,78485E-11
1,80075E-11
1,84234E-11
2,10109E-11
2,10199E-11
2,13043E-11
2,17866E-11
2,21413E-11
2,32487E-11
2,34671E-11

3,0075E-10
3,01403E-10
4,02974E-10
4,12937E-10
4,12937E-10
4,31519E-10
4,31519E-10
4,31519E-10
4,88073E-10
4,88073E-10
5,25415E-10
5,27654E-10
5,8013E-10
6,06725E-10
6,19189E-10
6,24831E-10
6,50986E-10
6,57326E-10
6,61551E-10
7,3142E-10
7,3142E-10
7,66943E-10
7,80438E-10
7,8052E-10
8,10466E-10
9,03471E-10
9,03471E-10
9,32769E-10
1,04422E-09

1,0763E-09

1,0763E-09
1,08154E-09
1,10988E-09
1,10988E-09
1,12778E-09
1,12778E-09
1,12778E-09
1,28999E-09
1,32679E-09
1,32758E-09
1,35354E-09
1,49365E-09
1,53559E-09
1,53685E-09
1,54282E-09
1,57064E-09
1,77443E-09
1,77443E-09
1,78966E-09

1,8213E-09
1,84201E-09
1,92484E-09
1,93362E-09

18,03709264
18,02863631
17,73404359
17,70065689
17,69737769
17,64449301
17,64016405
17,63533485
17,50111983
17,50098401
17,42178935
17,41163347
17,31155222
17,26115906
17,23512867
17,22032347
17,17381837
17,15846069
17,14640132
17,04033549
17,03533938
16,98260942
16,95970617
16,95406471
16,9111399
16,796978
16,79223842
16,75509688
16,63750332
16,59818724
16,59673284
16,58659846
16,55284225
16,5503561
16,52696333
16,522776
16,51887735
16,38010449
16,34701834
16,34134037
16,31702511
16,21402132
16,18147292
16,17566936
16,16684936
16,1441384
16,01341288
16,01298717
15,9996178
15,97734418
15,96127861
15,91272491
15,90342272



PCDH12
LSP1
CCR1

MYH11

SIGLEC7

THY1
TMEM119
HCST
NCF1
CD28

GVINP1
GAB3

FOXF1

SAMSN1

CCL5
LOC100130
231
C160rf54
FAM162B
IL7R
TARP

GIMAP1-

GIMAPS

ZNF683
CETP
OLR1
SELP

HTR2B
SCIMP
CD300LF
GNG2
HNRNPKP3
ZAP70

FCGR1B

GIMAPS

COL6A2
FGF1

KIAA1755
KDR
HIC1

MRCA1
BATF
RASGRP2
CD34
ZNF469
BCL6B
SYNPO2
CD209
NRIP2

P2RY14

APOE
CDH13
ECSCR

CTSW

-3,546700074
-4,817914387
-3,805104746
-6,177888149
-2,699674688
-6,160316113
-3,891483035
-3,328686763
-3,594415094
-3,186662041
-3,367514922
-2,961984898
-3,128555663
-4,601610329
-5,123547936

-2,677148076

-2,813991081
-2,445244714
-4,800806008
-3,091182734

-3,646483373

-2,89682661
-2,324759223
-4,062961302
-2,980841027
-3,798028707
-2,877641672
-3,314262727
-4,426718919
-2,505125902
-3,409122524
-2,861566548
-4,110729541
-6,201470865
-3,367289765
-3,406654249
-4,316053886

-3,44773281
-3,829150221
-3,228284539

-3,05647192
-4,330739302
-3,151279368
-3,177294852
-4,878435453
-2,790590072
-2,825638196
-3,270942497
-4,091510249
-4,160649274
-3,625858231
-3,610712126

0,034237479
1,927639155
0,87805979
1,641745924
-0,757910989
2,5637175855
0,347954699
0,599052599
0,232389395
-0,455792887
-0,243093667
0,058032961
-0,439813021
0,397139818
2,4113772

-0,769174295

-0,67472459
-0,862311888
0,907512861
-0,562156966

-0,253478865

-0,659335028
-0,877725639
0,00092936
-0,562877889
0,243759883
-0,550297194
-0,38037306
0,887814068
-0,855185382
0,437044831
-0,608461733
0,070802777
3,350693727
0,509163549
0,085929529
1,27277224
0,177245276
0,12575944
-0,033677813
-0,312613463
2,250498487
-0,116339649
0,531193461
1,799742126
-0,671212553
-0,694929235
-0,472277085
4,023385541
0,12311391
0,563613636
0,343141139

-9,966025423
-9,960977267
-9,960748831
-9,916708512
-9,912801502
-9,893752638
-9,877657098
-9,848909069
-9,810247209
-9,808762493
-9,806563591
-9,781574199
-9,773471158
-9,742533816
-9,718199396

-9,706340656

-9,706293304
-9,686165717
-9,63043819
-9,625319068

-9,620322353

-9,5683811729
-9,546049156
-9,430836737
-9,417860534
-9,401373243
-9,397774307
-9,373927764
-9,337494193
-9,315968545
-9,286751006
-9,240985245
-9,213932095
-9,205434643
-9,167396052
-9,159361921
-9,130071054
-9,115733885
-9,109492143
-9,108141666
-9,107607761
-9,066206957
-9,059496792
-9,036738259
-9,025466095
-9,020756019
-8,992057067
-8,971701557
-8,94492084
-8,943332849
-8,940699432
-8,940658958

200

2,48452E-11
2,51544E-11
2,51684E-11
2,804E-11
2,83104E-11
2,96674E-11
3,08658E-11
3,31306E-11
3,64469E-11
3,65808E-11
3,67801E-11
3,91239E-11
3,99162E-11
4,30952E-11
4,57766E-11

4,71445E-11

4,71501E-11
4,95683E-11
5,69465E-11
5,76782E-11

5,84016E-11

6,3977E-11

7,0317E-11

9,39212E-11
9,7044E-11

1,01165E-10
1,02088E-10
1,08426E-10
1,18894E-10
1,25558E-10
1,35218E-10
1,51898E-10
1,62732E-10
1,66295E-10
1,83246E-10
1,87046E-10
2,01596E-10
2,09133E-10
2,12503E-10
2,1324E-10

2,13532E-10
2,37454E-10
2,41582E-10
2,56133E-10
2,63668E-10
2,66883E-10
2,87356E-10
3,02842E-10
3,24522E-10
3,25856E-10
3,2808E-10

3,28115E-10

2,03742E-09
2,04446E-09
2,04446E-09
2,26703E-09
2,27819E-09
2,37629E-09
2,46083E-09
2,62923E-09
2,87652E-09
2,87652E-09
2,87904E-09
3,04866E-09
3,09639E-09
3,32799E-09
3,561928E-09

3,59279E-09

3,569279E-09
3,76042E-09
4,30121E-09
4,33745E-09

4,37276E-09

4,76947E-09
5,21952E-09
6,9417E-09
7,14186E-09
7,41348E-09
7,44942E-09
7,8785E-09
8,60284E-09
9,04701E-09
9,70245E-09
1,08541E-08
1,15802E-08

1,1785E-08
1,29331E-08
1,31475E-08
1,41125E-08
1,45809E-08
1,47089E-08
1,47089E-08
1,47089E-08
1,62916E-08

1,6509E-08
1,74342E-08
1,78765E-08
1,80235E-08
1,93303E-08
2,02928E-08
2,16493E-08
2,16493E-08
2,16493E-08
2,16493E-08

15,84665039
15,83434482
15,8337879
15,72628613
15,71673651
15,67014722
15,63074286
15,56027609
15,46533244
15,46168233
15,45627587
15,3947883
15,37483226
15,29855857
15,23847293

15,20916275

15,20904568
15,15925447
15,02111109
15,0084002

14,99598984

14,90520583
14,81111935
14,52287455
14,49029775
14,44887362
14,43982645
14,3798359

14,28803236
14,23370912
14,1598745

14,04399083
13,97535718
13,95377894
13,85706592
13,83661436
13,76197882
13,72540469
13,70947341
13,7060258

13,70466274
13,5988501

13,58167863
13,52339431
13,49450087
13,48242272
13,40876559
13,35645585
13,28755071
13,28346192
13,2766806

13,27657637

10



MMP9
TRPC4
BHLHE22
LOC100506
776
ACVRLA1
LILRAG
ACTA2
CD14
LYL1
CNTN4
GPR171
CCR2
PXDN
CD96
LILRB5
GZMH
MEF2C
HAPLN1
ITGA11
VIPR2
CMKLR1
WISP1
CD7
LY96
NUDT10
DIO2
TFEC
MIR143HG
IL12RB1
SLC2A3
SIGLEC14
HTRA3
SP140
RNASEK-
C170rf49
HOXD9
F13A1
TBX21
MFNG
ACAN
NCF1C
RCSD1
ABCG2
ALDH1A2
MMP11
APOC1
ICOS
AOAH
CCL18
MMP12
UBASHS3A
IL2RA
CD33

-5,259518313
-2,679075883
-2,566951986

-2,523675983

-4,322885638
-2,814115308
-5,00622035
-4,276048504
-2,624598284
-3,589092585
-2,75118492
-3,134052669
-4,852009063
-3,745646063
-2,466525595
-3,812705092
-4,213283527
-5,038951989
-4,082590154
-2,812189517
-3,5591721
-4,155772722
-3,043501676
-3,778940482
-3,025065117
-4,68967287
-3,455141562
-3,960169892
-2,708067104
-5,133722251
-2,863272628
-4,119295635
-3,214903438

-4,035932143

-4,089784698
-4,794870079
-2,134671271
-3,093561781
-3,216760484
-2,975925944
-4,11587971
-3,148421491
-3,875206908
-3,869175331
-4,799226042
-2,752707077
-3,088350271
-4,272847029
-5,678432666
-2,114119885
-3,590111577
-2,733560254

1,461417678
-0,607653914
-0,82427234

-0,777407016

1,541375697
-0,700690679
4,375001807
2,735375729
-0,303988285
-0,31320204
-0,732155873
-0,540721998
1,917676537
0,935681104
-0,874485535
-0,201395787
1,284223277
1,072896652
0,405640051
-0,677249614
0,474709472
0,960637577
0,535412623
0,251401571
-0,566489341
2,52160994
-0,100729894
0,403470486
-0,557231068
2,020165581
-0,676112019
1,371357533
0,028742235

1,1562313262

0,886396937
1,442639601
-0,907264549
1,39531282
-0,478943058
-0,352682446
0,868422156
-0,13152089
1,033267689
5,829341996
3,117208197
-0,731394794
0,02035977
0,127855778
1,048759813
-0,757986633
-0,24338657
-0,684269868

-8,91334677
-8,909769252
-8,909178832

-8,902993692

-8,899341286
-8,896759651
-8,8705146
-8,85992487
-8,844472612
-8,82248152
-8,81868919
-8,817102281
-8,81239742
-8,812135799
-8,802896009
-8,784138865
-8,762928262
-8,756917238
-8,720966709
-8,701617088
-8,688016096
-8,684446546
-8,658173215
-8,655068766
-8,645309657
-8,631751653
-8,626185213
-8,623238956
-8,618113794
-8,61032728
-8,567791497
-8,563653445
-8,561629028

-8,5569833497

-8,558296479
-8,548880743
-8,529076505
-8,516076456
-8,509058369
-8,485442079
-8,457344306
-8,449060504
-8,432340738
-8,420664449
-8,420652138
-8,419800219
-8,416219462
-8,402345852
-8,388174209
-8,36105799
-8,313673706
-8,312477893

201

3,52125E-10
3,554E-10
3,55944E-10

3,61688E-10

3,65125E-10
3,67574E-10
3,93443E-10
4,044E-10
4,20949E-10
4,45699E-10
4,50114E-10
4,51975E-10
4,57539E-10
4,5785E-10
4,68988E-10
4,92456E-10
5,2044E-10
5,28661E-10
5,80672E-10
6,10795E-10
6,32917E-10
6,38857E-10
6,84364E-10
6,89955E-10
7,07835E-10
7,33462E-10
7,44255E-10
7,50033E-10
7,60194E-10
7,759E-10
8,67722E-10
8,77226E-10
8,81915E-10

8,86094E-10

8,89688E-10
9,12029E-10
9,60904E-10
9,9443E-10

1,01302E-09
1,07822E-09
1,16139E-09
1,18714E-09
1,24089E-09
1,27989E-09
1,27993E-09
1,28283E-09
1,29506E-09
1,34361E-09
1,39511E-09
1,49933E-09
1,70086E-09
1,70629E-09

2,31448E-08
2,32186E-08
2,32186E-08

2,35043E-08

2,36384E-08
2,37078E-08
2,52817E-08
2,58891E-08
2,68487E-08
2,83224E-08
2,84979E-08
2,85109E-08
2,86714E-08
2,86714E-08
2,92625E-08
3,06158E-08
3,22392E-08
3,26311E-08
3,567134E-08
3,74324E-08
3,86506E-08
3,88755E-08
4,1498E-08
4,16902E-08
4,26211E-08
4,40103E-08
4,45028E-08
4,46932E-08
4,51424E-08
4,59167E-08
5,11748E-08
5,15588E-08
5,1658E-08

5,17269E-08

5,17612E-08
5,28824E-08
5,55293E-08
5,72745E-08
5,81508E-08
6,1688E-08
6,62264E-08
6,74711E-08
7,0294E-08
7,19594E-08
7,19594E-08
7,19594E-08
7,241E-08
7,48812E-08
7,75007E-08
8,30224E-08
9,38786E-08
9,38786E-08

13,20619032
13,19696339
13,19544046

13,17948363

13,17005854
13,16339552
13,09560884
13,06823152
13,02825665
12,97131154
12,961485
12,9573725
12,94517782
12,94449963
12,92054192
12,87187225
12,81678077
12,80115726
12,70761772
12,65720192
12,62173497
12,61242274
12,5438298
12,53571893
12,51021352
12,47475911
12,46019585
12,45248604
12,43907175
12,41868526
12,30718008
12,2963199
12,29100607

12,2862926

12,28225742
12,25753134
12,20548727
12,17129659
12,15282967
12,09064079
12,01655744
11,99469681
11,95054725
11,9196941

11,91966156
11,91740978
11,90794419
11,87125437
11,83375106
11,76192046
11,63617604
11,63299902

11



LPL
FCGR1C
CXCR3
GUCY1A2
HBB
FOLR2
LUM
OSCAR
TIE1
MAGEH1
P2RY13
PDGFRA
ACAP1
LYz
MS4A14
CSF3R
HBA2
SLAMF1
GSPT2
KLHL6
EDNRB
CDh4
GZMK
FLJ44635
CLEC4A
EXOC3L1
GPR34
ECM2
FOXL2
SEMAGB
SH2D1A
MSC
ESM1
PARP15
ARHGDIB
CD6
CPXM1
CD248
RGS18
PVRIG
LMOD1
GPR84
KCNJ8
TRPV2
GIPC3
ITM2A
HLA-G
CADPS
CD300A
ASPN
IL2RG
EMR2
RNASE6

-3,092016041
-3,603575038
-2,646550398
-3,7268095
-5,367833292
-3,223497584
-7,106702301
-2,463651393
-4,219908044
-3,683646827
-3,283328087
-4,61800076
-3,208564532
-5,442084959
-2,548077974
-4,336017714
-4,34468438
-2,73890043
-2,563033361
-3,416581129
-3,362632861
-4,734147497
-3,988364977
-2,249140098
-3,096196996
-2,150814916
-3,18447152
-3,491474114
-2,996462812
-3,155002909
-3,5682877271
-3,24652059
-5,324939956
-2,370345504
-4,462266162
-2,928063618
-4,899706366
-4,707177395
-2,723060764
-2,434610432
-4,158518669
-2,893748541
-3,373601737
-3,407831617
-2,569052181
-3,940888265
-3,378640367
-2,856121492
-4,035140611
-4,518031303
-4,549249198
-3,254592594
-3,180673108

0,27315618
-0,197209358
-0,602516262
0,614722915
0,666026895
-0,219542055
3,976245145
-0,140944361
1,127561578
0,606676096
-0,466084289
1,831925364
1,152463088
3,032029891
-0,833709346
0,623328253
0,751508497
-0,683848188
-0,713357771
0,662864791
-0,290356567
2,351463728
-0,045062519
1,050184406
0,122103721
-0,716788933
-0,453667151
-0,028165582
-0,251096747
0,297543588
-0,316309697
-0,341275962
1,255335163
-0,922575581
4,194715893
0,940439165
2,145237536
1,428840856
-0,746217951
-0,700202922

0,86306976
-0,47172956
0,266366946
0,807195485
-0,402514863
0,436216837
0,461082658
-0,519054718
1,086294027
0,404014194
2,194596451
0,394052774
1,176880349

-8,299181448
-8,280885409
-8,280500497
-8,277664864
-8,260574516
-8,239307843
-8,235476159
-8,163610585
-8,158664297
-8,156159693
-8,130900935
-8,12392196
-8,108217681
-8,107821505
-8,100763851
-8,074474095
-8,052592615
-8,041723438
-8,032106668
-8,03146653
-8,012131178
-7,999293821
-7,996881188
-7,992122436
-7,979606156
-7,969914188
-7,968955852
-7,966137788
-7,959111698
-7,952653066
-7,943032476
-7,92975706
-7,927013279
-7,913530472
-7,908379667
-7,893456749
-7,891079444
-7,857237862
-7,854659262
-7,854266778
-7,812169618
-7,797670975
-7,780757299
-7,770988442
-7,767426198
-7,750864248
-7,730494304
-7,701251248
-7,681407383
-7,679622314
-7,671084715
-7,667885601
-7,625848384

202

1,76785E-09
1,85627E-09
1,85818E-09
1,87229E-09
1,95971E-09
2,07432E-09
2,09569E-09
2,5406E-09
2,57455E-09
2,59191E-09
2,77385E-09
2,82637E-09
2,9483E-09
2,95144E-09
3,00802E-09
3,22868E-09
3,42486E-09
3,52677E-09
3,61951E-09
3,62577E-09
3,82014E-09
3,95502E-09
3,9809E-09
4,03246E-09
4,17133E-09
4,2822E-09
4,29333E-09
4,32621E-09
4,40931E-09
4,48713E-09
4,60565E-09
4,77444E-09
4,81011E-09
4,98932E-09
5,05957E-09
5,26881E-09
5,30295E-09
5,814E-09
5,85494E-09
5,86119E-09
6,57327E-09
6,83837E-09
7,16139E-09
7,35498E-09
7,42689E-09
7,77071E-09
8,21586E-09
8,90061E-09
9,39803E-09
9,44414E-09
9,66786E-09
9,75307E-09
1,09463E-08

9,69558E-08
1,01265E-07
1,01265E-07
1,01712E-07
1,06126E-07
1,11981E-07
1,12781E-07
1,36298E-07
1,3769E-07
1,3819E-07
1,47434E-07
1,49763E-07
1,55433E-07
1,56433E-07
1,5793E-07
1,69E-07
1,78726E-07
1,83488E-07
1,87506E-07
1,87506E-07
1,96966E-07
2,03311E-07
2,04033E-07
2,06062E-07
2,12528E-07
2,17457E-07
2,17457E-07
2,1848E-07
2,22026E-07
2,25286E-07
2,30564E-07
2,38321E-07
2,39407E-07
2,47611E-07
2,50376E-07
2,59983E-07
2,6092E-07
2,85251E-07
2,85937E-07
2,85937E-07
3,19769E-07
3,31728E-07
3,46422E-07
3,5479E-07
3,67258E-07
3,72756E-07
3,93015E-07
4,24591E-07
4,47081E-07
4,48037E-07
4,57391E-07
4,60158E-07
5,15043E-07

11,59766102
11,54899915
11,54797495
11,54042912
11,49492906
11,43825908
11,42804264
11,23608774
11,22285245
11,21614946
11,14850694
11,12980346
11,08769444
11,08663175
11,06769731
10,99711271
10,9382992
10,90906305
10,88318365
10,88146059
10,82939225
10,79479734
10,7882934
10,77546276
10,74170305
10,71554826
10,71296148
10,70535418
10,68638327
10,66893929
10,64294595
10,60705961
10,59963994
10,56316695
10,54922753
10,50882435
10,50238545
10,41065318
10,40365797
10,40259317
10,28827942
10,24886055
10,20284463
10,17625196
10,16655209
10,12143514
10,06590114
9,986093005
9,931880616
9,927001694
9,903661846
9,894914057
9,779857861
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CCND2
SRPX2
TCEAL7
DAB2
DLL4
HEPH
CTSK
LPXN
CCM2L
FCGR2C
ADAMTS4
FOXP3
PDE1B
RFTN1
HSPA12B
PYHIN1
ELK2AP
ADAMDEC
1

FCN1
NCF1B
SIT1
TMEM130
TLR7
PLCL1
SGIP1
SLCO2B1
GNGT2
LAMC3
MGP
RNASE2
CRTAM
OSM
JAK3
DOCK10
CD80
EDNRA
CXorf21
ARHGEF6
LDB2
LRRN4CL
SHE
DENND1C
PLXDC1
COLEC12
HPGDS
ITGB2
CCLA4L1
CCL4L2
SDS
TNFSF13B
VCAM1
LILRA1
FAM78A

-4,469397033
-3,656233318
-3,168406333
-4,707023576
-3,712760948
-3,965445498
-2,715361979
-1,588263633
-2,721167605
-3,068267334
-3,747918622
-2,167521678
-2,683759398
-3,953432207
-2,918513828
-2,452195939
-5,289296691

-4,021473042

-2,644081612
-2,625021383
-2,729178839
-2,48253781
-2,679397532
-2,203945161
-3,321469358
-4,191591211
-2,180874263
-3,86859022
-5,116295236
-2,090824736
-2,346412902
-3,47106035
-3,70155945
-3,29379013
-2,190616632
-3,89443414
-2,284936645
-3,38850526
-3,988942083
-2,927296367
-2,508576102
-2,890713452
-4,125022387
-2,922476656
-2,256901922
-4,587997363
-3,175549691
-3,175549691
-3,230830681
-3,09672287
-4,301370909
-1,59355545
-2,5631679238

2,055180746
1,003350321
-0,400521932
2,05186807
1,384995552
1,599866853
3,830915885
3,240789623
-0,490700946
-0,550800578
0,816708628
0,248112995
-0,631735098
2,069307153
-0,283171588
-0,814945742
0,536900013

-0,097011812

-0,785707527
-0,558447633
-0,527241253
-0,761597335
-0,630299585
-0,587883513
0,209317746
1,365003672
-0,74189871
0,947549658
4,155588571
-1,062335965
-0,842641733
-0,232111261
1,571388863
1,179404775
-0,896258544
1,18785897
-0,965280011
1,460440632
1,293130419
0,245288684
-0,216703853
0,829227461
1,150262925
0,322631668
-0,922399428
2,817937336
-0,496569517
-0,496569517
0,366486359
0,703550497
1,215404544
-1,310970608
0,737279738

-7,602013738
-7,591815533
-7,571867574
-7,5653711932

-7,54038228
-7,538384892
-7,524504368
-7,513404868
-7,510542003
-7,499910194
-7,498229647
-7,472155791
-7,458524409
-7,447838533
-7,436566879
-7,422382823
-7,414697821

-7,402467339

-7,397430019
-7,394378585
-7,388314692
-7,387933867
-7,382173607
-7,376811251
-7,372306732
-7,335597648
-7,296449299
-7,279907658
-7,259691722
-7,25034185
-7,246913626
-7,241480983
-7,233312377
-7,228143044
-7,217450213
-7,213610466
-7,184120693
-7,170947944
-7,163775358
-7,138900896
-7,1357276
-7,124518326
-7,118529455
-7,091531974
-7,087979305
-7,083574459
-7,068916558
-7,068916558
-7,062563759
-7,034413132
-7,029633614
-7,018033315
-7,01788216

203

1,16876E-08
1,20202E-08
1,26988E-08
1,33502E-08
1,38499E-08
1,39264E-08
1,44701E-08
1,49203E-08
1,50387E-08
1,564868E-08
1,55589E-08
1,67216E-08
1,73642E-08
1,78854E-08
1,84524E-08
1,91919E-08
1,9605E-08

2,02812E-08

2,05666E-08
2,07414E-08
2,10933E-08
2,11156E-08
2,14559E-08
2,17776E-08
2,20517E-08
2,44197E-08
2,72303E-08
2,85144E-08
3,01675E-08
3,09646E-08
3,12622E-08
3,17397E-08
3,24717E-08
3,29437E-08
3,39423E-08
3,43084E-08
3,72563E-08
3,86548E-08
3,94385E-08
4,22835E-08
4,26611E-08
4,40224E-08
4,47677E-08
4,82895E-08
4,87734E-08
4,93802E-08
5,14549E-08
5,14549E-08
5,23814E-08
5,66943E-08
5,74615E-08
5,93676E-08
5,93928E-08

5,48426E-07
5,62499E-07
5,92644E-07
6,21361E-07
6,42883E-07
6,44697E-07
6,68068E-07

6,8701E-07
6,90616E-07
7,09304E-07
7,10714E-07
7,61805E-07
7,88993E-07
8,10537E-07
8,34037E-07
8,65191E-07
8,81509E-07

9,09539E-07

9,1994E-07
9,25357E-07
9,37196E-07
9,37196E-07
9,4985E-07
9,61622E-07
9,71233E-07
1,07278E-06
1,19321E-06
1,24631E-06
1,31523E-06
1,34657E-06
1,35609E-06
1,37334E-06
1,40149E-06
1,41831E-06
1,45766E-06
1,46971E-06
1,59204E-06
1,64771E-06
1,67696E-06
1,79351E-06
1,80508E-06
1,85811E-06
1,88495E-06
2,02828E-06
2,04362E-06
2,06402E-06
2,14035E-06
2,14035E-06
2,17364E-06
2,34695E-06
2,37301E-06
2,44106E-06
2,44106E-06

9,71453361
9,686563635
9,631820018
9,581956581
9,545324183

9,53983329
9,501663076
9,471125173
9,463246417

9,43397926
9,429351932
9,357519006
9,319935432
9,290458966
9,259353319
9,220191106
9,198963797

9,165168078

9,151244135
9,142808183
9,126041091
9,124987952
9,109056584
9,094222559
9,081759243
8,980111246
8,871553993
8,825636909
8,769482466
8,743496938
8,733966859
8,718862283
8,696145185
8,681765659
8,65201289
8,641326003
8,559200163
8,522487552
8,50249026
8,433100673
8,424244122
8,392951607
8,3762277
8,300794321
8,290862631
8,27854696
8,23755107
8,23755107
8,219776932
8,140970054
8,127582546
8,095081057
8,09465747

13



PTPRCAP
STX11
PAMR1
SOX18
GPR85
SCML4

C1QTNF7

CACNA2D4
HLA-DQA1
DYSF
ATP1B2
LAG3
MEG3
CORO1A
NLRC4
LY9
TNFRSF1B
RHOJ
SPOCK?2
CXCL13
COL5A2
GAPT
ITIH3
FGD2
LOC100132
891
PDCD1LG2
NCF4
ARHGEF15
APLNR
AlM2
LYVE1
TMEM255B
STAT4
SNX20
ARHGAP15
SVEP1
ADORA2A
GRP
AQP1
IL3RA
S100B
ZNF831
FCN3
RAC2
NLRP3
MEI1
POU2F2
MMP19
CD79B
MZB1
HOPX
DARC
SLC2A5

-2,685828919
-2,818784759
-4,295706105
-2,522377836
-1,83117263
-1,83652191
-3,019887734
-2,515801534
-5,20962391
-2,87105293
-2,474802945
-2,995530945
-3,874463701
-2,672698981
-2,311010782
-2,492242262
-3,5673012295
-3,360675106
-2,37484459
-5,092680602
-3,397445018
-2,364895003
-2,134128351
-2,691893646

-2,712774553

-2,679312444
-3,809628739
-3,133071817
-3,036341834
-2,822100375
-2,433499865
-2,224367721
-2,609624079
-2,249729514
-3,643541236
-3,123259164
-2,473718386
-2,40597247
-3,208726205
-2,806534646
-3,082943529
-1,935369438
-2,474978989
-4,554720046
-2,375399542
-2,445898089
-2,408294367
-3,326146102
-2,978770735
-3,848851147
-4,141794936
-3,494489171
-2,817178033

1,741067607
-0,054592373
1,928421221
-0,103253397
-0,866967592
-1,16667329
-0,597804466
-0,394923862
3,283021378
1,27367826
-0,605315535
1,301935494
0,149403159
3,278445534
-0,879227959
-0,861627202
2,805171594
1,218760764
3,507190798
1,264452548
4,34231704
-0,925300831
-0,894999516
0,421506862

-0,605993354

-0,053114252
1,022661503
0,55695613
0,420184116
-0,464443205
-0,890998401
-0,814968569
0,641321363
-0,761280578
0,711647291
0,987667125
1,00858187
-0,834749885
3,182864431
0,485443106
-0,293064796
-1,003612505
-0,736134143
2,029561126
-0,649891074
-0,301532535
0,732265349
0,77558807
-0,099826635
0,649673485
2,074408741
-0,02587318
0,821127366

-7,011956307
-7,002264444
-6,974348437
-6,970902201
-6,965154049
-6,957351265
-6,954837073
-6,932405501
-6,931974273
-6,931333134
-6,907730939
-6,905021365
-6,90182823

-6,899341406
-6,896797385
-6,892736518
-6,879154019
-6,878185039
-6,875355291
-6,871293205
-6,859051593
-6,849015491

-6,8414734
-6,824211871

-6,809615602

-6,801201109
-6,765069369
-6,735702949
-6,73502487
-6,721636112
-6,710158867
-6,708110907
-6,697395922
-6,691244128
-6,689591278
-6,687910555
-6,669002729
-6,666110457
-6,648372023
-6,633443501
-6,631110336
-6,617792364
-6,617612527
-6,613005009
-6,611060218
-6,607657358
-6,606452373
-6,601438633
-6,583953864
-6,57021039
-6,553871068
-6,549041511
-6,525730919

204

6,03915E-08
6,20617E-08
6,71386E-08
6,77938E-08
6,89012E-08
7,04337E-08
7,09348E-08
7,55686E-08
7,56607E-08
7,57977E-08
8,10207E-08
8,16432E-08
8,23829E-08
8,29638E-08
8,35623E-08
8,45266E-08
8,78348E-08
8,80758E-08
8,87833E-08
8,9809E-08
9,29732E-08
9,56512E-08
9,7715E-08
1,0261E-07

1,06942E-07

1,09523E-07
1,21341E-07
1,31891E-07
1,32145E-07
1,37269E-07

1,4182E-07
1,42648E-07
1,47061E-07
1,49656E-07
1,50362E-07
1,51082E-07
1,59433E-07
1,60751E-07
1,69078E-07
1,76424E-07

1,776E-07
1,84471E-07
1,84566E-07
1,87006E-07
1,88046E-07
1,89879E-07
1,90533E-07
1,93276E-07
2,03161E-07
2,11288E-07
2,21379E-07
2,24453E-07
2,39912E-07

2,4762E-06
2,53863E-06

2,7398E-06
2,75999E-06
2,79846E-06
2,85397E-06
2,86753E-06
3,04268E-06
3,04268E-06
3,04268E-06
3,24478E-06
3,26213E-06
3,28407E-06
3,29958E-06
3,31573E-06
3,34628E-06
3,46928E-06
3,47083E-06
3,49072E-06
3,52301E-06
3,63884E-06
3,73517E-06
3,80713E-06
3,98881E-06

4,14784E-06

4,2384E-06
4,68522E-06
5,07963E-06
5,07963E-06
5,26482E-06
5,4273E-06
5,44688E-06
5,60296E-06
5,68926E-06
5,70348E-06
5,71822E-06
6,02105E-06
6,05754E-06
6,35742E-06
6,61915E-06
6,64882E-06
6,87966E-06
6,87966E-06
6,95557E-06
6,97917E-06
7,03206E-06
7,04112E-06
7,12722E-06
7,47572E-06
7,75819E-06
8,11141E-06
8,20661E-06
8,75322E-06

8,078049624
8,050880118
7,972574005
7,96290216
7,946767598
7,924861066
7,917801231
7,854788332
7,853576521
7,851774801
7,785422722
7,777802228
7,76882092
7,761825628
7,75466888
7,74324382
7,705019608
7,702292066
7,694326257
7,682890169
7,64841743
7,620145841
7,59889417
7,550237393

7,509073782

7,485335556
7,383337029
7,30035799
7,298441157
7,260585493
7,228123107
7,222329535
7,192011998
7,174601714
7,169923453
7,165166081
7,111631399
7,103439924
7,053187217
7,010876399
7,004262161
6,966499522
6,96598951
6,952921916
6,94740573
6,937753219
6,934334969
6,920111052
6,870492554
6,831475544
6,785071398
6,771351674
6,705108244

14



ENPP2
TNFSF8
ABCA8
LAT2
PPAPDC3
CD1C
ITGAM
ISM1
LRRC25
EMILIN1
KIR2DL4
ADAM12
C1orf54
STMN2
CCDC102B
GJD3
PIK3R6
PIEZO2
LOC158376
RAPGEF4
TALA
HBA1
GREM1
TRAF1
HLA-DRB6
DCHS1
GRAP2
CD244
PCED1B-
AS1
RASGRP4
PRF1
ZBTB46
RARRES2
CLMP
PDCD1
KLRC1
PDPN
COL1A1
IL18RAP
CD226
HAAO
CLIP3
SLC7A7
NOVA2
FAP
PIK3CG
PLA2G2D
MEDAG
AKT3
LRRC32
P2RY10
FASLG
SELPLG

-4,310523604
-3,163036507
-2,922015726
-2,9378371
-2,040819424
-2,446682867
-2,972278543
-3,319691067
-3,040790725
-3,958390382
-1,689259621
-3,111798222
-2,746451767
-2,017842009
-2,249178052
-1,801385481
-2,264031795
-1,899633427
-1,677715076
-2,094769218
-1,915243952
-2,927777308
-3,950239615
-2,17208335
-3,935445948
-2,824516287
-1,88513326
-2,111309102

-2,407904955

-1,822740334
-3,631407653
-2,737732848
-4,003034412
-2,648285375
-2,801971617
-2,021468232
-3,965547207
-3,353715926
-2,371333438
-2,086983059
-2,547266214
-2,023866615
-3,207009696
-1,830921679
-4,334173701
-2,683890222
-2,940083836
-2,681909551
-3,427525656
-3,269819233
-2,405097789
-2,367735267
-2,398562343

2,472640132
-0,069234491
-0,580035849
1,514628391
-0,895612296
-0,884406899
0,680237646
1,465173846
0,380034169
1,721401078
-1,263118522
0,028878531
1,751647316
-0,916191178
-0,380374932
0,516547766
-0,653077445
-1,157931619
-1,192103797
0,585001605
-0,911327607
-0,314980958
0,377429282
2,50249429
2,161329638
2,216150082
-1,043548882
-0,769357098

-0,877767654

-1,196378166
0,548155574
0,623991448
3,5680234252
-0,412166141
-0,098299756
-1,097014217
1,160451418
7,197402238
-0,473968105
-0,638278071
-0,235425435
2,577344558
1,666888571

-1,023274644
1,5621727682
-0,734775441
-0,568715041
-0,54689215

1,119710513
2,272472648
-0,869389101
-0,706220719
2,159266159

-6,500454756
-6,493089069
-6,485886517
-6,476986057
-6,47052957
-6,461460064
-6,43843441

-6,413450575
-6,412229582
-6,402163915
-6,383334268
-6,369562539
-6,354236977
-6,351122836
-6,33929937
-6,318618949
-6,317371927
-6,28144913
-6,270835407
-6,26336812
-6,253417378
-6,24740201

-6,244231055
-6,24353139
-6,237004742
-6,23499341

-6,226554239
-6,225298442

-6,211889444

-6,20821852
-6,205734437
-6,205314182
-6,199527457
-6,197886193
-6,181482719

-6,18021636
-6,179829147
-6,176478424
-6,162194211
-6,147047568
-6,144702077
-6,144077631
-6,139778198
-6,135594922
-6,134474422
-6,121799516
-6,121553082
-6,119365671
-6,103885685
-6,097879618
-6,091608866
-6,075716406
-6,072244543

205

2,57891E-07
2,63383E-07
2,68866E-07
2,75802E-07
2,80946E-07
2,88336E-07
3,07992E-07
3,30853E-07
3,32013E-07
3,41735E-07
3,607E-07
3,75239E-07
3,92116E-07
3,95637E-07
4,09302E-07
4,34356E-07
4,35916E-07
4,83343E-07
4,98327E-07
5,09149E-07
5,2394E-07
5,3309E-07
5,37978E-07
5,39063E-07
5,49288E-07
5,562478E-07
5,66068E-07
5,68119E-07

5,9049E-07

5,96768E-07
6,01055E-07
6,01783E-07
6,11901E-07
6,14802E-07
6,44566E-07
6,46923E-07
6,47646E-07
6,53932E-07
6,81429E-07
7,11859E-07
7,16692E-07
7,17984E-07
7,26946E-07
7,35773E-07
7,38156E-07
7,65657E-07
7,66201E-07
7,71054E-07
8,06293E-07
8,20398E-07
8,3539E-07
8,74633E-07
8,8345E-07

9,38932E-06
9,56901E-06
9,74767E-06
9,97813E-06
1,01429E-05
1,0388E-05
1,10729E-05
1,187E-05
1,18869E-05
1,22096E-05
1,28605E-05
1,33512E-05
1,39229E-05
1,40191E-05
1,44735E-05
1,6328E-05
1,63515E-05
1,6987E-05
1,7478E-05
1,78213E-05
1,83018E-05
1,85837E-05
1,87161E-05
1,87161E-05
1,90328E-05
1,91049E-05
1,95356E-05
1,95672E-05

2,02971E-05

2,0472E-05
2,05621E-05
2,05621E-05
2,08664E-05
2,09239E-05
2,18936E-05
2,19118E-05
2,19118E-05
2,20811E-05
2,29645E-05
2,39432E-05
2,40553E-05
2,40553E-05
2,43082E-05
2,45557E-05
2,45876E-05
2,54234E-05
2,54234E-05
2,55352E-05
2,6651E-05
2,70653E-05
2,75072E-05
2,87444E-05
2,89788E-05

6,633236459
6,612284193
6,591792426
6,566465175
6,54808921
6,522271598
6,45670163
6,385516697
6,382036778
6,353345336
6,29965589
6,260374438
6,216647488
6,207760494
6,174014006
6,114968412
6,111407196
6,008782006
5,978446748
5,957100704
5,928650788
5,911449846
5,902381734
5,900380801
5,881714374
5,875961452
5,851820985
5,848228432

5,809863291

5,799358644
5,792249856
5,791047167
5,774485779
5,76978824
5,722831827
5,719206218
5,718097605
5,708503984
5,667600139
5,6242162
5,617497152
5,615708281
5,603391068
5,591405819
5,58819541
5,551875876
5,551169657
5,544900957
5,500532302
5,483314963
5,465337226
5,419767472
5,409810931
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AMPH
ITGBL1
ANKRD30B
L
GABRD
CYTIP
WFDCA1
ARHGAP20
CRMP1
CALCRL
PCDH17
AEBP1
FPR1
SLC11A1
TNFRSF9
MMP3
TMEM176B
IL18BP
DKK3
CCL8
FLT4
CD79A
ARL11
ADAM33
PIK3R5
TPSAB1
MAP4K1
PDE10A
CPA3
PSTPIP1
AGAP2
CCRL2
VENTX
LOC100499
405
BCL2A1
FCRLS5
ITGA8
TSPYL5
KLRD1
JAKMIP2
FMO1
PRKG1
LTA
PIK3CD
GAL3ST4
GFRA1
GRIK3
CD300C
CLIC2
LILRAS
TMEM156
CCL21
SIGLEC11

-1,988285603
-2,5653368559

-1,926764074

-1,668552672
-3,586622581
-2,968958667
-1,779188633
-2,762905492
-4,081104063
-3,444049087
-4,122469484
-3,640160672
-2,878485363
-2,887079724
-4,070519181
-4,15800786
-1,688161362
-3,662409779
-2,68604861
-2,946286467
-3,225194744
-2,46347059
-3,197814998
-3,51126834
-3,61280465
-2,560038187
-2,514631386
-3,574051436
-2,71235284
-2,384271698
-2,622952241
-1,577821895

-2,040309413

-3,995192578
-2,829796169
-1,770417397
-3,374549487
-2,594992484
-1,617989334
-1,819090112
-2,817350133
-1,511124548
-2,522540525
-2,569495697
-2,672258248
-2,249006943
-1,743947133
-2,505573255
-2,680135092
-1,991041921
-3,860779097
-1,672544616

-0,728702053
-0,247493517

-0,856314464

-1,097554721
1,478799422
0,998911576
-1,082458021
0,564572928
1,461649975
0,38763563
4,050535969
0,093551551
1,338948247
0,017221549
0,312386149
2,771660661
2,406073662
2,600465429
-0,35602559
0,681182198
0,396700368
-0,534512592
0,270118051
0,554973723
-0,224112755
1,023393605
-0,120347718
-0,320722615
0,490313482
0,246945109
0,030015873
-1,277057096

-0,285145509

1,146279686
-0,692850249
-1,222539635
0,108518147
-0,406306065
-1,024265314
-1,061576465
0,128288491

-1,002052873
1,997118906
1,342974313
-0,534065916
-0,836378499
-1,093863309
1,911413585
-0,767680787
-0,931374964
-0,054118549
-1,321476025

-6,066166215
-6,058042004

-6,048845145

-6,048624085
-6,044628467
-6,040127711
-6,033569979
-6,023928088
-6,02196995
-6,002470482
-5,995547801
-5,994064732
-5,988009516
-5,96305083
-5,960926
-5,956798198
-5,949640826
-5,946645631
-5,940920126
-5,911298284
-5,90560107
-5,897643622
-5,897411392
-5,890812105
-5,8833268
-5,883169787
-5,870421466
-5,867828097
-5,864954723
-5,857629355
-5,847515701
-5,846980008

-5,846512763

-5,841541377
-5,837193225
-5,836325002
-5,828810663
-5,826629617
-5,823137869
-5,821698007
-5,8187155
-5,812269917
-5,810985168
-5,807289824
-5,80490311
-5,800593258
-5,800565137
-5,794668131
-5,792773951
-5,792290048
-5,791484866
-5,787300031

206

8,99102E-07
9,20459E-07

9,45253E-07

9,45858E-07
9,56845E-07
9,69375E-07
9,87929E-07
1,01586E-06
1,02163E-06

1,0809E-06
1,10277E-06
1,10751E-06
1,12709E-06
1,21151E-06
1,21899E-06
1,23364E-06
1,25947E-06
1,27045E-06
1,29168E-06
1,40741E-06
1,43083E-06
1,46421E-06
1,46519E-06
1,49348E-06
1,52624E-06
1,52693E-06
1,58442E-06
1,59637E-06
1,60973E-06
1,64428E-06
1,69322E-06
1,69585E-06

1,69815E-06

1,72281E-06
1,74468E-06
1,74908E-06
1,78762E-06
1,79896E-06
1,81728E-06
1,82489E-06
1,84074E-06
1,87549E-06
1,88249E-06
1,90279E-06
1,91601E-06
1,94012E-06
1,94028E-06
1,97377E-06
1,98465E-06
1,98744E-06
1,99209E-06
2,01643E-06

2,94362E-05
3,00782E-05

3,07913E-05

3,07913E-05
3,10902E-05
3,14381E-05
3,19796E-05
3,2822E-05
3,29465E-05
3,47929E-05
3,54306E-05
3,565166E-05
3,60772E-05
3,87078E-05
3,88745E-05
3,92691E-05
4,00174E-05
4,02916E-05
4,08899E-05
4,44715E-05
4,51288E-05
4,6044E-05
4,6044E-05
4,68475E-05
4,76365E-05
4,76365E-05
4,93404E-05
4,9623E-05
4,9948E-05
5,09284E-05
5,22212E-05
5,22212E-05

5,22212E-05

5,28852E-05
5,3461E-05
5,35006E-05
5,45826E-05
5,48318E-05
5,562922E-05
5,564257E-05
5,568089E-05
5,67624E-05
5,68745E-05
5,73869E-05
5,76847E-05
5,82118E-05
5,82118E-05
5,91136E-05
5,93167E-05
5,93167E-05
5,93526E-05
5,99741E-05

5,39237844
5,369076095

5,342693962

5,342059786
5,330596884
5,317684067
5,298868333
5,271200446
5,265581049
5,209614498
5,189742037
5,185484476
5,168100499
5,096433256
5,090330992
5,078476011
5,057918865
5,049315695
5,032869413
4,947766083
4,931395105
4,908527815
4,90786043

4,888894725
4,867381278
4,866929994
4,83028675

4,822831971
4,814572109
4,793513527
4,76443721

4,76289705

4,761553676

4,747260162
4,734758083
4,732261662
4,710654822
4,704383179
4,69434237

4,690201855
4,681625115
4,663089042
4,659394286
4,648766813
4,641902696
4,629507408
4,629426529
4,612465947
4,60701789

4,605626073
4,603310173
4,591273376

16



FAMB5C
LOC100505
702
NAALADLA1
GBP5
C5AR1
APOBR
SIGLEC5
SLCY9A9
TPSB2
DNAJC5B
TMEM176A
F2RL2
LILRA2
CTLA4
CCL19
PREX1
GPR124
NOTCH4
AVPR1A
COL5A3
S1PR1
IGDCC4
CNN1
TAGLN
RHOH
LOC606724
TLR8

POM121L9
P

C1QTNF1
WNT5A
PLA2G4C
GSTM5
HAMP
C18
CD300E
XCL2
FAM167B
DES
IFNG
FAM110D
RAMP2
ACTG2
CPED1
GJAS
SEPT1
CD19
ERG
TREM1
BGN
LOC441081
CPZ
DDR2

-2,286139615
-2,211013657

-2,628310876
-3,86040661
-2,961732413
-2,346192346
-1,995886606
-2,435876156
-3,5642590611
-2,038876992
-3,691201563
-2,624376999
-1,991694765
-3,227927821
-2,561583897
-3,669806827
-3,4917187
-2,638358381
-2,630670732
-3,120608401
-3,212688756
-2,102540053
-3,840449095
-3,359023492
-3,074380787
-1,644507507
-2,445695961

-1,660075056

-2,550509033
-2,5695925586
-2,051307074
-2,189274469
-1,999785519
-3,766164993
-2,540326097
-2,484857484
-2,091749063
-4,57597525
-2,567666078
-1,537311365
-2,804809915
-3,56508927
-3,556714666
-3,000282098
-1,866480132
-2,08725865
-3,142747625
-3,080484927
-4,690474904
-2,118245843
-3,331675303
-2,29954938

0,987125251
0,197702925

-0,266024002
2,561356567
1,486517645
1,183879203
-1,10980503
0,41854432
-0,281716118
-0,69878135
2,369269365
-0,07007708
-1,11190095
0,045301011
-0,826956384
2,674248102
2,15807095
2,269666
-0,019904193
0,854453444
1,458863032
-0,258208235
1,233625038
5,452321276
0,659019214
-1,05226574
-0,884900353

-1,129096952

0,730930141
4,130298408
0,245627046
-0,945926588
-1,025129034
4,660788931
-0,837585284
-0,865319591
0,454475562
1,007142584
-0,823915294
-0,643327637
2,008032189
1,879282772
0,706879112
1,170412585
1,270468933
-0,609691274
1,994331074
-0,014297601
4,34762303
0,499893111
1,171558607
0,007793396

-5,780993291
-5,775880698

-5,763454534
-5,760107737
-5,753140717
-5,746913946
-5,725779836
-5,711612528
-5,694804007
-5,675635841
-5,675457381
-5,675057383
-5,665568373
-5,653868953
-5,644296783
-5,640588764
-5,636650683
-5,634304685
-5,633517812
-5,633234096
-5,632456063
-5,631445985
-5,609803202
-5,608457996
-5,604799302
-5,5698177654
-5,5692428275

-5,592022704

-5,587334913
-5,5682771599
-5,5681901223
-5,5670491706
-5,565290513
-5,562684555
-5,539255771
-5,538508099
-5,538469122
-5,536062496
-5,62901447
-5,5628758386
-5,5624237631
-5,505632987
-5,502400807
-5,477366663
-5,460586074
-5,460485085
-5,454541391
-5,444431572
-5,443189724
-5,442871927
-5,439393555
-5,433734459

207

2,05368E-06
2,08439E-06

2,16095E-06
2,18205E-06
2,22664E-06
2,26726E-06
2,41078E-06
2,51205E-06
2,63777E-06
2,78885E-06
2,7903E-06
2,79354E-06
2,87165E-06
2,97097E-06
3,0548E-06
3,0879E-06
3,12346E-06
3,14483E-06
3,15203E-06
3,15463E-06
3,16178E-06
3,17107E-06
3,37702E-06
3,39026E-06
3,42652E-06
3,49314E-06
3,565203E-06

3,55622E-06

3,60503E-06

3,6532E-06
3,66246E-06
3,78603E-06
3,84374E-06
3,87298E-06
4,14614E-06
4,15517E-06
4,15564E-06
4,18483E-06
4,27153E-06
4,27471E-06
4,33131E-06
4,57222E-06
4,61543E-06
4,96419E-06
5,21263E-06
5,21416E-06
5,30514E-06
5,46355E-06
5,48333E-06
5,48841E-06
5,54425E-06
5,63633E-06

6,09767E-05
6,17818E-05

6,39411E-05
6,44547E-05
6,56591E-05
6,67428E-05
7,08464E-05
7,35716E-05
7,71222E-05
8,12628E-05
8,12628E-05
8,12628E-05
8,3394E-05
8,61332E-05
8,84146E-05
8,92228E-05
9,00989E-05
9,05432E-05
9,05432E-05
9,05432E-05
9,05973E-05
9,07127E-05
9,6444E-05
9,66617E-05
9,7534E-05
9,92662E-05
0,000100726

0,000100726

0,000101941
0,000103134
0,000103226
0,000106535
0,000107982
0,000108626
0,0001158
0,0001158
0,0001158
0,000116425
0,000118542
0,000118542
0,000119919
0,000126386
0,000127375
0,000136781
0,000142983
0,000142983
0,000145016
0,000149109
0,000149314
0,000149314
0,000150596
0,000152855

4,573132766
4,558426461

4,522680912
4,513052959
4,493009904
4,4750958
4,41428989
4,373525195
4,325157703
4,269996701
4,269483125
4,268331998
4,241023853
4,207353505
4,179804605
4,169132707
4,157798598
4,151046592
4,148781891
4,147965327
4,145726064
4,142818948
4,080527666
4,076655907
4,066125469
4,047067003
4,03051906

4,029351739

4,015859248
4,002725025
4,00021989
3,967380818
3,952410697
3,944910224
3,877478254
3,87532636
3,875214179
3,868287624
3,848002732
3,847265703
3,834254678
3,78071064
3,771408698
3,69936556
3,651077994
3,6507874
3,633684714
3,604595245
3,601022109
3,600107724
3,590099629
3,573817449

17



TOX2
FGL2
CES1
HTRA4
HIGD1B
ADAP2
AXL
MS4A1
C190rf38
ACP5
CCR6
ENG
SH2D2A
GRIP2
S1PR4
TLR10
HLA-DPA1
GPR82
TNFRSF8
LAYN
RFTN2
GEM
NR5A2
PCDHB15
ABCB1
XYLT1
INHBA
BTLA
WIPF1
CD163L1
MMP25
BCL11B
CYP7B1
PTGIS
LINC00341
RGS4
P2RX7
LRCH2
PLCB2
GPR97
ZNF300P1
HLA-DQA2
COL8A1
TMEM140
FHL1
APOBEC3H
P2RY8
ANO4
LOC654433
LRRN3
CD1D
TM6SF1
TIMP3

-2,260025927
-3,768504721
-3,014220881
-1,579503762
-1,976559254
-2,699069519
-3,093463443
-2,910216294
-1,940031404
-3,426586708
-1,701439916
-2,945197517
-2,05805285
-1,58409711
-1,930574906
-2,298322608
-4,666562626
-1,643846314
-1,74094977
-2,634294048
-2,040043383
-2,645971347
-3,34795845
-1,522633024
-2,857318228
-2,284606603
-2,877841664
-1,827987022
-3,190296464
-1,950453571
-2,400939937
-2,151931224
-1,713148874
-2,468347684
-1,602186485
-3,592648981
-1,919052643
-2,07793173
-2,866549094
-2,485820675
-1,978466743
-3,28389515
-3,207312044
-2,182215512
-3,407331436
-1,671617485
-2,282921381
-1,978964149
-2,469267943
-2,26559769
-2,435382237
-2,101080494
-3,878852977

-0,301195093
1,872992547
0,344725052
-1,000441919
-1,119468706
1,325247446
1,90947508
-0,652640186
-0,212150634
2,824480395
-0,234144075
4,373758404
1,111384461
-0,582440005
-0,441686429
-0,646954741
4,767777621
-1,224003092
-0,570178456
0,982845892
-0,558405021
2,299048841
0,708204567
-0,453367441
0,21315037
-0,049437442
-0,086119679
-0,960130679
3,269686619
-0,216228197
0,085731166
-0,328458753
-0,970859066
-0,152158936
-0,721635217
0,873113611
-0,402281904
-0,794438095
2,014438729
0,079974973
-1,071296913
0,352527623
0,334308322
1,911338332
1,715490397
-0,402381025
-0,438459665
-0,79842307
-0,032367395
-0,670304627
0,182444604
-0,273175235
3,262987597

-5,425241516
-5,423993066
-5,417465038
-5,414021852
-5,4129105
-5,394079788
-5,384464761
-5,375333894
-5,371114797
-5,362953588
-5,349651745
-5,347896015
-5,343836294
-5,342563621
-5,317010822
-5,316601347
-5,313457015
-5,298598006
-5,295998419
-5,294589813
-5,291600887
-5,291400074
-5,283244288
-5,277532399
-5,276038425
-5,255335768
-5,254127236
-5,240048948
-5,239468925
-5,2343093
-5,223494071
-5,222870562
-5,215424362
-5,210391731
-5,210260902
-5,209749977
-5,201431571
-5,200894728
-5,196592572
-5,177620471
-5,16686427
-5,164538919
-5,154145891
-5,153587019
-5,153423501
-5,146693481
-5,139740035
-5,124901514
-5,124498646
-5,122584755
-5,122494557
-5,108197079
-5,106388797

208

5,77739E-06
5,79842E-06
5,90964E-06
5,96917E-06
5,98851E-06
6,32591E-06
6,50545E-06
6,68067E-06
6,76323E-06
6,92582E-06
7,19925E-06
7,23614E-06
7,32216E-06
7,34933E-06
7,91683E-06
7,92628E-06
7,99916E-06
8,35273E-06
8,41618E-06
8,45076E-06
8,5246E-06
8,52958E-06
8,7345E-06
8,88093E-06
8,91964E-06
9,47364E-06
9,50703E-06
9,90467E-06
9,92141E-06
1,00715E-05
1,03936E-05
1,04125E-05
1,06406E-05
1,07975E-05
1,08017E-05
1,08177E-05
1,10828E-05
1,11001E-05
1,124E-05
1,18779E-05
1,22555E-05
1,23387E-05
1,27175E-05
1,27382E-05
1,27443E-05
1,29963E-05
1,32618E-05
1,38468E-05
1,3863E-05
1,39404E-05
1,39441E-05
1,45362E-05
1,46128E-05

0,000156189
0,000156512
0,000159264
0,000160617
0,000160886
0,000169494
0,000173691
0,000178093
0,000180015
0,000184058
0,00019103
0,000191713
0,000193694
0,000194115
0,000208077
0,000208077
0,00020967
0,000218605
0,000219598
0,000220167
0,000221551
0,000221551
0,000226191
0,000229637
0,000230292
0,000243865
0,000244359
0,0002542
0,000254251
0,000257714
0,00026556
0,000265649
0,000271067
0,000274359
0,000274359
0,000274362
0,000280672
0,000280698
0,000283402
0,000298613
0,000307657
0,000309294
0,000318071
0,000318071
0,000318071
0,000323891
0,000330032
0,000343999
0,000343999
0,000345016
0,000345016
0,00035915
0,000360527

3,549382699
3,54579092
3,527010254
3,517104735
3,513907587
3,459738519
3,432082137
3,405820079
3,393685757
3,370214818
3,331963041
3,326914438
3,315240989
3,311581585
3,238116523
3,23693941
3,22790058
3,185189971
3,177718389
3,173669937
3,165079711
3,164502581
3,141064119
3,124650249
3,120357287
3,060875204
3,057403333
3,01696295
3,015296962
3,000477613
2,969417517
2,967627004
2,946245085
2,93179498
2,931419347
2,929952394
2,906070284
2,904529102
2,892178803
2,837724216
2,806858055
2,800185854
2,770367769
2,768764478
2,76829538
2,74898947
2,729044838
2,686491046
2,685335852
2,679848025
2,679589399
2,638599104
2,633415567
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KLRC2
DACT3
PLXNC1
ENPEP
SLC6A1
PPP2R2B
TMEM200A
TSHZ3
LOC643733
TRAT1
HEYL
STARDS8
HLA-F
POU2AF1
RGCC
TBC1D10C
RNASE1
ZNF208
PLXDC2
IGSF21
GPR176
SCARF1
ADAMTSLA
MFAP4
PRKCDBP
HGF
HVCN1
TTN
RASSF2
ARHGAP6
EDIL3
HSD11B1
CD72
NPTX2
MYLK
DPEP2
THEMIS
GPR18
HOXD11
PLN
DOCK8
CDH11
TSPAN18
ESAM
SIGLECS8
IKZF3
SEPT4
CHRD
GBP4
FCGR3B
KNDC1
C160rf45
COL1A2

-1,962107018
-2,221273791
-2,982329479
-2,832813143
-1,567691139
-1,895551732
-3,177394271
-3,113286215
-2,246934713
-1,973349006
-2,405469533
-2,414719947
-3,852794289
-2,782751448
-2,722411611
-2,177611753
-3,329002028
-1,772632253
-3,019042867
-1,508810549
-1,94217143
-1,996082784
-3,00772007
-4,373374975
-3,5608239314
-1,871353848
-1,993480171
-1,524314481
-2,969671731
-1,915917244
-2,614017004
-2,260494037
-2,062022261
-2,703961205
-3,135433569
-1,802492699
-2,454100452
-1,599328524
-2,029178134
-3,010357004
-3,062628155
-3,5649792493
-2,618227837
-3,295713004
-1,718936135
-2,862423747
-2,231424085
-2,973284857
-3,04467972
-2,836213797
-1,617956701
-2,480492464
-4,600019983

-1,058191498
0,388044496
2,188812184
0,297637437
-1,186416089
-0,552166865
1,348025285
0,83481144
-0,586422984
-1,0563226687
1,655125764
0,717576331
2,823926958
0,208904168
2,933005568
1,686275252
4,437918743
-0,929427926
2,453569552
-1,353343058
0,798794974
1,479734405
0,696202515
1,711552449
1,025643176
-0,81751642
0,730091699
-0,954408403
2,253316546
-0,472771727
-0,588580707
-0,631345672
1,09456352
0,157219114
4,273389348
-0,66737133
-0,532815842
-1,193049317
-0,429129014
-0,55640057
2,239276535
2,905347885
0,287311717
2,16143534
-1,248280265
1,923978111
0,974758563
1,32269889
3,175140749
-0,483763405
-1,030664091
1,10532049
6,448511458

-5,102395595
-5,098259826
-5,094653617
-5,094484615
-5,088377242
-5,088115818
-5,07984723
-5,07597651
-5,072546833
-5,066490659
-5,064778771
-5,063699954
-5,060025292
-5,059960262
-5,050209612
-5,046611246
-5,043768923
-5,042891098
-5,040350449
-5,036813663
-5,023737718
-5,022690128
-5,002136594
-5,000402944
-4,985086735
-4,983304018
-4,979915135
-4,978486033
-4,97633748
-4,973628513
-4,971589371
-4,965189216
-4,963063949
-4,961883753
-4,95539346
-4,955376704
-4,953812149
-4,953233374
-4,943997953
-4,93991446
-4,927808203
-4,92243833
-4,921291518
-4,912802953
-4,911984523
-4,911449673
-4,909857037
-4,905579888
-4,901154177
-4,887668424
-4,855332186
-4,854428849
-4,853892912

209

1,47835E-05
1,49624E-05
1,561202E-05
1,51276E-05
1,563987E-05
1,54104E-05
1,567854E-05
1,5964E-05
1,6124E-05
1,64105E-05
1,64924E-05
1,65442E-05
1,67219E-05
1,6725E-05
1,72059E-05
1,73868E-05
1,7531E-05
1,75758E-05
1,77061E-05
1,78891E-05
1,8582E-05
1,86387E-05
1,97858E-05
1,98857E-05
2,07905E-05
2,08984E-05
2,11052E-05
2,1193E-05
2,13256E-05
2,14941E-05
2,16218E-05
2,20274E-05
2,21638E-05
2,22399E-05
2,2663E-05
2,26641E-05
2,27673E-05
2,28056E-05
2,34254E-05
2,37048E-05
2,45527E-05
2,49384E-05
2,50215E-05
2,56456E-05
2,57066E-05
2,57465E-05
2,58658E-05
2,61888E-05
2,65273E-05
2,75858E-05
3,0298E-05
3,03774E-05
3,04247E-05

0,000364216
0,000368097
0,0003711
0,0003711
0,000376963
0,000376963
0,000385589
0,000389401
0,000392747
0,000398596
0,000400021
0,000400713
0,000403957
0,000403957
0,00041499
0,000418767
0,000421651
0,000422139
0,000424675
0,000428467
0,000444445
0,000445182
0,000471926
0,000473653
0,000494521
0,000496402
0,000500623
0,000502014
0,000504462
0,00050775
0,000510066
0,000518925
0,000521425
0,000522501
0,000531019
0,000531019
0,000532712
0,000532884
0,000546625
0,000552396
0,000571381
0,000579573
0,000580722
0,000593606
0,000594219
0,000594344
0,000596298
0,000602938
0,000609916
0,000633406
0,000693831
0,000694727
0,000694885

2,621969433
2,610115508
2,599780134
2,599295793
2,5681793715
2,581044588
2,55735234
2,546262717
2,536437367
2,519089211
2,514185809
2,511095813
2,50057117
2,500384924
2,472461742
2,462158396
2,454020393
2,451507144
2,444233411
2,434108434
2,396681633
2,393683603
2,334876595
2,329917559
2,286114628
2,281017223
2,271327814
2,267241992
2,261099505
2,253355299
2,247526269
2,229232812
2,223158817
2,21978596
2,201239224
2,201191348
2,196720897
2,195067189
2,168682441
2,157018213
2,12244457
2,107112462
2,103838349
2,079606824
2,077270813
2,075744242
2,071198655
2,058992085
2,046363004
2,0078898
1,915697483
1,913123249
1,911596025
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N4BP2L1
MARCO
MMRN2

HLX
HLA-DPB1
DLGAP1-
AS1
SYDE1
CARD16
LAT
FHL5
TMEM215
IGF2

FCER1A
COL6A1
RRN3P2

LOC728392
TDO2
P2RY6
APOL3
c2

COL22A1
ZDBF2

SIGLEC12
TNXB

TM4SF18
SFMBT2
FAM26F

ARHGAP30
FOXS1
FBXL7
ZNF781
DKK2
ccL13
APOBEC3G
PEG3
APOD
JAM2
CMAHP
RLTPR
LHFP
LOC100505
495
ARHGAP4
ST8SIA4
DPP6
MME
SNORA25
CD1A
RERG
FILIP1L
GPSM3
ST6GALNA
c3
RECK

-2,069545798
-2,375492516
-3,128836008
-2,040194141
-4,270523457

-1,599763929

-1,989358577
-3,106884569
-2,080420827
-1,790823321
-2,116481437
-4,400266538
-2,232868196
-3,400222067
-1,958460888
-2,478350829
-2,239250947
-1,799813855
-2,238252188
-2,622048953
-2,104571654
-2,056034241
-1,541445962
-2,75898431
-2,416553482
-2,719184985
-2,793698286
-2,247487947
-2,734791509
-3,47080377
-1,629653328
-1,963903038
-2,386015326
-3,041721188
-2,293032611
-3,173336319
-3,295521412
-2,906664878
-1,756075655
-1,786047657

-2,854791519

-2,129832597
-3,575221366
-2,24282543
-3,959648801
-1,560036721
-2,179867358
-2,759772749
-2,828528548
-1,936510041

-2,463890471
-2,270153504

2,216844295
-0,59403079
1,793561758
0,838470468
4,384657937

2,533535371

1,70820707
2,043098297
2,065541305
-1,036528181
-0,690284171
2,778027305
-0,991314235
5,391756927
-0,317286728
0,866430563
-0,154492557
0,365832092
2,403583325
2,538799281
-0,485367316
-0,30475689
-1,337025352
0,897370625
0,840983893
0,842325109
1,438901185

2,17028466
0,047942583

1,07268821
-0,291715946
-0,831245477
-0,91474067
2,438818346
-0,574133076
0,670704913
0,546613824
1,137625595
0,313633801
3,117985518

1,041559119

2,899135346
1,642552118
-0,847098042
1,606353676
-0,772334739
-1,017814654
0,141875322
2,755947262
2,972894612

0,37624769
0,705007587

-4,844593032
-4,841217796
-4,838018979
-4,834932172
-4,823389593

-4,820168235

-4,819492223
-4,817779735
-4,817724114
-4,816746024
-4,813807063
-4,809148092
-4,797646347
-4,795368747
-4,772685341
-4,769506112
-4,76482416
-4,762212129
-4,744660443
-4,740776319
-4,740330775
-4,738611925
-4,73782434
-4,733771547
-4,732449395
-4,727211621
-4,719371853
-4,707165837
-4,688308694
-4,686473032
-4,686013705
-4,685948717
-4,684601176
-4,683705219
-4,682685612
-4,681936778
-4,67821223
-4,671850768
-4,670905512
-4,667953949

-4,654102529

-4,654062486
-4,65335435
-4,646378963
-4,645157681
-4,635641863
-4,634381542
-4,606077254
-4,603568839
-4,603218021

-4,595941323
-4,593595775

210

3,12561E-05
3,15634E-05
3,18574E-05
3,21437E-05
3,32371E-05

3,35488E-05

3,36146E-05
3,37818E-05
3,37873E-05
3,38832E-05
3,41729E-05
3,46373E-05
3,58107E-05
3,60477E-05
3,84948E-05
3,88507E-05
3,93808E-05
3,96797E-05
4,1747E-05
4,22188E-05
4,22732E-05
4,2484E-05
4,25809E-05
4,3083E-05
4,32481E-05
4,39082E-05
4,4915E-05
4,65283E-05
4,91344E-05
4,93957E-05
4,94613E-05
4,94706E-05
4,96636E-05
4,97923E-05
4,99392E-05
5,00473E-05
5,05887E-05
5,156269E-05
5,16678E-05
5,21101E-05

5,42365E-05

5,42428E-05
5,43538E-05
5,54593E-05
5,566551E-05
5,72047E-05
5,74131E-05
6,2297E-05
6,27492E-05
6,28127E-05

6,41442E-05
6,45794E-05

0,000711986
0,000718036
0,000723769
0,000729311
0,000751151

0,000757201

0,000757693
0,000759596
0,000759596
0,000760759
0,000766265
0,000775668
0,000799865
0,000804116
0,000853998
0,00085996

0,000870574
0,000876056
0,000919342
0,000927359
0,000927373
0,00093081

0,000931747
0,000940345
0,000942753
0,000955933
0,000976618
0,001010421
0,001064332
0,001067585
0,001067585
0,001067585
0,001070408
0,001071841
0,001073661
0,001074645
0,001084917
0,001103663
0,001105305
0,001113384

0,001156082

0,001156082
0,001157016
0,001176188
0,00117889
0,001210224
0,001213143
0,001313118
0,001319143
0,001319143

0,001345466
0,001351965

1,885098597
1,875483602
1,866372065
1,857580409
1,824712815

1,815542042

1,813617643
1,808742893
1,808584568
1,80580047

1,797435329
1,784176109
1,751451011
1,744972138
1,680472948
1,671436809
1,658131319
1,65070918

1,600852825
1,589823869
1,588558843
1,5683678727
1,681442733
1,569937623
1,56618464

1,651318729
1,529072989
1,494450312
1,440992055
1,43579013

1,434488541
1,434304387
1,430486011
1,427947348
1,42505843

1,42293678

1,412385031
1,394366295
1,391689248
1,383330799

1,344118145

1,344004817
1,342000697
1,322262403
1,318807099
1,291890309
1,288326092
1,208329409
1,20124439
1,200253563

1,179705087
1,173082908
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ROBO3
FAM65B
FGF7
GALNT15
ZMIZ1-AS1
CFP
PCOLCE
NAPSB
CXCR2P1
PRAM1
PDLIM3
CLEC12A
GNG7
TNFRSF17
TMEM26
ZNF626
HECW2
KCTD12
PTPRN2
C3orf70
VGLL3
CACNA1TH
LINC00667
EPB41L3
HLA-DQB2
CCL14
NPL
DPYSL4
IL33
TMEM200B
LOC100216
479
GFI1
MYL9
CLEC3B
NTNG2
VASH1
LPPR4
RASA3
COL10A1
CST7
ST8SIA1
SOGA3
TBX2
PAG1
NPR2
GPR133
LRRK2
EMB
CCL11
REN
VSTM4
CAMK1G
AFF3

-1,975271972
-2,365665092
-2,541793095
-1,838093981
-1,528018448
-1,755281293
-3,392903281
-3,37817065
-1,814689503
-1,745875459
-3,130633651
-1,875771153
-2,033552914
-1,936428667
-2,753848422
-2,742377279
-2,032979693
-2,90390339
-2,239946227
-1,854623171
-2,579914722
-2,893605192
-2,952018045
-3,286960918
-2,513379794
-2,276374313
-2,292208117
-2,129120774
-3,513346158
-2,466015987

-2,287762929

-1,881921909
-2,890715769
-2,124120567
-1,5145988
-2,26267808
-2,381833773
-2,590667337
-2,348230451
-2,962388592
-1,710432526
-1,818308358
-3,248230506
-2,023233033
-1,628658183
-1,5622858921
-2,355626209
-3,346281825
-2,097900729
-2,508075058
-2,54361986
-1,624636778
-3,096466274

-0,237556896
0,783374137
0,180728248
-0,54956885
-0,181599458
0,042607385
3,471168162
1,701367214
-1,177589494
-0,479657931
0,620306361
-1,169862756
-0,506848437
-1,118178744
0,415861286
-0,203124519
0,324232609
3,216548451
0,27857257
-0,690512267
-0,004156585
0,500545794
0,648960817
1,318522524
0,285882868
-0,769962038
1,84107045
-0,466641235
2,328377155
0,685210771

0,25403204

0,199785374
4,96214008
-0,222296614
-0,905969393
2,803159978
0,442777196
1,746500586
-0,815002805
0,677600589
-0,45166598
-0,859192211
1,262767739
2,388538691
2,325593572
-1,237592542
0,245469405
1,438979488
-1,058797968
0,787520231
0,412000747
-0,511667428
1,098826927

-4,59295481
-4,591956888
-4,589320376

-4,58873521
-4,587003263
-4,585103145
-4,570540586
-4,569941746
-4,562263472

-4,56111207
-4,558889606

-4,55403372
-4,543284055
-4,538393905

-4,53688861
-4,512276967
-4,499044372
-4,497924274
-4,497496252
-4,493878349
-4,491750124
-4,490948525
-4,487681269
-4,478906299
-4,477551629
-4,477545477
-4,459192301
-4,457627824
-4,457241851
-4,447592389

-4,43788256

-4,436080283
-4,433527919
-4,428372952
-4,427517826
-4,420589
-4,419363648
-4,413577116
-4,412991945
-4,410657761
-4,410652328
-4,401114129
-4,395560384
-4,395374095
-4,393915741
-4,393688029
-4,384569534
-4,379912955
-4,375189
-4,37510394
-4,368421697
-4,363555839
-4,345793624
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6,46988E-05
6,48851E-05
6,538E-05
6,54904E-05
6,58181E-05
6,61794E-05
6,9015E-05
6,91341E-05
7,06799E-05
7,09147E-05
7,13699E-05
7,23747E-05
7,46492E-05
7,57071E-05
7,60358E-05
8,16135E-05
8,47777E-05
8,5051E-05
8,561557E-05
8,60457E-05
8,65735E-05
8,67731E-05
8,75914E-05
8,98273E-05
9,01775E-05
9,01791E-05
9,50582E-05
9,5486E-05
9,55918E-05
9,82755E-05

0,000101051

0,000101575
0,000102321
0,000103845
0,000104099
0,000106188
0,000106561
0,000108343
0,000108525
0,000109253
0,000109255
0,000112281
0,000114081
0,000114142
0,00011462
0,000114694
0,000117728
0,000119307
0,000120931
0,000120961
0,000123295
0,000125023
0,000131536

0,001352157
0,001354408
0,001361557
0,001362089
0,001367253
0,001373104
0,001428494
0,001429242
0,001459447
0,001462541
0,001468413
0,001485537
0,001530398
0,001550241
0,001555121
0,001661307
0,00172368
0,001727198
0,001727287
0,001743285
0,001751917
0,001753896
0,001768361
0,001811377
0,001814221
0,001814221
0,001903485
0,001909729
0,001909729
0,001961069

0,002011795

0,002019885
0,002027698
0,002055526
0,002058206
0,002094683
0,002099648
0,002132316
0,002133456
0,002142913
0,002142913
0,002197266
0,002223576
0,002223576
0,002229293
0,002229293
0,002285674
0,002313731
0,002337892
0,002337892
0,002380344
0,002408304
0,002521159

1,17127339
1,168456239
1,161013901

1,15936221
1,154473855
1,149111265
1,108026912
1,106338007
1,084686964
1,081440899
1,075175736
1,061489086

1,03120106
1,017427574
1,013188413
0,943919924
0,906710514
0,903561936
0,902358816
0,892190317
0,886209546
0,883957041
0,874776911
0,850128811
0,84632461
0,846307336
0,794793005
0,790403968
0,789321201
0,762258509

0,735039997

0,729989371
0,722837536
0,708395995
0,706000753
0,686596796
0,683165972
0,666967459
0,665329642
0,658797064
0,65878186

0,632096219
0,616564462
0,616043562
0,611965908
0,611329239
0,585840994
0,572829733
0,559633632
0,559396054
0,540735603
0,527151875
0,477597894
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GPRASP1
F10
PTPRB
CD1E
TBXAS1
CD5
PROCR
CEACAM21
TSPAN2
MCAM
POSTN
TNFSF14
FFAR2
FOXN4
KCNE4
C30rf80
CLEC4E
PMP22
RGS2
GAS1
GBP2
FAM19A5
GBGT1
HNRNPUL2
-BSCL2
LILRA3
PDZD4
PTGIR
LGALS2
NEXN
PDE4B
NID1
ITGA1
LAX1
FCRLA
GIMAP2
FMNL1
HHEX
FLRT2
CD180
GJA4
NAP1L3
HEG1
AOC3
ZCCHC24
BMP8A
WT1
POPDC2
FAM49A
GRAP
COL4A1
OLFML3
ZNF334
TRO

-1,814479229
-1,822025334
-2,42740156
-1,569103509
-2,007161113
-2,636396928
-2,106961835
-2,58876643
-2,65609435
-2,03625802
-3,914892393
-2,287610188
-2,155579773
-2,615989681
-2,495631901
-1,640742232
-2,658941913
-1,985690771
-2,760662388
-2,707459125
-2,686704994
-2,766291991
-1,993942978

3,455681

-1,757726623
-1,807106019
-1,70991317
-2,069485839
-1,672992801
-2,704204713
-3,292257469
-2,515724915
-1,800776471
-1,708488565
-2,374728456
-1,606967968
-1,877638131
-2,432057218
-1,928864517
-3,22361641
-1,824361909
-1,812877287
-1,881726375
-1,71456728
-2,187901699
-2,295683189
-1,539484804
-2,020185599
-2,126445917
-2,087242423
-2,485078533
-2,179073756
-2,899886719

1,418008111

-0,710019858
2,656515094
-1,287386241
1,657263143
0,477336533
1,951558214
-0,175778143
-0,010515493
4,469544064
1,973199203
0,439889682
-0,840391818
0,247609676
0,413014973
-1,116095216
0,267275412
3,374107886
3,021634503
0,875237597
4,167089768
0,469262161

0,383273707

4,259850025

-1,228885022
-0,742003234
-0,601945906
-0,836771934
1,182163521
2,024778484
3,272673475
3,422592564
-0,484582347
-1,232148795
1,284072835
2,740389623
0,644203706
0,811319585
0,640702851
1,244184789
-0,193894741
3,696190634
1,708841854
2,345493767
0,913056229
0,265862708
0,436224726
1,700394839
2,016497592
7,049041527
2,653599474
-0,576739841
0,958708888

-4,345586314
-4,335134955
-4,328647978
-4,319958381
-4,288344152
-4,286641819
-4,282452159
-4,277890684
-4,277385992
-4,274730135
-4,261719644
-4,259073726
-4,255191944
-4,253734782
-4,246447828
-4,238524758
-4,237882061
-4,22285624
-4,214202824
-4,202531037
-4,190325881
-4,19009129
-4,187011429

4,182016559

-4,179004253
-4,174671478
-4,168862896
-4,168123812
-4,167661899
-4,164239017
-4,154788751
-4,153188358
-4,148723426
-4,143119898
-4,143010198
-4,139349761

-4,13607787
-4,129281596
-4,122695119
-4,112599531
-4,112373194
-4,099715138
-4,091017209
-4,086669571
-4,081769607
-4,067711636
-4,066567392
-4,065981214
-4,063272015
-4,046931747
-4,045865219
-4,040102635
-4,039528561
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0,000131614
0,000135603
0,000138139
0,00014161

0,000154976
0,00015573
0,000157601
0,000159663
0,000159893
0,000161108
0,00016719
0,000168455
0,000170327
0,000171035
0,000174619

0,0001786

0,000178927
0,000186738
0,000191388
0,00019784
0,000204815
0,000204952
0,000206751

0,000209702

0,000211502
0,000214117
0,000217673
0,000218129
0,000218415
0,000220545
0,000226531
0,00022756
0,000230457
0,000234143
0,000234216
0,000236656
0,000238858
0,000243496
0,000248076
0,00025526
0,000255423
0,000264726
0,00027131
0,000274661
0,000278486
0,000289753
0,000290689
0,00029117
0,000293403
0,00030723
0,000308154
0,000313196
0,000313703

0,002521159
0,002591816
0,00263736
0,002700623
0,002948996
0,002960072
0,002992333
0,00302815
0,003029144
0,003042144
0,003150095
0,00317045
0,003202184
0,003208489
0,003265059
0,003332262
0,003334747
0,003469059
0,003547778
0,003651657
0,003770802
0,003770802
0,003791752

0,0038377

0,003862426
0,003906043
0,003962517
0,003962601
0,003963463
0,003997896
0,004097783
0,004112086
0,004155703

0,00421466

0,00421466
0,004254121

0,00428476
0,004363423
0,004431656
0,004544057
0,004544057
0,004690169
0,004792027
0,004846242
0,004908707
0,005096869
0,005108124
0,005111359
0,005140075
0,005344248
0,005354918
0,005437043
0,005440354

0,477019827
0,447885974
0,429811987
0,40561183

0,317673223
0,31294276

0,301302584
0,288632804
0,287231211
0,279856279
0,243745643
0,236405498
0,225639111
0,221598255
0,201396422
0,179441746
0,177661335
0,136057669
0,112116532
0,079846275
0,046128306
0,045480496
0,036976596

0,023188894

0,014876081
0,002922286
-0,013097549
-0,015135451
-0,01640905
-0,025845419
-0,051886694
-0,05629505
-0,068591286
-0,084017679
-0,084319619
-0,094393328
-0,103395515
-0,122087848
-0,140194426
-0,167930942
-0,168552542
-0,203299584
-0,227156986
-0,239076242
-0,252505055
-0,291004619
-0,294136462
-0,295740751
-0,303154516
-0,347837054
-0,350751507
-0,366494461
-0,368062398
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RASL12
NNMT
ARMCX1
PLA2G7
RAB31
KIAA0125
MSRB3
CDH5
SIRPB2
VAMP5
SYNE1
CXCR7
USHBP1
RSPO1
ABCAG
STON1
CHIT1
LOC339524
CYSLTR1
DNM30S
DPYD
DYX1C1-
CCPG1
VEGFC
KCNAB2
TBC1D3
CALHM2
CX3CR1
DOC2A
MYOCD
NDNF
DPT
ELFN1
C220rf34
CLDNS5
CIR
LAMA2
ECEL1P2
SELL
P2RX1
RARB
CLECL1
PSD
CHRDL1
P2RX5
IGFBP7
COL11A1
LAMA4
PODN
LAIR2
HLA-DQB1
FRZB
IL1B
GZMM

-2,681347168
-3,486199435
-2,332653032
-2,762675683
-2,517417068
-1,882725968
-2,455715971
-2,596039199
-1,700901607
-1,907163729
-2,198419525
-2,335492159
-2,030555268
-1,598994721
-1,688614791
-1,821816284
-1,824143886
-1,520473884
-1,620621382
-2,633551994
-2,38654711

2,903441206

-2,099543959
-2,028442565
-1,955381303
-2,09727379
-1,614316274
-2,081105387
-1,5639523719
-2,348397926
-2,027388832
-1,657798962
-1,599525626
-2,583100383
-2,417632223
-2,283708396
-2,114604366
-2,321343149
-1,790272436
-1,834024979
-1,649626981
-1,958612861
-1,98691879
-1,547916866
-2,537147019
-1,94257509
-2,740807896
-2,098889546
-1,504147745
-3,511017455
-2,619601494
-2,841189005
-1,607704687

1,511172316
2,845152493
1,355994169
1,778128495
3,958557155
-1,166385349
1,767295056
3,088123949
-0,622434034
2,532773889
2,621058356
2,87210462

0,361219416
-1,287825939
-0,507617416
1,111284925
-0,734672269
-0,053391677
-0,819484754
0,201084331

1,283988288

1,317529521

1,753607525
2,212127707
-0,569044537
1,247717295
-0,277367025
-0,233713147
-1,157199854
-0,0764548
-0,832161525
-0,690852722
-0,880119095
0,897647512
5,289043893
1,110031985
-0,413945269
1,348646431
-0,713200735
1,927523195
-1,186894428
1,32691065
-0,843833265
-0,775272885
7,04986851
-0,967281508
3,802310013
0,561119259
-1,002446993
4,848828708
2,373429655
0,824895531
-0,688875438

-4,03699643
-4,032168904
-4,030442462
-4,029049415
-4,021713689

-4,02014672
-4,017928016
-4,015574196
-4,012355165
-4,007942574
-4,003300144
-4,002554631
-3,986496121
-3,984239057
-3,978543198
-3,976563677
-3,975731004

-3,96473842
-3,961047958
-3,958413774

-3,95581459

3,955537926

-3,953156012
-3,945790201
-3,943306806
-3,938148944
-3,936724946
-3,933436389
-3,913166785
-3,906705495
-3,905312635
-3,904484574
-3,899448963
-3,895217882
-3,89023285
-3,884815639
-3,884687039
-3,883522783
-3,88129027
-3,878673058
-3,877900327
-3,877736393
-3,871891785
-3,868349072
-3,867279961
-3,865765018
-3,865761854
-3,857524573
-3,855534742
-3,847473941
-3,841973483
-3,83693385
-3,831318181
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0,000315947
0,00032027
0,000321829
0,000323094
0,000329831
0,000331288
0,000333361
0,000335575
0,000338626
0,000342852
0,000347354
0,000348082
0,000364138
0,000366453
0,000372356
0,00037443
0,000375305
0,000387054
0,000391078
0,000393976
0,000396855

0,000397163

0,000399822
0,000408155
0,000411002
0,000416979
0,000418644
0,000422513
0,000447148
0,000455292
0,000457066
0,000458124
0,000464611
0,00047013

0,000476714
0,000483972
0,000484146
0,00048572

0,000488753
0,000492332
0,000493394
0,000493619
0,000501725
0,000506702
0,000508213
0,000510362
0,000510366
0,000522207
0,000525107
0,000537018
0,000545296
0,000552989
0,000561687

0,005468264
0,005537512
0,005558902
0,005575144
0,005680016
0,005699405
0,005723642
0,005755913
0,005802462
0,005857393
0,005928425
0,005934974
0,006178156
0,006211298
0,006292786
0,006321625
0,006330201
0,006509234
0,006564092
0,006595208
0,006633893

0,006633893

0,006665375
0,006758494
0,006792583
0,006858444
0,006879258
0,006936227
0,00730126

0,007402775
0,007418604
0,007421788
0,007519792
0,007594844
0,007694002
0,007792033
0,007792033
0,007810072
0,007840675
0,007886934
0,007892868
0,007892868
0,008007609
0,008072072
0,008088664
0,008107951
0,008107951
0,008273161
0,008311462
0,008476607
0,008588928
0,008665174
0,008785475

-0,374977429
-0,38815716
-0,392869334
-0,396671064
-0,416683867
-0,42095724
-0,427007082
-0,433424175
-0,442198076
-0,454221484
-0,466866516
-0,468896695
-0,512597175
-0,51873476
-0,534218275
-0,539597651
-0,541860187
-0,571714392
-0,581730941
-0,588878655
-0,595929834

-0,596680289

-0,603140528
-0,623109804
-0,629839635
-0,643812493
-0,647669066
-0,656573552
-0,711401534
-0,728858347
-0,732620197
-0,734856413
-0,748451742
-0,759870231
-0,77331785
-0,787924449
-0,788271109
-0,791409356
-0,797426158
-0,804478198
-0,806559988
-0,807001619
-0,822742395
-0,832279567
-0,835157059
-0,839234017
-0,83924253
-0,861400379
-0,866750378
-0,888413053
-0,903185638
-0,91671386
-0,931780768
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MAFB
FMO2
EBF1
KANK3
BATF3
CD36
CCDC80
ADAMS8
NOS3
HLA-DRB5
TXLNB
PEAR1
ITGA4
NFASC
ADRA2C
ADAMTS6
SLC37A2
MXRA8
HOXD3
CD3G
RSPO3
UQCRBP1
LTBP2
HLA-DRB1
RBP5
TBX3
EFEMP1
CRISPLD2
MEIS3
PDE2A
JPH4
GLI1
DLC1
HIST1H4J
SDPR
HHIP
JAKMIP1
BTN3A1
HHIP-AS1
AGBL2
MS4A2
GLT8D2
PILRA
ZIK1
DKFZp686
D0853
LRRC36
NAIP
INSR
CCL3L3
FPR2
PLAT
CXCL10
F2R

-1,538043092
-1,685924068
-2,178006696
-1,635328547
-1,648720243
-2,444667899
-2,275871991
-1,968539151
-1,984152324
-3,647378839
-1,549344832
-1,919770644
-2,708694666
-2,72565018
-2,563618383
-2,171689384
-2,301604365
-2,772270677
-1,697573196
-1,987173791
-2,155430439
-1,937233069
-2,449920762
-3,648277965
-1,836054264
-2,97009693
-3,482843439
-1,520040344
-2,06440579
-1,779500049
-1,711222183
-1,966941811
-2,37711789
-2,555259658
-2,47398681
-2,552919509
-1,695490423
-1,718179016
-1,839852301
-1,776373965
-1,5686828074
-2,06016604
-1,954751244
-1,5633761824

-2,616703046

-1,623372172
-1,525872661
-2,320381771
-1,767776937
-1,648773467
-2,615501621
-2,835018629
-1,796842465

3,424863011
-0,718956463
1,133848704
0,121788613
-0,159259161
0,242060025
4,053336594
2,891876118
1,6934063
3,460548098
-0,847055704
0,520964974
2,351411349
0,805923285
1,646488136
1,753110714
0,690994861
3,067936602
-0,187417898
-0,669837104
0,28666378
4,761194795
3,990785368
5,65146687
0,460219099
2,315408815
2,247641108
3,257419
0,857959846
-0,274362883
-0,957704161
0,168083613
2,996802894
1,031935864
0,905024824
0,269964176
-0,684765766
4,767524383
-0,054025199
0,7051621
-1,291520208
1,353815095
1,697862901
-0,816284102

-0,758156066

-0,162571588
4,325891741
3,85276552
-1,12816919
-1,189666008
3,666157357
2,891803924
3,601797186

-3,814212435
-3,81068041
-3,81035391

-3,808676117

-3,805137259

-3,804517687

-3,800298442

-3,797339725

-3,790507091

-3,7900844

-3,788286478

-3,775580088

-3,771728721

-3,769788216

-3,766007167

-3,764928071

-3,762378923

-3,744886993

-3,740633987

-3,735638708

-3,735175231

-3,720569343

-3,715464692

-3,712352168

-3,688306442

-3,685458207
-3,68382648

-3,678191245

-3,674435184
-3,67366769

-3,671766528

-3,665704185

-3,664099987
-3,66348655

-3,662453722

-3,661053735

-3,647286247

-3,644516577
-3,64394681

-3,642736871

-3,640903866

-3,640664713
-3,63965577

-3,636733402

-3,635345395

-3,63175153
-3,629504432
-3,625554568
-3,616575245
-3,610998496
-3,604434103
-3,603915481
-3,598690215

214

0,00058901

0,000594811
0,00059535
0,000598128
0,000604027
0,000605066
0,000612186
0,000617228
0,000629025
0,000629762
0,000632907
0,000655568
0,000662591
0,000666157
0,00067316
0,000675172
0,000679947
0,000713613
0,00072204
0,000732062
0,000732999
0,000763121
0,000773929
0,000780593
0,000833982
0,000840536
0,000844313
0,000857485
0,000866375
0,000868203
0,000872746
0,000887387
0,000891301
0,000892802
0,000895335
0,00089878
0,000933346
0,000940454
0,000941922
0,000945049
0,000949804
0,000950426
0,000953055
0,00096071

0,000964366

0,000973897
0,000979902
0,000990545
0,001015158
0,001030742
0,001049382
0,001050869
0,00106596

0,009179496
0,009244803
0,009244837
0,009279599
0,009354277
0,009356284
0,009446649
0,009515919
0,009671827
0,009674522
0,009714159
0,010008451
0,010097771
0,010134185
0,010231678
0,010244171
0,010307545
0,010751643
0,010868427
0,010991142
0,010995619
0,011378204
0,01149186

0,011558545
0,012190187
0,012256447
0,012290712
0,012461391
0,012571618
0,012585283
0,012629877
0,012809467
0,012844433
0,012850171
0,012859524
0,01289824

0,01333871

0,013384752
0,013394585
0,013427954
0,013471017
0,013471017
0,013497171
0,013594398

0,013597931

0,013668684
0,013730588
0,013834692
0,014155498
0,014326397
0,014573721
0,014582606
0,014716564

-0,977625913
-0,9870827
-0,98795672
-0,992447636
-1,001917626
-1,003575265
-1,014861021
-1,022772305
-1,04103323
-1,042162513
-1,046965404
-1,080884292
-1,09115678
-1,096331054
-1,106410164
-1,109285995
-1,116078329
-1,162639045
-1,173947279
-1,1872228
-1,188454195
-1,227229664
-1,240767449
-1,249018445
-1,312669442
-1,320198096
-1,324510146
-1,339396131
-1,349313043
-1,351338916
-1,356356479
-1,372349293
-1,376579479
-1,378196886
-1,380919822
-1,384610235
-1,420871369
-1,428159483
-1,42965849
-1,432841416
-1,437662585
-1,438291532
-1,440944761
-1,448628045

-1,452276411

-1,461720202
-1,467623074
-1,477995279
-1,501557324
-1,516178724
-1,533377561
-1,534735805
-1,548415954
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PTPRO
HCG27
KIF19
MCOLN2
MATK
GPR75-
ASB3
CCR7
CXCL11
ATP8A1
TCF4
PCDH18
PRELP
IRF8
CXCR1
MIR155HG
GLIPR2
FXYD5
TWIST2
NBPF10
PRR16
MIAT
NR3C1
S1PR3
P4HA3
GAS6
RMRP
AKAP2
C4A
DTHD1
P15

ANKRD36B
P2

SOCS1
LOC339803
SOWAHB
ST6GAL2
VAT1L
ITGB2-AS1
GPR68
RASD2
SFRP1
RPPH1
GLIPR1
DSC2
ENTPD1
C220rf15
HLA-DRA
ANO1
ABI3BP
EMP3
GATA3
SNAP25
OLFM1

-2,278646712
-1,661829923
-1,999582387
-1,9327693
-1,924802873

2,03971275

-1,863153246
-2,41161729
-1,673397173
-3,0637317
-2,828633813
-2,344721206
-2,92051014
-1,779924284
-1,840055059
-2,5613732233
-2,31955883
-1,643776659
1,529304208
-1,678391381
-3,411844712
-2,526894603
-2,280369418
-1,5650573636
-1,864615934
-1,653762001
-1,715532018
-2,462877524
-1,614656084
-2,113002589

-1,547019104

-1,550160302
-2,101614502
1,657570381
-2,031729726
-1,5688757875
-1,94789388
-1,604717883
-1,634268283
-3,509111253
-1,560828661
-1,937555826
1,663089531
-2,181192626
-1,848271609
-3,785108043
-2,050924365
-3,06357902
-1,754660676
-1,5625278282
-1,728727522
-2,244684303

-0,037978395
-0,1012482
0,228075769
0,644771476
-0,475596329

0,889628482

-0,159200764
0,758669626
2,709951594
4,219685605
2,36641591
1,166469369
1,569307419
-0,995653881
0,458803045
3,350364126
3,000909553
-0,43603071
3,978378819
0,045452262
1,899023206
2,076980461
2,66331468
0,309608035
2,912337333
0,45918908
3,36790379
3,993683683
-0,470135481
-0,101238719

-0,926593611

1,49125121
-0,193795601
1,756377201
0,266177808
-1,213227368
0,459820364
0,154621891
-0,017187652
2,499387248
-0,243896508
2,887663513
6,274510924
3,655440327
-0,604257329
7,014979234
5,086539269

1,69090982
3,187141464
-0,08832281
-0,345672124
0,120032829

-3,598503221
-3,595290549
-3,59404636
-3,5685948132
-3,5682664009

3,579887693

-3,572890186
-3,571779636
-3,570366145
-3,56833482
-3,563559337
-3,560158847
-3,558861738
-3,558026224
-3,555458802
-3,546350074
-3,543361635
-3,543028724
3,53473698
-3,525705073
-3,524613462
-3,523453561
-3,514841158
-3,509938765
-3,50610473
-3,505272051
-3,501794708
-3,499140317
-3,496311386
-3,494043609

-3,492149379

-3,489134561
-3,486775398
3,48665883
-3,483411379
-3,48331416
-3,482532472
-3,480279561
-3,480121541
-3,477661491
-3,477262336
-3,471302212
3,469642822
-3,463957394
-3,454608996
-3,453074909
-3,451042208
-3,449376078
-3,443324917
-3,429806421
-3,422940965
-3,4183799

215

0,001066504
0,001075892
0,001079549
0,001103647
0,001113567

0,001122021

0,001143604
0,001147066
0,001151487
0,00115787

0,00117301

0,001183907
0,001188089
0,001190791
0,00119913

0,001229173
0,001239188
0,001240308
0,001268533
0,001299984
0,001303836
0,001307941
0,001338812
0,001356699
0,001370847
0,001373939
0,001386923
0,001396913
0,001407637
0,001416291

0,001423559

0,001435201
0,001444375
0,00144483
0,001457555
0,001457937
0,001461017
0,001469928
0,001470556
0,00148035
0,001481945
0,001505962
0,001512715
0,001536075
0,001575243
0,001581762
0,00159044
0,001597587
0,001623804
0,001683881
0,001715205
0,001736325

0,014716564
0,014822344
0,014860837
0,015132085
0,015228925

0,015323011

0,01556838
0,015603177
0,015638612
0,015700531
0,015843451
0,015934505
0,015971967
0,015995799
0,016095262
0,016396811
0,016517068
0,016519217
0,016804162

0,01708933
0,017113837
0,017142205
0,017479673
0,017641377
0,017776628
0,017803313
0,017931078
0,018033167
0,018112931
0,018174334

0,018240414

0,018321423
0,018417036
0,018417036
0,018542937
0,018542937
0,018568394
0,018648333
0,018648333
0,018744935
0,018751346
0,018916249
0,018987226
0,019211092
0,019600626
0,019667528
0,019761157
0,019821354
0,020059925
0,020639229
0,020993284
0,021176523

-1,548905364
-1,657312084
-1,560566955
-1,581740828
-1,590321866

-1,597573472

-1,615840087
-1,618737724
-1,62242524
-1,627723475
-1,640174149
-1,649035598
-1,652414826
-1,654591227
-1,661277649
-1,684983106
-1,692754818
-1,69362041
-1,715168178
-1,738614511
-1,741446507
-1,744455252
-1,76678202
-1,779480293
-1,789405865
-1,791560879
-1,800557977
-1,807423166
-1,814737244
-1,820598597

-1,825493179

-1,833280873
-1,83937284
-1,8396738
-1,848056436
-1,848307334
-1,850324559
-1,856137294
-1,856544939
-1,862890073
-1,863919411
-1,879283082
-1,883558466
-1,898199896
-1,922250921
-1,926194934
-1,931419619
-1,935701064
-1,951242819
-1,985918745
-2,003505265
-2,015179925
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HLA-DOA
CD82
DACT1
LOC100507
463
SUSD3
LGI4
BNC2
MDFIC
CHST11
PDE1A
THBS4
PATL2
LRRC4B
CD38
HCLS1
CBFA2T3
LCP1
ccL2
SCG5
MUSTNA1
TTYH2
NLRP1
ccDC17
RBMS3
PTPN22
FAM92B
LOC389895
C190rf59
SLC15A3
SPIB
CPXM2
FBN1
RUNDC3B
HOXD8
CSPG4
LINC00839
OGN
INS-IGF2
MAN1C1
ITGAS5
TCF21
IL22RA2
ASB2
CPNE5
CACNAIC

LOC100144
604

CHRDL2
ZNF521
LPARG
CAV1
TMOD2
XCLA1

-2,5762224
1,611893371
-2,246880336

-1,90256245

-1,76409106
-1,582644649
-2,120629869
-2,181519266
-2,289538961
-1,603879139

-2,26708131
-1,555256961
-1,809485264
-1,647752005
-2,499929906
-1,5627602141

-2,28918747
-2,404181555
-2,161500297
-1,667394205
-1,632813747
-2,435369581
-1,518189296
-2,004680212
-2,201845587
-2,225898545
-1,954690148
-1,598168575
-2,314338031
-1,507535393
-2,671619325
-1,992667898
-1,802657201
-2,408315018
-1,931268231
-1,843856671
-1,947581285
-2,387878471
-1,886677782
-2,581312426
-1,572373915
-1,514339642
-1,774139214

-1,7159364
-1,577440544

-2,252982497

-1,688353193
-2,439450006
-2,018102844
-2,010108617
-1,791327564
-2,161183611

2,01713872
4,902969885
0,900376501

2,68264559

0,584611981
-0,793821315
0,817008718
2,043394018
2,817464035
1,186836821
2,0587246
-0,149318595
-0,727652914
0,580512646
3,552865569
-0,298500451
5,256768645
3,62392268
0,738584915
0,027214685
0,650808505
1,885944138
1,304851884
1,286124483
0,674647274
0,563157213
-0,163779903
-1,146494123
2,516455295
-0,41855862
0,945599644
3,563041767
-0,231132468
1,443796434
2,049615418
-0,353432419
-1,13395769
-0,583717324
1,450324283
4,162170694
-1,321561375
-1,350578512
1,260712719
0,14805933
1,257402815

1,149093354

-1,027238179
1,018732316
3,662733035
3,687330034
0,722683913
0,640973235

-3,41278141
3,402849184
-3,39826481

-3,397393698

-3,388232605
-3,388047362
-3,386732541
-3,375586505
-3,369867168
-3,368307651
-3,360891212
-3,359661344
-3,353094472
-3,346986431
-3,34680714
-3,345884885
-3,339729334
-3,339700681
-3,338545142
-3,331573326
-3,330548884
-3,328880893
-3,32846445
-3,316080529
-3,314779012
-3,314512074
-3,309167979
-3,3079779
-3,299481871
-3,292761689
-3,29262556
-3,289278047
-3,285740819
-3,280735291
-3,277114773
-3,275694415
-3,268461026
-3,266130689
-3,264475789
-3,264142724
-3,263847538
-3,261103593
-3,249092288
-3,248795988
-3,243632835

-3,231187903

-3,227854564
-3,220414689
-3,218268987
-3,213812145
-3,206000434
-3,201671286

216

0,00176259
0,001810131
0,001832488

0,001836767

0,001882344
0,001883276
0,001889909
0,001947049
0,001977009
0,001985255
0,002024925
0,002031576
0,002067448
0,00210136
0,002102363
0,002107532
0,002142345
0,002142508
0,002149105
0,002189322
0,002195292
0,002205046
0,002207487
0,002281293
0,002289186
0,002290808
0,002323513
0,002330857
0,002383936
0,002426739
0,002427614
0,002449216
0,002472243
0,002505183
0,00252927
0,00253878
0,002587744
0,00260371

0,002615106
0,002617405
0,002619444
0,002638474
0,002723344
0,002725471
0,002762777

0,002854716

0,002879834
0,00293666
0,002953247
0,002987986
0,003049818
0,003084608

0,021421008
0,021859938
0,022026296

0,022036744

0,022408941
0,022408941
0,022461098
0,023013127
0,023306084
0,023361224
0,023705796
0,023751372
0,024056438
0,024396762
0,024396762
0,024440274
0,024770984
0,024770984
0,024805452
0,025168431
0,025220226
0,025315393
0,02532654
0,025914344
0,025971034
0,025971034
0,026289898
0,026355677
0,026780018
0,027129095
0,027129095
0,027317326
0,027485149
0,027779622
0,027974665
0,028008024
0,028426841
0,02857775
0,028684543
0,028691488
0,028695578
0,028830689
0,029626478
0,02963089
0,02988675

0,030629951

0,030871464
0,031344183
0,031471449
0,031763026
0,032320561
0,032649072

-2,029500223
-2,054879042
-2,066581469

-2,068804308

-2,092164843
-2,092636902
-2,09598716
-2,124363579
-2,13890724
-2,142870908
-2,161708676
-2,164830644
-2,1814912
-2,196973766
-2,197428028
-2,199764517
-2,215351444
-2,215423966
-2,218348451
-2,235982714
-2,238572409
-2,242788121
-2,243840489
-2,275106123
-2,278388789
-2,279061979
-2,292533697
-2,295532287
-2,316924103
-2,333825578
-2,334167773
-2,342580419
-2,351465281
-2,364030218
-2,373112612
-2,376674357
-2,394801263
-2,400636878
-2,404779816
-2,405613497
-2,40635233
-2,413218673
-2,443241481
-2,443981398
-2,456869359

-2,487891414

-2,496190396
-2,514697788
-2,520031412
-2,531104136
-2,550493003
-2,561227709

26



OLFML2A
GBP1
PPP1R14A
GPR132
SOCS3
ISY1-
RAB43
NDUFA4L2
GBP1P1
INPP5D
C100rf54
C20rf74
PSMB9
Clorf228
FEZ1
CR1
TLE4
ANGPT1
SLC24A3
csSDC2
GNG11
STARD9
ANKRD1
MAF
CUBN
LYPLAL1
EMILINS
PAGE4
CHN1
EHD2
HSD17B3
HLA-H
GFPT2
SERPINE1
SNCAIP
MOXD1
CCDC78
FCRL2
FAM20A
PLACY
FBLN2
ZNF662
GABRB3
HSPB6
ADGB
CIITA
LOC100132
062
LOC100132
287
AMY2B
C100rf32-
AS3MT
C150rf48
RGS10

-1,981899528
-2,226246019
-1,741661031
-1,500419534
-2,064134149

2,053194161

-2,528492768
-1,561141907
-2,038317157
-1,933429357
-1,757924756
-2,255277754
-1,548204872
-1,744533853
-1,644393859
-1,73229336
-1,714371531
-1,779962657
-1,764658893
-2,446063294
-1,583889331
1,903648144
-2,256795774
-1,842163716
-2,408145187
-1,513377559
-1,962631588
-1,538351867
-2,017014859
-1,591716702
-1,994350282
-1,837141007
-2,358816791
-2,099601133
-2,604479107
-1,938386609
-1,548662287
-2,5680689615
-1,546763418
-1,748958854
-1,78655362
-1,505719191
-2,32502395
-1,507507987
-1,5681929475

-1,842543857

-1,842543857
-1,529628105
2,299884188

-2,868190606
-1,578047696

2,193441858
4,301217636
1,392456464
0,301486689
4,540138557

4,703199041

2,458345799
-0,471393813
2,794122065
2,982851356
0,892958096
4,043009917
1,08030149
1,169145338
0,027683983
1,608455767
-0,367647823
0,765325965
0,04575656
3,955415516
1,459315082
0,924675443
2,418267585
1,631509965
1,361797287
-0,119053008
-1,126432539
2,95803722
3,035747639
0,317167458
4,013863467
0,75392449
2,691116428
1,966180476
2,963882075
2,267998486
-0,315010149
2,55905711
-1,259204681
2,366301404
0,413428801
-0,837693175
1,449685522
-0,850907499
2,395237688

-0,550528951

-0,550528951
2,912296695
0,303031446

1,686441622
5,816060454

-3,193111487
-3,192605451
-3,18728216
-3,184163515
-3,177885608

3,173751289

-3,171018175
-3,16400073
-3,153540481
-3,150790625
-3,150767652
-3,144602921
-3,131000423
-3,119693137
-3,113087254
-3,111251526
-3,11093442
-3,110506104
-3,103232781
-3,102339335
-3,093718524
3,093076673
-3,092083564
-3,086957393
-3,086407138
-3,083975036
-3,08030801
-3,064122132
-3,059147874
-3,05735217
-3,057035968
-3,055969648
-3,053907088
-3,052634066
-3,048209969
-3,047782486
-3,046823801
-3,041022121
-3,037963161
-3,036876163
-3,033767751
-3,02476955
-3,020235905
-3,011781621
-3,007822177

-3,00368166

-3,00368166
-3,002906803
2,995281123

-2,989822395
-2,980929058
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0,003154516
0,003158696
0,003202987
0,003229209
0,003282618

0,003318249

0,003342006
0,003403748
0,003497804
0,003522937
0,003523148
0,003580124
0,00370896
0,003819404
0,003885367
0,003903889
0,003907097
0,003911435
0,003985786
0,003995011
0,004085074
0,004091857
0,004102371
0,004157056
0,004162966
0,004189188
0,004229021
0,004409174
0,004465985
0,004486665
0,004490315
0,004502647
0,004526592
0,004541431
0,004593361
0,004598408
0,004609747
0,004678932
0,004715806
0,004728975
0,004766827
0,004878024
0,004934975
0,005042864
0,005094156

0,005148321

0,005148321
0,005158518
0,005259894

0,005333617
0,005455821

0,033286717
0,033310412
0,033623652
0,033805599
0,034239828

0,034548705

0,034775032
0,035310812
0,03598308
0,036114366
0,036114366
0,036589504
0,037593883
0,038374539
0,038801019
0,0388831
0,038892558
0,038913238
0,039515957
0,03958463
0,040222451
0,040266207
0,040323595
0,040690113
0,040690113
0,040873659
0,0412156
0,0427055
0,043110277
0,043272366
0,043272366
0,043342699
0,043524536
0,043594196
0,043921301
0,043941998
0,044004683
0,044480732
0,0447438
0,044795205
0,045079365
0,045901605
0,046237874
0,046977572
0,047284428

0,047640646

0,047640646
0,047658177
0,048387093

0,048881393
0,049692816

-2,582431072
-2,583683658
-2,596854173
-2,604564863
-2,62007488

-2,630280388

-2,637023271
-2,654322271
-2,680071303
-2,686832993
-2,68688947

-2,702036827
-2,73540446

-2,763083796
-2,779229943
-2,783713618
-2,784487992
-2,785533872
-2,80328251

-2,805461204
-2,826466083
-2,828028723
-2,830446187
-2,842917892
-2,844255972
-2,850168695
-2,859078926
-2,898339376
-2,910382423
-2,914727345
-2,915492289
-2,918071577
-2,923059247
-2,926136748
-2,936826452
-2,937858907
-2,940174035
-2,954175998
-2,961552708
-2,964173034
-2,971663356
-2,993322488
-3,004221766
-3,02452246

-3,034019157

-3,043942736

-3,043942736
-3,04579899
-3,064052916

-3,077103801
-3,098337699
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TEKT4 -1,769992417 -0,086448575 -2,97819255 0,005493953 0,049890106  -3,104864295
CD74 -2,285943382 9,234588414 -2,978020317 0,005496361 0,049890106  -3,105274958
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Table S5. Genes included in card

ABL1 CTNNB1 |FLT3 KIT NOTCH1 |RUNX1
AKT1 EGFR GATA1 |KRAS NOTCH4 |SMADA4
AKT2 ERBB2 GNA11 |MAG NRAS SMARCB1
AKT3 ERBB3 GNAQ |MAP2K1 |PDGFRA |SRC

ALK ESR1 GNAS |MET PIK3CA STK11
APC FBXW7 HRAS | MLH1 PIK3R1 TP53
BRAF FGFR1 IDH1 MPL PIK3R5 VHL
CDH1 FGFR2 IDH2 MSH6 PTEN

CDKN2A |FGFR3 JAK1 MYC RB1

CSF1R FGFR4 JAK3 NF2 RET
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Table S6. Mutational study

Sample  Only in primary tumor Only in PDOX Shared mutations
PIK3CA_R88Q; PTEN_E7X; .
1 ERBB2_V477L PTEN R130Q; RB1_E137X PTEN_M134l; TP53_R273C
APC_V13771; CDKN2A_H83Y;
FGFR1_R609X; FGFR1_E612K;
2 TP53_R213X FGFR2_V463l; PIK3CA_R88Q;
PIK3CA_R108C; PTEN_E7X;
PTEN_R130Q; PTEN_F341V; TP53_R342X
3 FBXW?7_R465C; FGFR4_P279T PIK3R1_N564D
. KRAS_G13D; PIK3CA_E545G;
4 FGFR3_T394M; TP53_Q165K PTEN_ R130G; PTEN T321fs
5 ERBB3_N62K; PTEN_R130G;
PTEN_T321fs
CTNNB1_D32N; FGFR1_A21T;
6 MSH6_T1085fs; PIK3R1_T576fs; FGFR2_S252W; PTEN_S229X
TP53_Q165K
FGFR2_S57L; JAK1_D145E;
KRAS_Q61H; PIK3CA_E545K;
7 FGFR2_N228H PIK3R1_L466X; PTEN_E7X; FGFR1_c_1430+7A>C; PIK3CA_E81K
RB1_K130T; STK11_Q37X;
TP53_K132T
8 STK11_G279fs FGFR3_c_616-6G>A; NRAS_G12V FGFR4_E316V; NRAS_G12D
9 PTEN_L182V CTNNB1_G34R; PIK3CA_E542Q
10 FGFR4_A729V; PTEN_R130G; EGFR_M793V; JAK1_K142fs;
PTEN_Y177fs NOTCH1_L1678M; TP53_R342X
CDKN2A_R103Q;
1 HRAS_E63del; MSH6_T1085fs; PTEN_L265fs;
STK11_G163D; PTEN_T321fs
TP53_R273C
12 FBXW7_R465C; APC_R564X; JAK1_K142fs; ERBB2_R678Q; PIK3CA_Y1021C;
TP53_R280I TP53_H179R PTEN_T321fs; TP53_R273C
Cﬁ'ﬁ%@?ﬁ%&- FGFR4_E330K; JAK1_D145E;
13 vi o TP53_F341V; TP53_R213X; ERBB2_T900S; PTEN_E299X
FGFR4_c_2154-5C>T,; ~ 1P53 D281E - -
PIK3CA_R88Q -
KRAS_G12C; PIK3CA_H1047R;
14 PTEN_L265fs; PTEN_E291fs;
STK11_P275L
APC_T1292M;
FGFR2_R759X;
FGFR2_c_940-4C>A;
15 KIT K558N: FBXW7_R465H TP53_R213X
PTEN_E299X;
TP53_R290C
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SUPPORTING FIGURE LEGENDS
Suppl Figure-1

Figure S1. Morphological and immunohistochemical correlation between primary
tumors (BXs) and PDOXs. Images illustrate HE stainings and detection by
immunohistochemistry of PTEN, TP53, CTNNBI1, ESR, MSH6 and PMS2 between BX
and PDOX. BX3, BX5, BX6, BX8 (MSI) and BX4 (MSS).
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Suppl Figure-2

Figure S2. Morphological and immunohistochemical correlation between primary
tumors (BXs) and PDOXs. Images illustrate HE stainings and detection by
immunohistochemistry of PTEN, TP53, CTNNBI1, ESR, MSH6 and PMS2 between BX
and PDOX. BX11, BX12, BX14 (MSI) and BX9 (MSS).
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Suppl Figure-3
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Figure S3. Transcriptomic analysis of BX and PDOX tumor pairs. Total RNA
sequencing for the 15 pairs of BX/PDOX tumors was conducted and computationally
analyzed. BX and PDOX pairs correlated extremely well at transcriptomic level.
Spearman’s correlation (tho) p values and P values indicate the strength and
significance of the correlations, respectively.

33
223



Suppl Figure-4
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Figure S4. (A) Lollipop plot and analysis of the ERBB2 mutational landscape using the
TCGA pancancer dataset (n=10,967) showing that ERBB2R*"*Q is one of the most
representative ERBB2 mutations. (B) Stacked bar chart illustrating the distribution of
ERBB2R78Q according to tumor types and the highest representation in endometrial
cancer (TCGA_ucec).
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La resisténcia a la quimioterapia, tant de forma endogena com adquirida en el
curs del tractament és un dels principals problemes que hi ha en el maneig dels
malalts amb cancer. Es necessiten nous models experimentals que ens ajudin a
entendre a nivell molecular els mecanismes de quimioresisténcia, aixi com
disposar d’eines precliniques que ens permetin poder desenvolupar estrategies
terapeutiques per a véncer-la. Aixi mateix, també es necessiten aquests models
preclinics amb resisténcia als tractaments de quimioterapia per a ajudar a
desenvolupar noves molécules perqué acabin convertint-se en farmacs que ens

permetin millorar els tractaments.

Quan volem generar models tumorals de resisténcia, a partir de tumors humans
implantats en ratolins, podem definir dues estratégies generals diferents: (i)
generar els models aparellats sensibles/resistents als tractaments mitjangant la
implantacio de mostres tumorals obtingudes abans i després que el pacient rebi
els tractaments; o bé (ii) derivar el model de resisténcia a partir del model generat
amb la mostra obtinguda abans de comencar el tractament, i generar la
resisténcia in vivo a I'animal mitjangant 'exposicié del tumor a cicles iteratius de
concentracions creixents del/s farmac/s quimioterapic/s (ex. Plati, 5-FU, etc.)
amb que es tractara el malalt com hem demostrat als treballs d’aquesta Tesi i en
altres que hem publicat (Castillo-Avila et al., 2009; Juliachs et al., 2014; Byrne
et al., 2017).

El primer abordatge requereix I'obtencid de tumor del pacient en diferents
moments de la seva malaltia, la qual cosa no sempre resulta senzilla des del punt
de vista técnic i/o étic ja que moltes vegades representa un risc important i
possiblement innecessari per al pacient. No obstant aix0, avui dia amb la
implementacié d'estratégies de medicina de precisido que requereixen coneixer
les caracteristiques moleculars del tumor en cada moment de la seva evolucié
per a poder triar la millor opci6 terapeutica, resulta més factible obtenir aquestes
mostres del tumor o la metastasi a la recaiguda, fent possible, tedricament, la
generacié d’aquesta mena de models de resisténcia. Arribats a aquest punt,
perod, és important ressaltar que en aquestes circumstancies la quantitat de teixit
que s'obté és limitada i de vegades amb poca representacioé de tumor, cosa que
fa dificil la generacié d'aquests models. Una altra limitacio a tenir en compte és

que de vegades, per l'evolucio de la malaltia, passa molt de temps entre la
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obtencid de la mostra del tumor primari i la de la recaiguda, per la qual cosa no
sempre és possible la coordinacié entre els diferents professionals i, moltes
vegades, entre els diferents hospitals en qué els pacients son tractats per a
aconseguir les parelles de models. A més a més hi ha el handicap d’haver de
realitzar els passos d’'implantacio i perpetuacio dels tumors dues vegades. Hem
de tenir en compte que el principal factor limitant en aquest tipus de procediments
son les taxes d’'implantacio i perpetuacié que es puguin assolir i que el fet que
hagi crescut amb éxit el tumor abans del tractament no implica que passi el

mateix amb el tumor resistent.

En els treballs presentats en aquesta Tesi hem optat per la segona opcio, és a
dir, la de generar el model abans del tractament i evolucionar-lo posteriorment in
vivo a model de resisténcia una vegada que el tumor primari esta perpetuat al
ratoli. Aixo ens ha permés generar parelles de tumors sensibles i resistents al

cisplati que ens han servit per a
i) estudiar mecanismes de resisténcia adquirida al cisplati,

i) provar tractaments basats en noves molécules en desenvolupament,

com és el cas de la Lurbinectedina,

iii}) provar tractaments usats en altres tipus de cancer en base a les
alteracions moleculars demostrades en el model en el cas del

Trastuzumab, o bé

iv) el reposicionament de DL-threo-PDMP, un inhibidor de Ia
glucosilceramida sintasa (GCS) indicat per al tractament de malalties
metaboliques com la malatia de Gaucher, la de Niemann-Pick o la

diabetis mellitus, per al tractament de tumors refractaris al cisplati.

En resum, en moltes d’aquestes circumstancies el que hem aconseguit és, en
certa manera, una re-sensibilitzacio dels tumors resistents al cisplati mitjancant

diferents estrategies.

En el cas dels TTCG també hem aconseguit generar 4 models a la recaiguda a
partir de biopsies de metastasis ganglionars, pulmonars i cerebrals de pacients
ja tractats amb cisplati, perd en aquests models no disposem de la parella prévia

al tractament perqué no vam tenir accés a la mostra del tumor primari.

228



Tot i que no és el tema d’aquesta Tesi, per tal d'il-lustrar la dificultat que
representa obtenir models aparellats a partir de tumor previ al tractament i de
tumor resistent a la recidiva, vull comentar que malgrat haver adoptat una
estratégia d'implantacié massiva de carcinomes ovarics al llarg dels anys i haver
aconseguit generar més de 150 models de PDOX de cancer d’ovari diferents,
nomeés en dos casos hem obtingut la parella de models sensible / resistent
procedent de la mateixa pacient. De totes maneres, és important ressaltar que
aquests models preclinics obtinguts post-quimioterapia, malgrat no disposar del
model del tumor primari generat previ al tractament del pacient, sén d’'un gran
valor ja que incorporen les alteracions que sén consequéncia dels processos de
seleccié que es van produint entre les cél-lules tumorals en els pacients en el

curs del tractament.

Al primer treball (165) s’ha generat un model ortotopic de carcinoma seros d’alt
grau ovaric i la seva parella resistent al cisplati. Aquesta parella de models s’ha
emprat per a provar leficacia d'una nova molécula que estava en
desenvolupament, el PMO01183, anomenat en el nostre article com

lurbinectedina.

L’estructura de 'ADN té dues fenedures ben definides anomenades solcs major
i menor. Les proteines i els farmacs que s’uneixen a ’ADN poden contactar amb
la molécula a través de les bases presents a algun dels dos solcs (166,167). El
cisplati i altres agents alquilants s’'uneixen a '’ADN a través del solc major, mentre
que altres farmacs quimioterapics com ara la mitomicina C, la cromomicina A3 o
la trabectedina ho fan pel solc menor, formant adductes (168-171). La
lurbinectedina és un farmac sintétic derivat de la trabectedina, amb qué
comparteix aquest mecanisme daccido, perd amb millors propietats
farmacocinetiques i farmacodinamiques (172—-175). Per tractar-se un tumor
resistent a un determinat farmac s’hauria d’emprar una molécula que tingui un
mecanisme d’accié diferent i que no tingui resisténcia creuada amb aquella
primera molécula (176). Aquest treball, basat en I'is de lurbinectedina, sembla
apuntar en la direccié que una estratégia util per a tractar carcinomes d’ovari
resistents o refractaris al cisplati podria fonamentar-se en I'i's de farmacs que
interaccionin amb els solcs major i menor de la molécula d’ADN. Els resultats

obtinguts indiquen que el tractament amb lurbinectedina en monoterapia obté
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resultats semblants al tractament amb cisplati en el carcinoma serds d’ovari
sensible a aquest darrer farmac i per tant podria ser emprat com tractament de
primera linia en aquest tipus de neoplasia. Pero la conclusié més rellevant que
es pot obtenir d’aquest model preclinic és que els tractaments amb lurbinectedina
en monoterapia o en combinacié amb cisplati sén utils en el carcinoma d’ovari
resistent al cisplati. Aixd s’ha demostrat des del punt de vista macroscopic,
constatant la reduccié de volum i pes dels tumors, i histologic objectivant-se
criteris de regressioé histopatologica atribuible al tractament quimioterapic en
carcinomes d'ovari (177). Aquesta resposta s’ha pogut objectivar tant a curt
termini, o sigui en el moment d’acabar la quimioterapia, com en aquells
experiments en que s’ha valorat la resposta a llarg termini, setmanes després del
final del tractament, donant la idea que aquest tractament pot aconseguir una
resposta més duradora en el temps. Aquests resultats obren la possibilitat a
emprar lurbinectedina en segona linia en aquelles malaltes que tinguin tumors

resistents o refractaris al tractament estandard.

Aquest treball amb els nostres models preclinics va ser important per a
I'aprovacié de la lurbinectedina per les agéncies reguladores FDA i EMA, a I'hora
d'autoritzar un assaig clinic en fase Il en cancer d’ovari resistent al plati (Poveda
et al., 2017).En aquest assaig es va demostrar que lurbinectedina era un farmac
actiu en cancer d'ovari resistent / refractari al plati. En base a aquest estudi es
va desenvolupar l'assaig en fase Il (estudi CORAIL) que va avaluar si la
lurbinectedina millorava la supervivéncia lliure de progressié (PFS) en
comparacié amb la doxorubicina liposomal pegilada (PLD) o el topoteca en
pacients amb cancer d'ovari resistent al plati. No es va complir I'objectiu principal
de millora de la PFS. La lurbinectedina va mostrar una eficacia antitumoral similar
i es va tolerar millor que l'estandard d'atencié actual en pacients amb cancer
d'ovari resistent al plati (179). Des de la propia companyia es creu que l'assaig
clinic CORAIL no va sortir tan positiu com s’esperava perqué en el seu moment
es van plantejar uns objectius erronis. En cancer d'ovari actualment s'estan
avaluant en diferents assaigs clinics fase | i Il (estudi POLA) la combinacié de
lurbinectedina amb inhibidors de PARP, en context de tumors amb HRD

(deficients en recombinacid homologa), aixi com combinacions amb altres
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quimioterapics, terapies dirigides i immunoterapia (180) , amb la idea de

posicionar el farmac en el tractament d’aquest tipus de cancer.

Perd on realment de moment ha demostrat la seva poténcia la lurbinectedina ja
com a farmac (ZEPZELCA™) ha estat en carcinoma de cél-lula petita de pulmé.
Ha rebut l'estatus de medicament orfe per al tractament d’aquest tipus de tumor
per part de les autoritats reguladores de diversos paisos d'arreu del mén i va ser
aprovat als Estats Units el juny de 2020 per al tractament de pacients adults amb
carcinoma de ceél-lula petita de pulmé metastatic amb progressié de la malaltia

administrat amb o després de quimioterapia a base de plati (181,182).

En treballs realitzats en els darrers anys s’ha demostrat que la lurbinectedina és
un inhibidor de la ARN polimerasa Il, que és un enzim essencial per a la
transcripcid que és troba sobreactivada en les cél-lules tumorals. La seva
inhibicié dona lloc a una progressio retardada a través de la fase S, aturada del
cicle cel'lular a la Fase G2/M i acaba produint mort cel-lular. A més,
lurbinectedina interacciona amb el microambient tumoral, reduint el nombre de
macrofags associats al tumor i inhibint la secrecié de citocines i quimiocines
(183). Totes aquestes caracteristiques estan sent explotades per a definir noves
combinacions de lurbinectedina tant amb quimioterapia, amb terapies dirigides

com amb immunoterapia.

Al segon treball (184)es va generar una col-leccié important i fins a aquesta data
inexistent, de models ortotdpics de tumors testiculars de cél-lules germinals.
Aquests models conservaven moltes de les caracteristiques dels tumors primaris
dels que derivaven, incloent I'heterogeneitat tumoral, amb diferents components
histologics presents al mateix tumor, la secrecié de marcadors sérics, com alfa-
fetoproteina i la subunitat beta de la gonadotrofina coridonica humana, que
permetia fer-ne un seguiment en temps real de la resposta als tractaments i la
sensibilitat al tractament amb cisplati. En cinc d’aquests models, de manera
analoga a com ho haviem fet en cancer epitelial d’ovari, es va generar la
corresponent parella de tumor resistent al cisplati mitjancant I'exposicio a cicles
iteratius de tractament amb dosis creixents del farmac. Els tumors generats
després d’aquest procés deixaven de respondre fins i tot a dosis altes de cisplati.
Mitjangant matrius d’hibridacié genomica comparada (CGH) es va demostrar que

hi havia zones recurrents de guanys i pérdues als tumors resistents al cisplati
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comparat amb les seves respectives parelles sensibles. Per a aquest estudi ens
varem centrar en la regié 9932-q33.1, que estava guanyada en tres dels tumors
resistents. Per a veure si aquest guany de material gendmic, que de manera
recurrent es guanyava als tumors que s’havien fet resistents al plati in vivo en els
ratolins, tenia rellevancia clinica es va estudiar una série de 75 pacients amb
tumors de cél-lules germinals metastatics tractats de manera homogénia i es va
demostrar que l'amplificacié de 9932-933.1 s’associava amb un temps de
progressio de la malaltia més curt i amb un risc de mort més elevat. Aquest fet
€s molt rellevant perqué ens valida aquests models preclinics de resisténcia ja
que reprodueixen un mecanisme genétic/gendmic que també succeeix en els

tumors primaris dels pacients.

A continuacio es va estudiar I'expressio dels 60 gens i 2 miARNs presents a la
regié 9932-g33.1 tant als tumors originals sensibles al cisplati com a les seves
parelles resistents. Es van identificar cinc gens que estaven sobreregulats o
infraregulats en tots els tumors resistents (GCS, ZNF883, CTR1, ATP6V1G1 i
FLJ31713). Els estudis de dsRNAi (interferéncia amb RNA de cadena doble) a
C. elegans que silenciava els tres gens ortolegs conservats (GCS, CTR1 i
ATP6V1G1) confirmaven el paper rellevant dels tres, ressaltant el paper de GCS.
Aixi, analitzant les dades dels tumors i del cuc varem decidir que d’aquest cinc
gens seleccionavem GCS per a fer una prova de concepte per a buscar noves
estratégies terapéutiques per a véncer la resisténcia al cisplati. A part de que
aquest gen estava sobreregulat a tots els tumors resistents, era molt interessant
perqué a més a més es disposava d’inhibidors especifics de I'enzim GCS
(glucosil ceramida sintasa) i que ja s’estaven usant en la practica clinica per a
altres malalties (185,186) .

Aquest és un exemple clar del potencial d'aquests models no només per a ajudar
al desenvolupament preclinic de noves molécules como la lurbinectedina, siné
també per a descobrir noves indicacions de farmacs ja en Us en altres malalties,
dit d’'una altra manera, és un exemple clar de reposicionament de farmacs.
Aquest Us és molt rellevant ja que els estudis de toxicitat d’aquestes molécules
ja estan fets i aixd pot contribuir a accelerar i optimitzar I'arribada de nous
farmacs per al tractament del cancer. A més, el nostre estudi remarca la

rellevancia de l'activitat del enzim GCS en el procés biologic de proteccio de les
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cél-lules tumorals davant l'exposicié al cisplati, i senyala la importancia del
metabolisme dels esfingolipids en la resisténcia al cisplati, tant en el TTGC com

en cancer epitelial d’ovari.

Al tercer treball (139) hem desenvolupat una metodologia basada en la
implantacio de fragments tumorals solids, no disgregats, de forma ortotopica al
pulmé de ratolins immunodeficients. Els tumors que hem implantat no sén tumors
primaris humans, sind que son els petits tumors que es generen en diversos
models GEMM després de la induccié d'un oncogen (KRAS) o d’'una traslocacié
(EML4-ALK). Tecnicament aquest procediment d'implantacié ortotopica,
possiblement sigui el més complex ja que fixem el tumor amb el fil de sutura al
parénquima pulmonar. Els tumors de pulmo generats en models GEMM induits
per un sol oncogen presenten certes limitacions com ara la poca heterogeneitat
histologica i genética i la manca d’invasivitat local i de capacitat metastatica. En
aquest treball demostrem que mitjangant la implantacio ortotopica sequencial de
fragments d’aquests tumors s’ha aconseguit generar tumors que tenen un patré
d’infiltracid local i de disseminacié metastatica similar a 'observat en la malaltia
humana. També s’ha incrementat de manera important I’heterogeneitat tumoral,
obtenint-se tumors amb diferents patrons histologics tal i com es veu en els
tumors de pulmé humans (84). Aixi mateix, la implantacié successiva de tumors
afavoreix I'aparicid de mutacions en oncogens i la pérdua d’expressié de gens
supressors tumorals de manera semblant al que passa en el carcinoma de pulmé
no cel-lula petita huma en estadis avangats. El model ha permeés obtenir diferents
linies cel-lulars de cancer de pulmé KRAS mutat amb TP53 no mutat que no es
podien derivar dels tumors primariament generats en els models de ratolins
dissenyats genéticament. Aquestes linies cel-lulars seran molt utils a I'hora
d'avaluar el potencial de nous farmacs en un context genétic molt més controlat
i definit que el qué es pot fer en linies cel-lulars derivades dels tumors primaris
humans. A més, a partir d’'aquestes linies s’ha pogut demostrar que partint d’'un
clon unic es pot reproduir I'heterogeneitat tumoral present en tumors humans.
Finalment, s’ha demostrat en aquests models una resposta a les terapies
estandard similar a la que s’observa en la clinica, tant en cas de quimioterapia
classica (model K-RASG12V ), com en el cas de terapies dirigides (crizotinib en
el model EML4-ALK).
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Al quart treball (187) hem desenvolupat una col-leccié d'ortoxenografts derivats
del pacient (PDOX) de 15 pacients amb carcinoma endometrioide d’endometri.
Després d’'una extensa caracteritzacid histologica, genética i transcriptomica
comparativa tant del tumor primari de la pacient donant com del PDOX del ratoli,
clarament hem demostrat que aquests models preclinics conserven la major
part de les caracteristiques del seu tumor original. A més, també hem demostrat
que els PDOX soén entitats dinamiques i que poden presentar caracteristiques
evolutives intrigants com ara la desdiferenciacié a mesura que van creixent in

Vivo.

Com ja he anat indicant al llarg de la discussid, els models de xenograft derivats
del pacient (PDX) i més concretament els models ortotopics
(PDOX/orthoxenografts) han resorgit en els ultims anys com a poderoses eines
per a la investigacié del cancer. Els models PDX s'han revelat com a models
preclinics extraordinaris i precisos, amb un alt valor predictiu de resposta als
farmacs, superant en general als models in vitro. A més a més, quan s’han inclos
els PDX en assaigs clinics o co-clinics, han augmentat la taxa d'éxit de
I'aprovacié dels compostos. Globalment aquests models s’han convertit en uns
recursos innovadors per a refinar les decisions de tractament en el futur i per a
accelerar el desenvolupament de nous farmacs, aixi com per a la implementacio
de la medicina personalitzada o de precisi6 basada en les caracteristiques

moleculars individuals dels tumors.

Encara que en aquest treball presentem dades sobre un nombre reduit de
models, i centrat en el carcinoma endometrioide, cal destacar que el banc de
PDOX d'endometri que hem generat en els darrers 10 anys és d'uns 150 models
que inclouen tots els tipus histologics més frequents de cancer d’endometri
(carcinomes endometrioides, serosos, de cél-lules clares i carcinosarcomes),
representacié dels quatre tipus moleculars de cancer d’endometri, aixi com
també alguns models generats a partir de tumors resistents a la recaiguda. Algun
d'aquests models els hem usat en altres treballs que no presentem en aquesta
Tesi, per a avaluar el paper de I'autofagia en el cancer d’endometri (188), I'estrés
oxidatiu en carcinoma serdos d’endometri (189) o noves estratégies
d'immunoterapia en carcinoma d’endometri amb déficit de proteines reparadores
(190)
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En aquest treball hem demostrat que els PDOX també sén una font de teixit molt
interessant "per a la generacio de tumoroides, essent la seva generacié molt més
eficient quan es fa partint del PDOX que del tumor primari. En I'actual época de
la medicina de precisio o personalitzada, aquests organoides poden ser utilitzats
per avaluar in vitro els tractaments que poden arribar a ser més efectius per a
tractar un tumor concret en base a les seves alteracions genétiques. Aixi, i com
a prova de concepte hem seleccionat un PDOX que té la mutacié en el gen
HERZ2R878Q i que es troba enriquida als tumors d'endometri, i hem demostrat la
utilitat de I'is del binomi PDOX-tumoroide a I'hora d’avaluar la utilitat terapéutica
del trastuzumab (inhibidor de HER2), demostrant col-lectivament la rellevancia
dels models PDOX per explorar noves vies terapéutiques per als pacients amb

cancer d’endometri.

Al llarg del treball, a la introduccié ja he fet una descripcio rigorosa i extensa dels
diferents tipus de models preclinics, focalitzant-me majoritariament en els PDX i
els PDOX/orthoxenografts, descrivint-ne les virtuts, limitacions i usos. Per tot aixo
considero que seria repetitiu tornar a emfatitzar aquests aspectes a la discussio
general d'aquesta Tesi. A més, molts d'aquests aspectes també estan
ampliament discutits en els quatre treballs que configuren aquesta Tesi.

Al llarg d'aquesta Tesi, he destacat la importancia de disposar de bons models
preclinics no només per aprofundir en el coneixement de les bases moleculars
del desenvolupament i progressio del cancer (treball 3 a CPNCP), siné també
com a eines precliniques que ens ajudin a identificar marcadors pronostics
(treball 2 a TTGC), aixi com en el desenvolupament de noves molécules (treball
1), I'tis de farmacs ja en utilitzats en el tractament d'altres tumors (treball 4), o en
el reposicionament de farmacs ja en Us en altres malalties (treball 2). Aquests
models preclinics no soén facils de generar técnicament, i requereixen la
coordinacié de molts professionals sanitaris que participen del diagnostic i
tractament dels pacients amb cancer. Aquest treball no es podria fer sense la
col-laboracié dels pacients que ens donen el seu consentiment per a fer recerca
amb el remanent dels seus tumors una vegada s’han estudiat d’acord amb
I'estandard clinic assistencial. Disposar d'aquests models és una finestra cap al
futur, ja que ens permetran generar i validar noves opcions terapéutiques que

puguin millorar el tractament i la qualitat de vida dels pacients. L’ampli
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coneixement que es té actualment en temps real de les alteracions genétiques
dels tumors, aixi com l'arribada de potents eines d’intel-ligencia artificial estan
incrementant de manera exponencial la nostra capacitat de generar hipotesis de
tractament (ex: bessons digitals, noves molécules, noves combinacions de
farmacs,...). Es en aquest context que pensem que cada cop es fa més rellevant
i necessari disposar de bons models preclinics, com els que descrivim en

aquesta Tesi, com a eines en qué avaluar totes aquestes noves hipotesis.

CONSIDERACIONS FINALS

Com a patoleg, m’ha representat una veritable satisfaccio poder ajudar a generar
aquests models, poder-los validar histopatoldogicament i poder usar-los com a
eines. Si bé aquests models tenen limitacions ja comentades anteriorment, com
ara el fet que es desenvolupin en una espécie animal diferent de la del tumor
original i, a més a més, en un entorn d'immunodeficiéncia, un dels aspectes que
més m'ha sorpres en fer I'estudi comparatiu entre els tumors primaris i els PDOX
ha estat I'enorme similitud que hi ha entre tots dos, similitud que sovint he trobat
a faltar analitzant altres experiments en qué els tumors es generaven a partir de

linies cel-lulars o inclius en PDX subcutanis.

Durant els anys del desenvolupament d'aquesta Tesi he participat a més a més
en la generacio i caracteritzacié de molts altres tipus de models PDOX generats
majoritariament en el grup del Dr. Villanueva. Models que hem fet servir en
estudis realitzats en col-laboraci6 amb altres grups tan nacionals com
internacionals. Vull ressaltar aquest aspecte de col-laboracié, ja que aquests
models han permeés fer i publicar estudis de molt alta rellevancia per a millorar el

tractament dels pacients (191-193).
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CONCLUSIONS


Central
Texto escrito a máquina

Central
Texto escrito a máquina

Central
Texto escrito a máquina

Central
Texto escrito a máquina





. S’han generat i caracteritzat des del punt de vista clinico-patologic
models PDOX/Orthoxenografts de cancer epitelial d’ovari, de tumors
testiculars de cél-lules germinals i de carcinomes endometrioides
d’endometri, models que recapitulen les principals caracteristiques de
la malaltia humana.

. A partir de l'evolucié de models PDOX/Orthoxenografts de cancer
epitelial d’ovari i de tumors testiculars de cél-lules germinals s’han

obtingut models de resisténcia adquirida al tractament amb cisplati.

. El model PDOX/Orthoxenografts aparellat de carcinoma serés d’alt
grau dovari sensible i resistent al plati ha contribuit al

desenvolupament preclinic de la molécula lurbinectedina.

. L’amplificacié genica de 9932-q33.1 és un marcador de mal pronostic

en tumors testiculars de cél-lules germinals.

. S’ha identificat una cohort de gens potencialment implicats en la
resisténcia al plati gracies a I'estudi combinat amb diferents models
preclinics. Aixd ha facilitat com a prova de concepte el disseny d’'una
terapia de re-sensibilitzacio al plati mitjangant el reposicionament d’un
farmac emprat en la practica clinica en algunes malalties

metaboliques.

. S’han generat al-loempelts ortotopics (orthoallografts) de tumors de
ratolins modificats genéticament que han permeés i) estudiar els estadis
inicials de la progressié tumoral en adenocarcinoma de pulmg, ii)
reproduir les caracteristiques clinico-patologiques de la malaltia
humana en termes d’heterogeneitat tumoral, invasivitat local i
capacitat de disseminacié metastatica i, iii) obtenir per primera vegada
linies cel-lulars derivades d’aquests tumors que s’han demostrat utils

en I'avaluacio pre-clinica de diferents aproximacions terapéutiques.

. Els PDOX/Orthoxenografts de carcinoma endometrioide d’endometri
han permés la caracteritzacié transcriptomica i del perfil mutacional,

facilitant el disseny de noves terapies dirigides contra aquests tumors.
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