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Summary

Summary

Colorectal cancer (CRC) is the third most common cancer in men and the second in
women worldwide. Although 5-year survival rates in early stages are above 90% the
situation dramatically changes in the metastatic setting. Only few advances have been
made in the treatment of CRC in the last decades, as it still consists of different re-
gimes of chemotherapy, possibly combined with one of the few effective targeted ther-
apies. Hence, there is a need for finding new targets, along with prognostic and predic-
tive biomarkers to optimize the efficiency of current and upcoming treatments.

Cyclin dependent kinase 5 (Cdk5) is best known for its functions in the nervous system,
however in the last decade it has been demonstrated that it is also involved in many of
the hallmarks of cancer. In this study, we investigated the expression pattern of Cdk5 in
CRC cell lines and in a large number of tumor samples in order to evaluate its rele-
vance in this pathogenesis. We found that Cdk5 is highly expressed and activated in
CRC cell lines and while it does not affect proliferation, its silencing decreases cell in-
vasion and migration, particularly in cell lines with activating mutations downstream of
the epithelial growth factor receptor. Functional enrichment analyses and transcription-
al effects seen upon its knockdown also confirmed the involvement of Cdk5 in cancer
motility. In tumor tissues, CDK5 is overexpressed compared to normal tissues due to a
copy number gain. In patients with localized disease, we found that high Cdk5 levels
correlate with poor prognosis, particularly in patients harboring KRAS mutations. In the
metastatic setting, Cdk5 is only predictive for patients receiving an oxaliplatin-based
treatment, which was corroborated by in vitro studies of oxaliplatin and irinotecan re-
sistant cell lines. When exploring the Cdk5 levels in the consensus molecular subtypes,
we found the lowest levels in subtype 1, where high Cdk5 again was associated with a
poorer prognosis, however in vitro, in vivo and ex vivo studies do not indicate a role for
Cdk5 in immune infiltration or response to immune checkpoint blockage in CRC.
Overall the results of this PhD thesis confirm the relevance of Cdk5 in CRC, and even
though further studies are needed, we suggest that Cdk5 could be used either as a
biomarker for adjuvant therapy in early stage CRC or for prediction of response to
chemotherapies. Alternatively, Cdk5 inhibition could be used in an adjuvant setting to

prevent disease relapse or in a metastatic setting in combination with oxaliplatin.
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Resum

El cancer colorectal (CCR) és el tercer cancer més freqient en homes i el segon en
dones a nivell mundial. Tot i que les taxes de supervivéncia a 5 anys en els primers
estadis superen el 90%, la situacié canvia drasticament en pacients metastatics. S’han
vist pocs avencgos en el tractament del CCR en les darreres décades, el qual encara
consisteix en diferents régims de quimioterapia, amb la possibilitat de ser combinats
amb una de les poques terapies dirigides que son efectives. Per tant, es necessita
trobar noves dianes terapéutiques, juntament amb biomarcadors pronostics i predictius
per optimitzar I'eficieéncia dels tractaments actuals i futurs.

La cinasa dependent de la ciclina 5 (Cdk5) és més coneguda per les seves funcions en
el sistema nervids, pero en I'Ultima década s'ha demostrat que també esta involucrada
en molts processos propis del cancer. En aquest estudi, hem investigat 'expressié de
Cdk5 en linies cel-lulars de CCR i en un gran nombre de mostres tumorals per tal
d’avaluar la seva rellevancia en aquesta patogenesi. Vam trobar que Cdk5 s’expressa i
esta molt activa en les linies cel-lulars de CCR i tot i que no afecta la proliferacio, el
seu silenciament genic disminueix la invasié i la migracié cel-lular, particularment en
les linies cel-lulars amb mutacions activadores per sota del receptor del factor de crei-
xement epitelial. Els analisis d’enriquiment funcional i els efectes transcripcionals com
a consequencia de l'eliminacié del gen CDK5, també van confirmar la participacio
d’aquesta proteina en la motilitat del cancer. En els teixits tumorals, Cdk5 es troba so-
bre-expressada en comparacié amb els teixits normals a causa d’un guany en el nom-
bre de copies. En pacients amb malaltia localitzada, vam trobar que els nivells alts de
Cdk5 es correlacionen amb un pitjor pronodstic, especialment en pacients que tenen
mutacions en KRAS. En el context metastatic, Cdk5 prediu la resposta en pacients
tractats amb oxaliplati, essent aquest fet corroborat per estudis in vitro amb linies
cel-lulars resistents a I'oxaliplati i no donant-se en el cas de I'irinotecan. En explorar els
nivells de Cdk5 en els subtipus moleculars consensuats, vam trobar els nivells més
baixos en el subtipus 1, on uns nivells elevats de Cdk5 es va tornar a associar amb un
pitjor pronostic, tot i que els estudis in vitro, in vivo i ex vivo no indiquen un paper per a
la Cdk5 en infiltracié immunitaria o resposta al bloqueig del punt de control immunitari
en CCR.

Els resultats d’aquesta tesi doctoral confirmen la rellevancia de Cdk5 en CCR, i tot i
que es necessiten estudis addicionals, suggerim que la Cdk5 es podria utilitzar com a
biomarcador per a la terapia adjuvant en CCR en estadis inicials o per predir la respos-

ta a quimioterapies. Alternativament, la inhibicié de la Cdk5 es podria utilitzar en la
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adjuvancia per evitar la recaiguda de la malaltia o en un entorn metastatic en combina-

ci6 amb oxaliplati.
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Introduction

1 Introduction

1.1 Colorectal cancer

1.1.1 Epidemiology

Colorectal cancer (CRC) represents gastrointestinal malignancies from the colon to the
rectum. They can be defined as colon or rectal cancers, depending on their location,
however they are usually considered together as they have many biological and clinical
common features. Globally, CRC is the third most diagnosed cancer, behind lung and
breast, with more than 1.8 million new cases and 861,000 deaths in 2018, according to
the data from the World Health Organization GLOBOCAN. The disease represents
approximately 1.4% of all-cause and 8.9% of cancer-related deaths. An increase of
30% CRC deaths has been observed during the past 15 years and a further 25%
growth is expected by the year 2030. The incidence rates vary greatly worldwide, with
Australia, Europe and North America having the highest (1). In some of these countries
a slight reduction has been observed both in incidence rates and death rates, thanks to
great effort with screening and early detection along with improved treatment options.
The reason why a global growth in the incidence rates is still expected is due to the
rapid increase seen mainly in Asiatic and Arabic countries (2).

The risk of CRC increases with the age. It is more common in people above 50, with a
median age at diagnosis of 72 in women and 68 in men, respectively. Noteworthy, in
some eastern and Arabic countries the average age at diagnosis is considerably lower
(2). The incidence rate is 31% higher in men than in women, with the largest differ-
ences found in rectal tumors. However, the accumulative lifetime risk for developing the
disease is similar in the two sexes, 4,4% for men and 4,1% for women, because wom-

en have a longer life expectancy (3).

1.1.2 Risk factors

A risk factor is anything that increases a person’s chance of developing a specific dis-
ease. They do not directly cause cancer; however, they can jointly increase the proba-
bility. Generally, 95% of cancers develop sporadically, while only 5% are considered as
familial, with genetic changes or mutations passing on through generations. When
looking globally at the CRC risk factors, inherited susceptibility causes the most striking
increase in the risk of developing CRC, and it is currently the only reason for recom-

mendation of more frequent screening. Other leading risk factors include inflammatory
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Introduction

bowel syndromes, tall stature, physical inactivity, overweight, large intake of alcoholic
beverages, high consumption of red or processed meat, as well as modest intake of
dairy products and foods containing wholegrains or dietary fiber. Many indications sug-
gest that there are a number of ways to lower the risk of developing CRC as well, be-
sides of course maintaining a healthy body weight and being physical active, high con-
sumptions of calcium, dairy aliments, vegetables and fruit as well multivitamins and
vitamin D are recommendable (1).

Among the hereditary CRC syndromes, the most common one is the Lynch syndrome
(LS), which is caused by germline mutations in one of the mismatch repair (MMR)
genes: mutL homology 1 (MLH1), MutS homolog 2 (MSH2), MutS homolog 6 (MSH6),
Post-Meitotic Segregation Increased 2 (PMS2)or epithelial cell adhesion mole-
cule (EPCAM). Impaired MMR during replication leads to accumulation of mutations in
the DNA, particularly in the microsatellite fragments with repetitive nucleotide sequenc-
es. Over time, the accumulation of such mutations in microsatellites and elsewhere in
the genome can drive tumorigenesis. A number of other cancers are also associated
with the Lynch syndrome, including endometrial, ovary, stomach and urothelial tract
(4). Familial adenomatous polyposis (FAP) is the second most common hereditary
CRC syndrome. This syndrome is caused by mutations in the adenomatous polyposis
coli (APC) gene, which is a key tumor suppressor gene that is involved in the B-
Catenin/Wnt signaling pathway. Most patients with familial adenomatous polyposis
develop a large number of colorectal adenomas leading to early development of CRC.
Other hereditary CRC syndromes are also polyposis associated including Peutz Jegh-
ers syndrome, serrated polyposis and juvenile polyposis coli. Common for these syn-
dromes is that the polyps end up undergoing carcinogenesis, however the exact route

differ from condition to condition (4).

1.1.3 Screening and detection

CRC is among the cancer types more suitable for broad population screening. Firstly,
CRC has a long preclinical stage, secondly, the incidence of the disease is high and
outcome for a significant proportion of affected patients is poor and thirdly, because
adenomas and early cancers are easy detectable and treatable. Most programs are
based on a primary screen, with fecal occult blood tests. Both early and advanced
premalignant lesions can bleed and shed cells into the bowel lumen, which can be de-
tected. In those that test positive a colonoscopy is indicated.

Other tests take advantage of DNA shed by epithelial cells, which can also be isolated

from stool samples. Mutations of Kirsten rat sarcoma virus (KRAS) and APC or other
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typical CRC mutations can be detected, however the accuracy of these tests still needs
to be improved. Other potential useful diagnostic markers under investigation include
circulating tumor mRNA, microRNA and circulating Cytokeratin (4).

Typical symptoms for CRC include blood in stools, change in bowel habits and ab-
dominal pain. This is often accompanied with fatigue, anemia-related symptoms, short-
ness of breath and weight loss. When a person presents with a combination of these
symptoms a colonoscopy is the physicians’ preferred method for investigation. During
the colonoscopy the gastroenterologists will take biopsies of any suspicious polyps.
Additionally, modern imaging techniques improve detection and clinical staging. The
depth of local tumor invasion and the presence of regional and distant metastases are

assessed by computed tomography scan (CT) and magnetic resonance imaging (MRI).

1.2 CRC pathogenesis

1.2.1 From adenoma to carcinoma

In order to understand the development of a CRC it is important to understand the set-
ting in which it arises. The wall of the colon consists of an epithelial crypt layer followed
by layers of connective tissue, a thin muscle layer, submucosa, a thick muscle layer
and at last the serosa (figure 1). The epithelial layer has two principal functions: ab-
sorbing useful substances from digested food and at the same time restricting the entry
of any harmful substances.

CRC development is initiated with transformations in the normal epithelium mucosa
leading to a hyper-proliferative epithelium that can form adenomas. However, adeno-
mas in the epithelial cell layer are not considered malignant adenocarcinomas until
they have invaded through to the submucosa layer. This process is referred to as the
"adenoma-carcinoma sequence". It is a slow process estimated to take up to between
7-10 years (5). During this period the epithelial cells accumulate genomic instability and
activating mutations in oncogenes accompanied by inactivation of tumor suppressor
genes. Another important feature of this development is attaining the ability to escape

immune surveillance.
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Figure 1. Layers of the epithelial wall. From www.cancer.com (6)

CRC is a very heterogeneous disease with distinctive backgrounds. Understanding the
complexity of each tumor is crucial in order to determine the best choice of treatment.
In general CRC results from the progressive accumulation of numerous genetic and
epigenetic aberrations within cells. This development from adenoma to carcinoma is
considered to be caused by one or a combination of three major molecular pathways:
Microsatellite instability (MSI), chromosomal instability (CIN) and CpG island methyla-
tor phenotype (CIMP) (figure 2). These 3 pathways are not mutually exclusive and
some tumors exhibit features of multiple pathways. The molecular aspects of these
pathways are used clinically in the diagnosis and in the management of patients with
CRC.

1.2.2 MSI

Tumors with deficient MMR (dMMR) have high rates of mutations that particularly ac-
cumulate in the microsatellites, resulting in genomic instability. Microsatellites are small
(1-6 base pairs) repeating stretches of DNA found throughout the entire genome. They

account for around 3 % of the human genome. Due to their repeated structure, mi-
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crosatellites are prone to have high mutation rate. Approximately 15% of CRC are
dMMR, which in the tumor results in a hypermutable phenotype MSI. Three percent of
these are associated with Lynch syndrome, with germline mutation in a MMR gene
(MLH1, MSH2, MSH6, PMS?2), while the remaining 12% are primarily caused by spo-
radic epigenetic inactivation of the MLH1 MMR gene. As a result of the dMMR these
tumors also accumulate different driver mutations, with v-Raf murine sarcoma viral
homolog B (BRAF) and Transforming growth factor, beta receptor Il (TGFBR2) being
the most common ones (7). Colorectal tumors with MSI have distinctive features, in-
cluding a tendency to arise in the proximal colon, lymphocytic infiltrate, and a poorly
differentiated, mucinous or signet ring appearance. When diagnosed at an early stage
they have a better prognosis than colorectal tumors without MSI and display different
response to chemotherapeutics. These tumors are more frequently diagnosed in stage

Il and relatively uncommon among metastatic tumors (8).

APCWV 18q LOH
IChroll:};{somal DNA hypo- KRASA
nstabiiicy methylation Mutp 53
Mi tellit MLHI1V mutBRAF
icrosatellite
MSH2¥ TGFBRII .
Instability MSH6Y BAXB Further alterations
APCWV IGFIIR
Methylated
. Promotors;
CpG island CDKN2A/p16
methylator MINT 1 Further alterations
Phenotype MINT 31
RUNX 3
1D 4
TIMP 3
HLTF

Normal epithelium ——> Adenoma ———> Carcinoma ————> Metastatic
disease

Figure 2: Important molecular, genetic and epigenetic changes with respect to CRC disease
progression. Based on Tariq et al Cancer biology and medicine 2016 (9)
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1.2.3 CIN

With approximately 85% of colorectal tumors, chromosomal instability represents the
most common form. These tumors are characterized by chromosomal rearrangements
with gains, losses or rearrangement of large segments of chromosomes mainly caused
by defects in mitotic checkpoints. Along with these karyotype abnormalities CIN tumors
show a characteristic set of mutations in tumor suppressor genes (e.g. APC, Mothers
against decapentaplegic homolog 4 (SMAD4) and Tumor protein P53 (TP53)) and on-
cogenes (e.g. KRAS) and Phosphatidylinositol 3-kinase (PI3KCA)), which leads to the
activation of pathways that are critical for the initiation and progression of CRC (10).
The CIN colorectal carcinogenesis model proposed by Fearon and Vogelstein in 1990
is still widely accepted for tumor progression(11). Inactivation of the APC gene result-
ing in hyper activation of the Wnt signaling pathway is considered a key-initiating event.
Alternatively, epigenetic changes in B-catenin equally result in such activation. Both
events lead to dysregulation of cell proliferation and differentiation and consequently
the progression to adenomas. This is followed by oncogenic KRAS mutations and

TP53 loss or mutations ultimately leading to carcinoma development.

1.2.4 CIMP

The third pathway described for CRC development is the CpG island methylator phe-
notype. This is an epigenetic phenotype where tumor suppressor gene transcription is
silenced by hypermethylation of CpG islands found in the promotor region of the gene.
These tumors have distinct clinical, pathological and molecular features. Hence, they
show high rates of KRAS or BRAF mutations, low frequency of TP53 mutations, proxi-
mal colon location, poor differentiation and a higher occurrence in females and older
patients (12), (13). It is estimated that 20-30% of CRC tumors harbors the CIMP phe-
notype, however due to discrepancies between the cut-off values and markers included
in different technique this number varies greatly (14). At present several panels exist to
define the CIMP phenotype, these verify the transcriptional inactivation of different

genes involved in carcinogenic development (15, 16).

1.2.5 Relevant mutations

It is worth highlighting some of the major oncogenes in CRC as they become more and
more important, mainly as predictive markers but also for future non-invasive monitori-

zation through liquid biopsies. In CRC mutations in KRAS are present in 42% of pa-
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tients. Mutations in BRAF, the direct downstream target of Kras, are less frequent and
found in 10% (7). The Kras protein is located on the inner surface of the membrane
and it transmits signals upon epithelial growth factor receptor (EGFR) transmembrane
receptor activation to the effectors in the mitogen-activated protein kinase (MAPK)- and
Phosphoinositide 3-kinase (PI3K) / Protein kinase B (AKT)-signaling pathways in the
cytoplasm, ultimately leading to cell survival and proliferation. Certain mutations in ei-
ther of the RAS/RAF genes result in constitutive signaling through these pathways.
Almost all RAS activating mutations occur in codons 12, 13 and 61, with G12D, G12V,
G13D being the most frequent (17). The main activating mutation in BRAF is V600E
substitution, a central amino acid in the kinase domain. V600 is required to maintain
RAF in its inactive conformation without stimulation. Such receptor-independent path-
way activation makes cancerous cells unresponsive to anti-EGFR therapies (18).

In contrast to the KRAS/BRAF mutations, mutations in tumor suppressor genes dis-
rupts the normal function of the gene. Around 54% of CRC patients have dysfunction-
ing p53 (7). p53 plays a crucial role in cancer progression as it is an important regulator
of cellular processes such as apoptosis, DNA damage, response to stress and aberrant
proliferative signals. Basically, p53 is responsible for stopping the cell cycle in dam-
aged cells during reparation, otherwise apoptosis is initiated. Mutations in the TP53
gene do not only abrogate the tumor suppressor function, but it also gains novel onco-
genic function, which promotes a more aggressive, metastatic cancer phenotype (19).
Another important tumor suppressor is the APC protein. As many as 75% of sporadic
CRC patients show mutations in this gene (7), and as mentioned it is also related with
the FAP syndrome. Disruption of the APC gene is an early event in CRC development.
APC interacts with and counteracts (-catenin, why loss of APC leads to constitutive
activation of the canonical Wnt signaling and thus deregulation of cell proliferation, sur-

vival/apoptosis and differentiation (20).

1.2.6 From local to advanced disease

About 20% of the patients with CRC present with metastases at the time of diagnosis.
Furthermore, 35-45% of the patients with localized disease have distant recurrence
within 5§ years of surgery. In CRC the most common sites for metastasis are the liver
and lungs and these metastases are by far the most frequent cause of CRC-related
death (21). To be able to metastasize a cancer cell needs to require the ability to in-
vade the surrounding tissues, survive in circulation (bloodstream or the lymphatic sys-
tem), colonize a foreign organ and eventually resume growth (figure 3) (22, 23). This

complex process remains one of the least understood in cancer biology, however in the
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last decade noticeable progress has been made, elucidating many aspects of metas-

tasis formation.
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Figure 3: Metastatic cascade. Gomez-Cuadrado et al. Diesease models and Mechanisms 2017
(24)

An important initial step of tumor dissemination is widely agreed upon to be though
epithelial to mesenchymal transition (EMT) (25). In this process epithelial cells increase
their motility, invasiveness and ability to degrade components of the extracellular ma-
trix. The program is orchestrated by a series of transcription factors, such as Snail,
Slug, Twist and Zeb1 (23, 26). Additionally, several types of cancers, among them
CRC, have been shown to acquire tumor-initiating capacity following EMT induction, an
important trait for cancer stem cells (27). The subsequent intravasation and dissemina-
tion through either the bloodstream or lymphatic system can occur as single cells or
tumor cell clusters. For collective migrating clusters of cells with mesenchymal traits
can be observed at the invasive fronts of the primary tumor (28). Whether single cells
or cell clusters are the main cause of metastasis still remains to be demonstrated,
however recent evidence show that when clusters are introduced experimentally into
venous circulation in mice they are far more efficient compared to single carcinoma
cells in seeding metastatic colonies (29). Circulating cells (single or clusters) persist in
circulation until getting physically trapped in micro vessels of distant tissues. The

bloodstream represents a hostile environment for circulating tumor cells, as they are

19



Introduction

exposed to for example natural killer cells or fragmentation due to physical stress.
Platelet coating and neutrophil binding are some of the mechanisms that serve as pro-
tection (30, 31). Extravasation requires the carcinoma cells to traverse the endothelial
wall. A number of different proteins, among them Vascular epithelial growth factor
(VEGF), Matrix metalloproteinases (MMPs) and Disintegrin and metalloproteinase do-
main-containing protein 12 (ADAM12) have been reported to be secreted by the tumor
cells to increase permeability of the vasculature. Some of these have been reported to
be important both for intravasation and extravasation (32). Once in the new distant lo-
cation the tumor cells need to adapt to a new microenvironment. Several dormancy
programs and niches have been described allowing the newly metastasized cells to
persist in a dormant state until having adapted to these new surroundings. Next it is
believed that it is only cancer cells with stem cell traits are capable of being the found-
ers of new metastatic colonies. E.g. in lung cancer it has been shown that this ability is
dependent on a maintenance of a stem cell population though enhanced Wnt signaling
(33). Thus, it seems that the metastatic potential of a carcinoma is closely linked to the
ability of dispatching populations of circulating stem cells (CSC) that can re-initiate tu-
mor growth following arrival at distant sites (34).

The whole process of metastasizing luckily has a very low efficiency, evidence indicate
that as low as 0,01% of injected tumor cells are indeed able to carry out all steps need-
ed to form an actual metastasis (35). Hence the high frequency of liver metastasis in
CRC might simply be the result of the sheer number of CTCs filtering strait into the liver
through the portal vein that drains the gut (36). Whether this dissemination is an early
or late event in the CRC disease still remains unclear. The lack of larger hypothesis
generating studies comparing paired primary and metastasis tumors is the main limiting
factor. A recent study of 12 paired tumors with comprehensive whole genome sequenc-
ing found the mutational landscape to be very similar in the majority of the cases, which
supports a late dissemination theory (37). Surely this is an aspect of CRC disease pro-
gression that with the modern techniques now available should soon be further clari-
fied.

1.3 Diagnosis and staging

1.3.1 Histopathology

The pathologists play a very important role in CRC diagnosis. Apart from the molecular
testing of MSI, BRAF and KRAS mutations among others, the histopathological infor-

mation still remains the basis for tumor characterization, pathological staging and

20



Introduction

search for prognostic and predictive parameters. The vast majority of colorectal can-
cers are adenocarcinomas and develop from cells of the epithelial mucosa layer. And
as mentioned earlier the defining malignant feature is the invasion into the submucosa
(13). Typical adenocarcinomas (>90%) of the colon are composed of columnar epithe-
lial cells arranged in gland-like structures that mimic colon crypts. At diagnosis tumors
are graded depending on the extent of these gland-like structures. Tumors with more
than 50% gland formation are graded as low grade (well and moderate differentiation)
while tumors with less than 50% gland formation are graded as high (poorly and undif-
ferentiated) (38). The high grade/ poorly differentiated tumors are associated with poor
survival (39) .

The World Health Organization (WHO) has apart from the most frequent adenocarci-
noma classified a number of histological variants of colorectal carcinomas, such as
mucinous, signet ring cell, medullary, micropapillary, serrated cribriform comedo-type,
adenosquamous, spindle cell and undifferentiated. Recent effort has aimed at correlat-
ing such features with genomic alterations in these tumors, which could have clinical
implications (40)

Pathologists are also starting to report findings of tumor budding. Tumor budding is
defined as single or small clusters of tumor cells, which have detached from the main
tumor (41). This is a marker of tumor dissemination and an indicator of an aggressive
tumor (42). Evidence has correlated tumor budding with epithelial mesenchymal
changes in the tumor microenvironment often found in then Consensus molecular sub-
type 4 (CMS4) subtype (described below) (43).

1.3.2 Tumor staging

At the time of diagnosis, CRC is divided into a number of clinical stages. This facilitates
the clinical management and provides a prognostic accuracy. The current staging sys-
tem is developed by the American Joint committee on Cancer and it is based on depth
of Tumor invasion (T), presence of nodal metastasis (N) and distant metastasis (M),
also known as the TNM classification (described in table 1)(44). The TNM system has
now completely replaced the Dukes classification, which was the first effort to stage
CRC. A definitive staging can first be done after surgery and a histopathological study.
Based on the spreading of the tumor (and a number of other factors) the oncologist will
choose what the appropriate treatment is. Tumors with no distant metastases are in
general first resected, and adjuvant therapy is subsequently offered to a part of the
patients. In the case of distant metastasis chemotherapy is often administered prior to

possible a surgery (see section 1.5.4).
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AJCC stage TNM stage TNM stage criteria for colorectal cancer
Stage 0 Tis NO MO Tis: Tumor confined to mucosa; cancer-in-situ
Stage 1 T1NO MO T1: Tumor invades submucosa
Stage | T2 NO MO T2: Tumor invades muscularis propria
Stage 11-A T3 NO MO T3: Tumor invades subserosa or beyond
(without other organs involved)

Stage 1I-B T4 NO MO T4: Tumor invades adjacent organs or
perforates the visceral peritoneum

Stage I1I-A TI1-2 N1 MO N1: Metastasis to 1 to 3 regional lymph nodes.
T1 or T2.

Stage 111-B T3-4 N1 MO N1: Metastasis to 1 to 3 regional lymph nodes.
T3 or T4.

Stage I1I-C any T, N2 MO N2: Metastasis to 4 or more regional lymph
nodes. Any T.

Stage IV any T, any N, M1 | M1: Distant metastases present. Any T, any N.

Table 1. American Joint Commitee on Cancer (AJCC) staging for CRC. Tumor (T), Nodes (N),
Metastasis (M).

1.4 Classification approaches

The aim of the molecular classifications is to provide an insight toward the etiology and
characteristics of the tumor, which, eventually should lead to better clinical stratification
and targeted personalized interventions. The first attempt for such classification was
from the group of Sjoblom in 2006 (45) with the Candidate cancer gene (CAN) concept.
Since then numerous classifications have been published, however they show great
differences between them, for example varying in the number of subtypes identified.
The differences can partly be attributed to methodological differences and statistical
and algorithm bias (46). Worth highlighting is The Cancer Genome Atlas (TCGA) pro-
ject which was based on genomic and transcriptomic characterization. This approach
identified 2 major groups: hypermutated cancer with MSI (16%) and non-hypermutated
cancers with MSS and a high number of somatic DNA copy number alterations and
mutations in APC, TP53, KRAS, SMAD4, and PIK3CA (84%) (7). In order to unify all
the data available on subtypes the international CRC Subtyping Consortium was creat-
ed in 2014. Based on this comprehensive multi-omic characterization, finally 4 Con-
sensus Molecular Subtypes (CMS) were proposed in 2015, see figure 4 (47). This clari-

fied previous confusions and importantly unified the taxonomies.
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The CMS1 is the so-called immune subtype (14% of early-stage tumors) and it com-
prises most of the MSI tumors. It is characterized by hypermutation, hypermethylation,
BRAF mutations and infiltration of immune cells. The remaining MSS tumors are divid-
ed into 3 subtypes. CMS2 is the canonical subtype (37% of early-stage tumors), char-
acterized by epithelial features, CIN and activated WNT and MYC signaling pathways.
The CMS3 is the metabolic subtype (13% of early-stage tumors), in which deregulation
of metabolic pathways can be observed. KRAS mutations are frequent and they fur-
thermore show low levels of CIN and CIMP. The CMS4 is the mesenchymal subtype
(23% of early-stage tumors), which is characterized by upregulation of EMT, transcrip-
tion growth factor (TGF)-beta activation, angiogenesis and stromal infiltration. Never-
theless, still 13% of tumors remained unassigned due to mixed phenotypes of several
CMS or intra-tumoral heterogeneity (47). As can be appreciated in figure 4, the four
subtypes have different relapse-free and overall survival, with the best prognosis found
in the CMS1 and the worst in CMS4.

O

@ :
4 Ms! high y $
cive wd® “
> ian
SCNAMS® Q)
% = KRAS et N

BRAF muet™”
APC mutat™"
Classificd51 S
©Budinsk2 &, &
Marisa €1 21 51 \h
¢ Roepman &4 N
® De Sousa & gt al- oo
o Sadanan®@l "’
@ Schiicker © WO
25

og) SNV

Figure 4: The CRC consensus molecular subtyping (CMS) system. Wang et al. Seminar Can-
cer Biology 2018 (46)
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The CMS has since 2015 been considered the most robust classification system and it
is currently widely used both for clinical stratification but also in research purposes.
Hence, a recent publication classified preclinical models into the CMS, thereby facilitat-
ing the translation from these models, especially in regards to specific drug sensitivity
studies (48). The identification of molecularly distinct subtypes should provide subsets
of patients on which to test new treatments as well as clues for specific biological
pathways to target for these subgroups. It also opens up for a possible need to reeval-
uate possible treatments as they might have been discarded due to overall low re-

sponse rates, thus hiding possible beneficial effects in a single subtype (49)

1.5 Colorectal cancer treatment

Overall survival rates of CRC patients have been improving over the last decades. This
is thanks to major advances in the diagnostic process and better understanding of mo-
lecular mechanisms in CRC pathogenesis having led to new treatment options. Ensur-
ing a successful management of CRC requires accurate staging and a multidisciplinary
treatment plan. Currently the treatment is tailored to the burden of the disease, the pa-

tient’s performance status, goals of care, and expected survival.

1.5.1 Surgery

The main curative treatment for non-metastatic cancer is surgery aiming at removing
the tumor along with the nearby draining lymph nodes, ensuring clean surgical mar-
gins. More and more surgeries are now done laparoscopically making them less inva-
sive. Patients with tumors in the sigmoid colon or rectum might require postoperative
placement of a colostomy.

For stage IV metastatic CRC whether the primary tumor initially is removed depends on
the symptoms that it causes. Perforated tumors, tumors causing complete bowel ob-
struction or tumors with severe bleeding warrant resection. In the case of asymptomatic
primary tumors, the removal depends primarily on whether the metastatic disease is
resectable or not. If this is the case, which is more likely for liver metastasis, the resec-
tion can either be in stages or simultaneous. Studies have shown similar overall surviv-
al (OS) for both approaches (50, 51). In the case of synchronous unresectable meta-
static disease, several meta-analysis showed improved OS in patients who underwent
resection of the primary tumor, however selection bias appears to affect most studies
as patients with better performance status and lower disease burden where more likely

to be chosen for surgical resection (52). It has indeed been a highly debated issue in
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the last decade. Very recent findings from a randomized trial, assigning patients to ei-
ther chemotherapy treatment or primary tumor resection followed by chemotherapy,
provide strong evidence that the resection of asymptomatic primary tumors does not
improve the overall survival. As a matter of fact the phase Il trial was stopped due to
surgery-related complications and higher morbidity in the postoperative period (53).
Additional studies are needed to better identify patients who could benefit from either
curative or palliative resection.

At the time of diagnosis of CRC with liver metastases only 10-20% of patients are can-
didates for metastasis resection. In some cases a good response to systemic chemo-
therapy will allow for subsequent resection. The criteria for potentially curative resec-
tion includes; no tumor present at margins, at least 20-40% (depending on injury) liver
remnant left and functional vascular inflow and vascular/biliary outflow. The technical
strategy for resection is determined by metastatic volume and location. Metastasis to
the lung are rarely the only site of disease spreading, thus the consideration of pulmo-
nary metastectomy usually depends on outcomes of therapy for other sites (54). The
most common procedure is a “wedge resection with parenchymal sparing. Patients with
peritoneal metastases usually have the worst prognosis (55), however cytoreductive
surgery removing all visible tumor along with hyperthermic intra-peritoneal chemother-

apy has become standard care in peritoneal surface malignancies (56).

1.5.2 Radiation therapy

Radiation therapy is not commonly used for colon cancers as the bowel is too sensi-
tive. However, in combination with chemotherapy, it is recommended in neoadjuvant
treatment of intermediate - and advanced stage rectal cancer. Some patients achieve

complete clinical responses, and surgery can be postponed (57).

1.5.3 Systemic treatment for primary disease

For stage Il CRC the rate of patients cured by surgery is high. However, guidelines
recommend adjuvant treatment in high-risk cases such as poorly differentiated tumors,
in tumors with vascular, lymphatic or peritoneal invasion, and in cases which obstruc-
tive and perforated tumors and pT4 (58). The aim of such treatment is to eradicate any
possible micrometastasis already present at the time of surgery. Few prospective stud-
ies exist, however a small but statistically significant benefit of adjuvant chemotherapy,
has been reported in patients with low likelihood of recurrence (59). However, in multi-

ple post hoc analyses of patients with stage Il CRC, the use of adjuvant chemotherapy
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in the stage Il setting has been questioned (60). Surely better patient stratification will
help select the patients where assuming the secondary effects of adjuvant therapy is
compensated by the decrease in reoccurrence risk.

In stage Ill tumors, 6 months of adjuvant therapy is the standard treatment. The proto-
cols for adjuvant therapy with FOLFOX (leucovorin/5-fluorouracil/oxaliplatin) or CAPOX
(capecitabine plus oxaliplatin) are the current standard of care (61). With these regi-
mens the 5-year disease free survival (DFS) is around 70% (62). Recent studies have
shown that the 6 months of adjuvant therapy could be cut down to 3 months without
affecting the DFS, especially in low risk patients. Importantly, this shortening of treat-

ment significantly reduced adverse effects of the treatment (63).

1.5.4 Systemic treatment for metastatic disease

The survival of patients with metastatic disease has substantially improved over the
past three decades, with median overall survival now exceeding 30 months. This can
be attributed to chemotherapeutics, such as oxaliplatin and irinotecan, targeted thera-
pies along with improved surgical resection of mainly liver metastases. The backbones
for first line treatment are the FOLFOX or FOLFIRI (leucovorin/5-fluorouracil plus oxali-
platin or irinotecan, respectively) regimens, which contain two cytotoxic agents. The
addition of monoclonal antibodies such as bevacizumab (anti-VEGF) and cetuxi-
mab/panitumumab (anti-EGFR) to the first line chemotherapy backbones has been
shown to improve the clinical outcome. Upon failure of the first line treatment a second
line is usually offered switching the backbone and possibly changing the targeted ther-
apy. If progression is found on the second line of treatment a third line can be applied
seeking new combinations of treatment, always taking performance status and overall
quality of life in to consideration (see figure 5) (64). Interestingly, the concept of rechal-
lenging a tumor with for examples anti-EGFR treatment after withdrawal from the
treatment has recently showed promising results. The idea is that a clonal expansion of

KRAS-wild type (WT) cells during the withdrawal can be targeted again (65).
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FIRST STEP:

IDENTIFY PATIENT CHARACTERISTICS
according to Performance Status,
comorbidities, age, previous adjuvant
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of toxicities, attitude
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Figure 5: Algorithm for treatment of metastatic colorectal cancer. Bevacizumab (bev), fluoropy-
rimidine (FP), multidisciplinary team (MDT), neurotrophic tyrosine receptor kinase (NTRK). De
Falco et al. ESMO open 2020. (66)

1.5.5 Chemotherapies

Chemotherapy is a systemic treatment with the goal of damaging and stressing the
cancer cells for them to initiate cell death pathways. The effects are however not spe-
cific, and other rapidly dividing normal cells are also damaged resulting in many side
effects, such as immunosuppression, gastrointestinal distress, nausea and neuropathy
to mention just a few. In metastatic CRC (mRCR) treatment the three main chemother-

apeutic agents are fluorouracil, irinotecan and oxaliplatin.
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1.5.6 Fluoropyrimidines

Fluorouracil (5-FU) has since the late 1950s been the base for both adjuvant - and
metastatic chemotherapy treatment of CRC. 5-FU is a thymidylate synthase inhibitor.
This enzyme methylates deoxyuridine monophosphate to form thymidine monophos-
phate. Inhibition of this process leads to a shortage of the nucleotide pyrimidine thymi-
dylate necessary for RNA and DNA synthesis, ultimately leading to apoptosis in rapidly
dividing cancer cells (67). Usually Leucovorin folinic acid is administered with 5-FU in
CRC to enhance the effects. Capecitabine is a pro-drug developed to mimic the contin-
uous infusion of 5-FU. Instead of intravenous administration it is given as pills and once
absorbed it is converted into enzymatically active 5-FU. The two drugs have shown

equal results when combined with other cytotoxic agents (68).

1.5.7 Irinotecan

Irinotecan was approved for CRC treatment in the late 1990s followed by oxaliplatin in
the early 2000s after they both had shown to improve the outcome for CRC patients
treated with 5-Fu/leucovorin (69, 70)). This lead to the implementation of the regimens
FOLFOX and FOLFIRI, which are still the standard of care today. Irinotecan is a sem-
isynthetic analog of camptothecin originally extracted from a Chinese ornamental tree.
Irinotecan is hydrolyzed mainly in the liver into its active metabolite SN38, which is a
Topoisomerase | inhibitor. Topoisomerases are enzymes that participate in the over -
and underwinding of the DNA strand ahead of the replication fork during replication and
transcription. SN38 stacks against the base pairs just next to a topoisomerase cleav-
age site, rendering the enzyme inactive causing irreversible inhibition of DNA synthesis
with double-strand DNA breaks and ultimately cell death (71).

1.5.8 Oxaliplatin

Oxaliplatin is a platinum based antineoplastic drug, containing a square planar platinum
in the center, a bidentate oxalate group and a diaminocyclohexane (DACH) ring. The
presence of the DACH ring makes it larger than the other widely used platinum drugs
Cisplatin and Carboplatin, explaining the different spectrums of activity. Upon intrave-
nous administration, oxaliplatin is rapidly biotransformed into its active derivate losing
the oxalate group and incorporating chlorine molecules. oxaliplatin forms crosslinks in
DNA through a multi-step process involving cellular uptake and hydratization, mono-

functional adduct formation between adjacent guanines or guanine and adenine resi-
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dues and closure to bifunctional adducts. These adducts prevent replication and tran-
scription. Unless nucleotide excision repair (NER), which is the main repair mechanism
activated by oxaliplatin, resolves these crosslinks they ultimately end up causing cell
death (72, 73).

1.5.9 Biological targeted agents

Biologic agents targeting specific oncogenic pathways have improved survival in
MCRC patients. They include the humanized monoclonal antibodies against EGFR
(cetuximab and panitumumab) and VEGF (bevacizumab) (see figure 6). More biologi-
cal agents exist targeting these pathways, however cetuximab, panitumumab and
bevacizumab to date remain the only ones approved for first line mCRC treatment.
VEGF-A binds to tyrosine receptors VEGFRs on the cell surface causing dimerization
and activation through transphosphorylation. Such binding stimulates signaling cas-
cades promoting endothelial cell proliferation, vascular permeability and angiogenesis.
The necessity of a vascular network in growing tumors has for long been well estab-
lished, as tumors generally have high metabolic rates and thus high need for nutrients
and oxygen (74). Bevacizumab binds to circulating VEGF thus inhibiting the binding
and activation of the VEGFRs. This inhibition reduces the microvascular growth and
thereby limits the blood supply to tumor tissues. Clinical trials have demonstrated that
adding the bevacizumab to both FOLFIRI and FOLFOX regimens improves Progres-
sion Free Survival (PFS) (75, 76).

T cell

@ Nivolumab
. Pembrolizumab
Bevacizumab -
... VEG? }_ Ziv-aflibercept ° o Ipilimumab
HG FF—nRilotumumab* . EGF

/ i
| Ramupirpme?
c-MET |——O0nartuzumab* VEGFR Fruquintinib

o4 ‘}GFB\'-S:;‘:meﬁzab /1

Lapainb =] HERD '—TrastuzumabF,D-L

Pertuzumab

Encorafenib

4
Akt Regorafenib—| |———— Dabrafenib Immune escape

Vemurafeni via T cell exhaustion

4
> m Trametinib
m Binimetinib

Tumor cell

Figure 6: Overview of recommended targeted agents in CRC. Xie et al Signal Trasnduct Target
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EGFR receptor is expressed in normal epithelial tissues and in several types of human
cancers. Upon binding by EGF to its receptor multiple intracellular downstream signal-
ing pathways are activated, including the RAS/RAF/MAPK/PI3K/AKT/mTOR pathways,
ultimately promoting cell proliferation (77). Anti-EGFR monoclonal antibodies cetuxi-
mab and panitumumab bind to the extracellular domains of the receptors blocking any
possible growth stimuli. In mCRC these two antibodies are approved for the use in
KRAS WT tumors. KRAS mutations in codon 12 and 13 render the GTPase constitu-
tively active, thus bypassing the anti-EGFR effect. The National comprehensive cancer
network now recommends genotyping not only for KRAS but also neuroblastoma RAS
viral oncogene homolog (NRAS) and BRAF before administering cetuximab or pani-
tumumab.

Molecular profiling and understanding of mutations and their possible implications for
treatments is increasing. Such detailed knowledge of each tumor opens up for new
treatment possibilities, currently especially in third line treatments and beyond. Indeed,
several new promising targets of interest have been described, among them human
epidermal growth factor receptor 2 (HER2) amplifications, non-V600E BRAF mutations
and dMMR/MSI status. HER2-directed therapy with either trastuzumab or pertuzumab
have shown promising results in a small group of patients with HER2 amplifications
(78). New evidence has shown that a triple regimen of Braf, mitogen-activated protein
kinase kinase (MEK) and EGFR inhibitor (encorafenib, binimetinib, and cetuximab) in
BRAF mutated patients offered significantly better survival benefit (79). Other targeted
therapies like regorafenib (a multitargeted kinase-inhibitor) and ramucirumab (angio-
genesis inhibitor) have also shown good results in chemorefractory mCRC (80-82).
With an expanding number of targeted drugs available, knowing the molecular profile of
the tumor cells after several lines of treatment becomes more and more important.
Treatment pressure obviously favors clonal selection, why both primary tumors and
metastases might show different mutational landscape compared to initial biopsies.
Detection of oncogenic mutations in circulating tumor DNA (ctDNA) shows great prom-
ises, allowing for continuous non-invasive monitorization. This could help guide the
choice of sequence therapy in order to get maximal exploration of these new targeted

therapies.

1.5.10 Immune checkpoint blockage

In addition to agents directly blocking pathways involved in tumor growth and spread-
ing, accumulating evidence show that targeting pathways involved immunorecognition

is also effective. While results similar to what have been seen in melanoma and lung

30



Introduction

cancer is not expected for CRC, as it is known to be a notorious cold cancer, a sub-
group of patients do indeed respond very well to such therapies (83).

Under normal conditions malignant cells harboring genetic alterations will present ab-
normal antigens on the surface through the major histocompatibility complex (MHC)-I
leading to recognition and obliviating by the immune system. Cancer cells adapt a
number of processes to avoid detection: secretion of immunosuppressive factors,
downregulation of MHC-I and recruitment of immunosuppressive cells. Importantly they
also express programmed death-ligands 1 (PD-L1) and 2 (PD-L2) on the cell surface,
which are ligands of T-cell immune checkpoint receptors programmed cell death pro-
tein 1 (PD-1) and cluster of differentiation (CD279). Such binding results in inactivation
and exhaustion of T-cells. Yet another central checkpoint exists between antigen pre-
senting cells (APCs) and T-cells, namely cytotoxic T-lymphocyte-associated protein 4
(CTLA-4) and CD80/CD86. Immune checkpoint targeted therapy aims at blocking the
tumors attempt to escape from T cell detection, and thus stimulate immune surveillance
and clearance (84, 85). As mentioned, only a subgroup of mCRC patients responds to
ICB therapy, the ones with a high mutational burden (dMMR) and high levels of mi-
crosatellite instability (MSI-H). It is believed to be due to higher levels of neoantigens
derived from mutations, which attract attention from immune cells and thus increase T-
cell infiltration (86). The PD-1 blocker Pembrolizumab has indeed shown great results
as monotherapy in this subgroup with progression free survival (PFS) of 16.5 months
compared to the 8.2 months for the chemotherapy group. Noticeably the duration of the
response at 24 months was 83% compared to 35% for the control group (87). Equally
encouraging results has been observed with another PD-1 inhibitor Nivolumab and the
CTLA-4 inhibitor Ipilimumab (88).

1.5.11 Treatment resistance

Even though the medical treatment of CRC has made advances in the later decades
with strategies including chemotherapy and the targeted therapies as described above,
the 5-year overall survival for mCRC is still only around 12 percent (89). This is mainly
due to treatment resistance. The first hurdle for the systemic treatment is to successful-
ly reach the tumor cells. This is affected by factors such as absorption, distribution,
metabolism and excretion (90). Once in the tumor, cells can be intrinsically resistant or
acquire resistance during a treatment. The most commonly described mechanisms
include altered transport of the drug across the plasma membrane, genetic responses,
enhanced DNA repair, alteration in target molecules, metabolic effects and growth fac-

tors.
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One of the most universal forms of resistance against antineoplastic agents is by the
action of a group of membrane transporters, the ATP-binding cassette (ABC) proteins.
By extruding cytotoxic molecules, the ABC-transporters keep the intracellular drug con-
centration below cell-killing threshold. This is one of the possible mechanisms leading
to multidrug resistance, due to broad drug specificity (91). Defects in the apoptotic
pathway represent another common mode of therapy resistance. The p53 protein is an
important regulator of the cell cycle as a sensor of genotoxic stress, inducing G1 arrest
and/or apoptosis preventing replication of defective cells. Drugs, which increase DNA
damage, therefore cause p53-mediated cell death. Loss of p53 function, which is
common in CRC, allow cells with damaged DNA to replicate, thus leading to resistance
to DNA damaging drugs (92). Resistance is of course also related with the specific
mechanism of action of the drug. Example of such specific mechanisms is gene ampli-
fication in thymidylate synthase in 5-FU treated patients (93) and upregulation of genes
involved in NER repairs, eg the excision repair cross-complementing group 1 (ERCC1)
in oxaliplatin treated patients (94).

Resistance to treatment is unfortunately just as common for targeted therapies. A
mechanism of resistance to anti-EGFR therapy in RAS and BRAF-WT tumors is the
emergence of RAS and BRAF mutations during cetuximab or panitumumab therapy.
Indeed, it has been demonstrated that a majority of patients with WT tumors test posi-
tive for one or more MAPK pathways mutations in their coding DNA (cDNA) or on re-
peat tumor biopsy at the time of anti-EGFR resistance (95). Another resistance mecha-
nism is the upregulation of alternative signaling pathways. In this context, recent pre-
clinical studies have demonstrated the reversal of acquired anti-EGFR resistance when
MEK inhibitors are added to the anti-EGFR treatment (96).

Further improvement in outcomes for mCRC highly depends on identifying and target-
ing mechanisms of drug resistance. Importantly this can also help improve initial patient
selection and thus possibly avoid treatment with non-effective toxic drugs. Identification
of biomarkers of resistance should indeed receive greater attention in order to better

guide oncologists in their decision-making.

1.6 Prognostic and predictive biomarkers

A lot of advances have been made in the molecular and biological characterization of
CRC. The genetic profile is indeed becoming more and more important in CRC disease
management. To make the most of this knowledge it is crucial to have sensitive and
specific biomarkers. They play key roles both in prevention and early diagnosis and

also later in the choice of targeted therapies and in the prediction of drug response.
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There are 4 main types of biomarkers: diagnostic markers, prognostic markers, predic-
tive markers and surveillance markers. Diagnostic markers are used for disease detec-
tion and risk assessment, while prognostic markers indicate the likelihood of disease
progression. Predictive markers are used to predict the patient’s response to a given
therapy, and lastly, surveillance markers are used to monitor possible disease recur-
rences.

The diagnostic biomarkers used in the clinic today are mainly found in stools. The fecal
occult blood testing (FOBT) and Fecal immunochemical test (FIT) are commonly used,
and part of many screening programs as mentioned earlier, however they show high
false positivity rates (97). DNA-based methods represent another strategy for CRC
detection, as they show diagnostic advantage over FOBT, however these systems are
not suitable for screening programs due to their high expense. Blood-based tests are
ideal for screening purposes, indeed several biomarkers, including Carcinoembriogenic
antigen (CEA) and Carbohydrate antigen (CA) 19-9 are well established in clinical
practice. Unfortunately they both show low specificity and sensitivity (98). An alterna-
tive strategy is multivariate classification models, which based on measurements of
numerous biomarkers calculate probability of having the disease. A panel of 15 bi-
omarkers did indeed discriminate better between healthy subjects and CRC patients
compared to single markers (99).

As previously mentioned, surgical removal of the tumor is the treatment of choice for
early-stage cancers (I-lll). In stage Il it is currently clinicopathological features, and not
biomarkers that decides whether adjuvant therapy is given. Adjuvant chemotherapy is
given to all stage lll patients while stage IV patients receive a multimodality treatment,
including surgery and systemic treatments with chemotherapy and biologicals. The
prognostic/predictive tissue biomarkers currently used in CRC management are MSI
high, KRAS/NRAS and BRAF mutations.

Stage Il MSI patients have better prognosis and do not require chemotherapy, hence
no benefit has been observed from 5-FU based chemotherapy treatment in this sub-
group (100),(101). In stage Ill tumors the MSI/MSS status is currently not useful as no
differences in risk have been observed (102). Interestingly, trials are testing MSI-high
as a predictive marker for immunotherapy in stage Ill. This has already been imple-
mented for stage IV CRC, where Pembrolizumab is approved for first line treatment
and Nivolumumab and Ipilimumab for refractory disease (103). In these patients there
is a high demand for more predictive biomarkers, as PD-L1 has not shown to predict
better survival outcomes in patients treated with immunotherapy (104).

In non-metastatic CRC KRAS mutations (codon 12 and 13) is a marker of poor progno-

sis. Patients with KRAS mutated tumors have a 1.5 higher risk of relapse and death
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compared to KRAS-WT (105). This was believed to be the case also for metastatic
patients, however a meta-analysis has showed that in the metastatic setting it is mainly
the KRAS G12C and G13D variants that associate with poor OS rather than the G12V
and G12D ones (106). As for the predictive value of KRAS mutations it has for long
been known that only KRAS WT patients benefit from addition of an anti-EGFR to a
chemotherapy regimen (107).

Like KRAS mutations, BRAF mutations, typically V600E, is also a marker for poor
prognosis in stage Ill and IV CRC. Until recently testing BRAF mutational status has
purely been a prognostic marker, however the recent BEACON study showed that
BRAF mutated mCRC patients could benefit from a doublet or triplet with Braf, EGFR
and MEK inhibitors (79). Data concerning the possible benefit of treating BRAF mutat-
ed patients with anti-EGFR treatment remains conflicting, as meta-analyses exist con-
cluding both lack of response (108) and equal response (109).

Numerous additional biomarkers show promising result, and hopefully in the coming
years they can become translated into the clinical setting. It has been well demonstrat-
ed that ctDNA from liquid biopsies can help assess surgical tumor clearance, choice
appropriate targeted treatment and monitor treatment response (110). Now the main
challenge remaining for ctDNA is standardization of methods and technologies before it
can widely become implemented in the clinic. A rather new concept in mCRC is the
sidedness of the tumor. Several studies show that right-sided colon cancers show
worse prognosis than the left-sided ones do (111), why more intensive chemotherapy
triplets could be used for this group. Additionally, current guidelines recommend limiting
anti-EGFR to left sided KRAS WT tumors, as right-sided KRAS WT tumors did not
benefit from the treatment (112). Another upcoming predictive marker is HER2. Recent
studies showed clinical benefit from dual HER2 blockage in patients with HER2 amplifi-
cation. Studies have also shown that HER2 amplifications negatively predict efficiency
of anti-EGFR therapies and furthermore is associated with development of resistance
to them (113).

Even though there are great advance in the discovery of biomarkers for CRC, more
prospective studies are needed to validate novel candidates in large cohorts. In particu-
larly in regards to immunotherapy, biomarkers predicting possible efficacy is needed.
Another area with high need of biomarkers is early-stage CRC, in order to avoid over-
treating patients who will not benefit from adjuvant therapy. Hopefully a combination of
new biomarkers and advances in the technology of liquid biopsies will allow to person-

alized treatment in the near future.
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1.7 Cdk5

Cyclin dependent kinases (Cdks) are serine/threonine kinases that are activated upon
binding and complex formation with cyclins. Once activated Cdks can phosphorylate
target proteins at serine and threonine residues directly next to a proline. These kinas-
es are well known to regulate the progression through the cell cycle in all eukaryotic
cells (114). Cdk5 is an atypical Cdk, as its enzymatic activity does not depend on cy-
clins, rather it binds with either cyclin-dependent kinase 5 activator p35 or p39 (CDKR1
and CDKR2). Also, Cdk5 has not been shown to play any role in cell cycle regulation.
Instead, most Cdk5 substrates are part of the cytoskeleton or neuronal signaling mole-
cules (115, 116).

CdkS5 is ubiquitously expressed in all tissues, however the highest expression is found
in the nervous system and the brain. It is also in this context that Cdk5 is best charac-
terized. During embryogenesis, Cdk5 is indispensable for proper brain development. In
the adult brain, Cdk5 is essential for numerous neuronal processes, including cognitive
functions such as learning and memory formation, neuronal outgrowth and migration
(117). Its activity is known to be deregulated in several neurological disorders, such as
Alzheimer's disease, Parkinson's disease and Huntington's disease, leading to neuro-
toxicity (116). As for non-neuronal functions it has been shown to be involved in vastly
different process as for example regulation of monocyte differentiation (118), develop-
ment and regeneration of muscle cells by Nestin phosphorylating (119), and promotion
of angiogenesis (120). Moreover, during the last decade, it has been described to pro-

mote progression in numerous solid tumors.

1.7.1 Cdk5 activity

It was indeed in the nervous system where Cdk5’s binding partners, p35 and p39 were
first identified. Even though these activators share little sequence similarity to cyclins,
computer modelling has shown that p35 actually adopts cyclin-like tertiary structure
(121). Crystallization of the complex shows that p35/p39 bind to the T-loop of CdkS5.
The number of hydrogen bonds is reduced between p39 and Cdk5 compared to p35,
explaining why this complex is more labile and dissociates easier (122). As illustrated
in Figure 7 unbound Cdk5 is found mainly in the cytosol, while both p35 and p39 con-
tain a myristolation signal directing them for the cell membrane. Upon activation Cdk5
is also found in the cell periphery (123). The p35 protein levels tightly regulate the ac-
tivity of the Cdk5-p35 complex, as its half-life is of only 20-30 min. It has been demon-
strated that Cdk5 phosphorylates p35 targeting it for ubiquitin-dependent proteasomal
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degradation. In this way an autoregulatory negative feedback loop exists for the Cdk5
kinase activity (124).

Interestingly, calpain-cleaved forms of both p35 and p39 exist, p25 and p29 respective-
ly, which lack the myristolation modification, making them more soluble and allowing
them to locate elsewhere within the cell (figure 7) (126). Translocation of the complex
to the nucleus has been widely demonstrated in neurons upon different kinds of stress
(127, 128). Furthermore, the Cdk5-p25 complex has been shown to have prolonged
activation (5-10 times longer), as p25 loses the signal for ubiquitination. The Cdk5-p25

complex is suggested to play

Cell death signals

an important role in neuro-

degenerative diseases (129). Myristoylation

In contrast to other Cdks, Synthesis
Cdk5 does not need phos-

phorylation for its activity, as

the complex Cdk5-p35/p39 is

Inactive Hyperactive

constitutively active. Howev-
er, Tyrosine 15 phosphoryla- scal funclion Pathological role
tion, by Cables or c-Abl, has

been shown to increase the Figure 7. Activation mechanism of Cdk5. Kimura et al. Front
activity of the complex (130). Mol Neurosci 2014 (125)

Most of what is known about the transcriptional regulation of both CDK5 and CDKR1 is
from the brain, where their transcription is partly regulated through the Mitogen-
activated protein kinase 3/1 (ERK1/2) signaling. For CDK5 this is mediated by tran-
scription factors Fos and CREB (116). Transcriptional CDK5 regulation outside of the

nervous system still needs further clarification.

1.7.2 CdkS5 targets

Along with the characterization of Cdk5 function in more and more cell types and tis-
sues, the list of direct or indirect targets is also growing. Indeed, the functions seem to
differ depending on the setting. Figure 8 illustrates just a few. For example, in pancreat-
ic beta-cells it has been shown that Cdk5 reduces insulin secretion in response to glu-
cose abundance through phosphorylation of Ca2+ channels (131). In lymphatic vessels
Cdk5 was shown to phosphorylate Foxc2, which in turn regulates the expression of
connexin 37, a protein involved in GAP junctions between cells which is crucial for lym-
phatic valve formation (132). Within the immune system Dorand et al demonstrated

that in medulloblastoma Cdk5 disruption resulted in decrease PD-L1 expression
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through up-regulation of transcriptional repressors Interferon regulatory factor 2 (IRF2)
and Interferon regulatory factor 2 binding protein (IRF2BP) (133). As previously men-
tioned Cdk5 is implicated in neuronal migration, where for example Caldesmon is one
of the direct targets. It has been shown that Cdk5 indeed also plays an important role in
cancer cell migration and cytoskeletal organization and thus metastasis formation.

These last two aspects will be discussed in further detail below.
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Figure 8. Simplified schematic representation of Cdkb5 activities. Shupp et al. Oncotarget 2017
(134)

1.7.3 Cdk5 inhibition

There is increasing evidence that the inhibition of Cdk5 could be an attractive therapeu-
tic target in pathologies such as neurodegenerative diseases (135), diabetes (136) and
many types of solid tumors. Unfortunately, no specific Cdk5 inhibitors are currently
available. Therefore, most of the in vivo studies carried out to date use pan-Cdk inhibi-
tors targeting the ATP binding site of the Cdks, which even though often described as
specific, they actually inhibit several other kinases. Among the most studied inhibitors
are Roscovitine and Dinaciclib, both included in on-going clinical trials for numerous
pathologies (137). Both have shown promising results in preliminary in vitro studies
both as monotherapy or combined with current treatments. Many different small mole-
cule inhibitors have also been developed, like AT7519 and 20-223 (138, 139), however
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as Cdk5 shares many structural similarities with other Cdks and particularly with Cdk2,
designing mono-specific inhibitor is indeed proving to be a very challenging task (140).
When developing an inhibitor, one also need to keep in mind that Cdk5 has some cru-
cial functions in the nervous system, but neurological side effects can possibly be min-
imized taking advantage of the blood brain barrier.

It is worth mentioning that alternative strategies have been considered to interfere with
Cdk5 activity, particularly in diabetes. A small peptide containing 125 amino acid resi-
dues of p35, called Cdk5 inhibitory peptide (CIP), specifically inhibits the hyper-
activation of Cdk5 by p25, while having no effect on physiological activation of CDK5
by p35/p39 (141). An even smaller 24 amino acid derivative of p25 was found to dis-
play a greater inhibitory potential than CIP in neurons (142). These peptides could also
be a valid strategy for Cdk5 inhibition however, it is only the hyper-activated Cdk5-p25

complex that is inhibited which limits the applicability.

1.8 Cdk5 in Oncology

In the last decade accumulating evidence supports the role of Cdk5 in mechanisms
driving tumor formation and progression, and the kinase has indeed become an attrac-
tive target for developments of new cancer therapies. Both the expression and activity
of Cdk5 has been shown to be upregulated in most cancers. Partly due to gene ampli-
fications, which can be observed in as many as 20% of breast and prostate cancer
patients (140). High Cdk5 levels overall confers poor prognosis in osteosarcoma (143),
breast (144), lung (145), colorectal (146), liver (147) and skin cancer (148), to mention
just a few. The only publication pointing to the contrary is in gastric cancer where Cdk5
was decreased compared to normal tissue and overexpression of Cdk5 inhibits gastric
tumorigenesis (149).

At the mechanistic level, Cdk5 has been shown to be involved in processes as diverse
as proliferation, migration, invasion, anchorage-independent growth, angiogenesis and
immune escape, which will be described in more detail below. Table 2 summarizes the
most important publications concerning Cdk5 in cancer including the proposed molecu-
lar mechanisms. The most common study design is inhibition of Cdk5, pharmacologic
or genetic, followed by in vitro and in vivo studies to determine the consequences.
Some publications reveal the Cdk5 phosphorylation targets and affected pathways.
Taken together, high levels of Cdk5 leads to a similar more progressive phenotype in
all the mentioned cancer models, however the underlying mechanisms seem to be very

context-dependent.
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Cancers Study design Effects of CdkS inhibition or loss Molecular mechanism Ref.
Breast cancer CdkS5 gene knockdown in vitro Inhibition of proliferation and Increased p21Cip1 degradation (144, 150-
Roscovitine-based inhibition in vitro | growth Impaired tumor establishment in 156)
and in vivo Induction of apoptosis vivo
CdkS5 shRNA in mice model Blockage of metastasis Impairing DNA damage repair
CRISPR/Cas9 in vivo knockdown Increased sensitivity to irradiation Blockage of TGF - mediated EMT
Increased sensitivity to etoposide activation
and hydroxyurea Reduced FAK phosphorylation
Increased sensitivity to PARP inhib- | Upregulated Foxol-Bim pathway
itors Downregulation of PD-L1 expres-
T-cell mediated immune response sion
Decreased cellular invasion Decreased ADD1 phosphorylation
PIPKy90 phosphorylation and en-
hanced Fibronectin secretion
Pancreatic can- Expression of the dominant-negative | Inhibition of tumor formation, inva- | Suppression of RAS—Ral signaling (157, 158)
cer CdkS allele sion, migration and growth pathway
siRNA-mediated Cdk5 knockdown Induction of synergistic effect when
and inhibition by Roscovitine combined with inhibitors of MEK
Xenograft mouse models and PI3K
Medullary thy- Introduction CdkS-dead cell lines Cell cycle arrest and inhibition of Downregulation of Rb protein (159-161)
roid carcinoma CdkS5 knockdown in vitro and in cell proliferation Downregulation of cell cycle CDKs
animal models Retardation of tumor formation in Reduction of phospho-STAT3
vivo
Hepatocellular CdkS5 knockdown and pharmacolog- | Reduced cell proliferation and in- Reduced phosphorylation of ATM (161-164)
carcinoma ic inhibition with Roscovitine in duction of apoptosis Abolition of STAT3-mediated phos-
cell-based assays and xenograft Synergistic with doxorubicin and phorylation of an endonuclease
mouse models etoposide in vitro and in vivo Emel
Induction of antiangiogenic effects Downregulation of VEGFA
Reduced TPX2 phosphorylation
Melanoma (cu- Cdk5 knockout mouse models Excessive but malfunctioned vessel Decreased DI114-induced NICD (120, 148,
taneous) Various endothelial and tumor cell- formation Dephosphorylation of Caldesmon to | 165-169)
based assays Marked inhibition of invasion, halt metastasis
Tumor xenograft models migration, and growth of tumor cells | Decreased Vimentin phosphoryla-
CRISPR/Cas9 in vivo knockdown Blockage of metastasis to liver and tion
lung Downregulation of PD-L1 expres-
T-cell mediated immune response sion
Downregulation of p-CREB
Lung cancer Functional inhibition using Rosco- Suppression in proliferation, motili- | Impaired tumor cell cytoskeleton (170, 171)
vitine and siRNA in vitro and in vivo | ty and invasiveness of cancer cells remodeling and microfilament for-
Endothelial-specific Cdk5 KO mice | Sensitization of tumor cells to anti- mation
VEGEF treatment Downregulated notch pathway-
Decreased vasculogenic mimicry dependent endothelial functions
formation Decreased FAK/AKT signaling
Ovarian cancer Multiple ovarian cancer cell lines G1 cell cycle arrest and inhibition of | Attenuation of Akt activation of p53 | (172, 173)
and xenografts treated with Cdk5 proliferation and p27 and induction of p21
siRNA Apoptosis induction and metastasis Blockage of Caldesmon-mediated
blockage invadopodia formation
Enhanced paclitaxel sensitivity Increased intratumoral retention of
drugs
Leukemia In vitro Cdk5 knockdown study Increased apoptotic cancer cell death | Increased nuclear pool of Noxa via (174)
Diminished tumor growth impaired phosphorylation, and
enhanced suppression of miR-23(a)
activity
Impaired glucose utilization
Colorectal can- In vitro pharmacologic and siRNA Decreased cancer cells proliferation, | Inhibition of PPAR- phosphoryla- (139, 146,
cer inhibition growth, survival, migration and tion 175, 176)
In vivo CdkS5 knockdown metastasis Abrogation of ERK5-AP-1 oncogen-
Xenograft mouse models Reduced tumor growth ic axis
Medulloblastoma | shRNA/CRISPR/Cas9 KD in vitro Reduced PD-L1 expression and Persistent expression of IRF2 and (133)
and in vivo CD4+ T-cell mediated tumor rejec- IRF2BP2
tion
Prostate cancer CdkS in vitro knockdown or inhibi- Decreased proliferation AR phosphorylation and AKT acti- (177)
tion Decreased AR activation vation (178)

Mouse xenografts

Decreased cell mobility and loss of
polarity
Decreased metastasis formation

Reduced STAT3 phosphorylation

Table 2. Preclinical studies on Cdk5 in cancer. Adapted and updated from Lenjisa et al. Future
Med. Chem. 2017 (140)
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1.8.1 Cdk5 and proliferation

Sustaining proliferative signaling is an important part of cancer development and pro-
gression. Even though Cdk5, in contrast to other Cdks, has not historically been con-
sidered as a regulator of cell cycle and cell proliferation, some studies suggest its in-
volvement in pathways affecting these (figure 9A). In neuroendocrine thyroid cancer
Cdk5 has been shown to phosphorylate retinoblastoma (Rb) protein, which controls the
transition from the G0/G1 to S-phase through E2F transcription factor release leading
to transcription of genes required for cell cycle progression (179). Another important
activator of cell cycle progression is signal transducer and activator of transcription 3
(STAT3). This well-known transcription factor is activated upon stimulation of various
pathways and controls cell cycle genes. In medullary thyroid cancer, Cdk5 has been
shown to phosphorylate Signal transducer and activator of transcription 3 (STAT3) at
Ser727, which in turn up-regulates STAT3 target genes, such as c-Fos and JunB, and
ultimately leads to cell cycle progression (160). In prostate cancer Cdk5 has

been found to phosphorylate androgen receptor (AR) at Ser-308 and Ser-81 enabling
the transcription of AR induced genes and hence also promoting cell proliferation (177,
178). A more direct participation of Cdk5 in cell cycle control has also been suggested
recently, as Cyclin I-like (CCNI2), a homolog of Cyclin I, was shown to bind and acti-
vate Cdk5 affecting cell cycle progression (180).

Interestingly in neurons Cdk5 has been proposed to suppress cell cycle (181), in con-
trast to the above-mentioned correlations with Rb, STAT3 and AR. Similar findings
have been reported in gastric cancer, where nuclear accumulation of Cdk5 actually
inhibits cell proliferation. Thus, the involvement of Cdk5 in cell cycle control and prolif-
eration still remains controversial, and as Pozo et al. has suggested, dysregulated
Cdk5 might promote tumorigenesis in some malignancies while exerting the opposite
effects in others (182).

1.8.2 DNA damaging and repair

At the molecular level Cdk5 has been linked to the initiation of DNA damage response
(DDR) and DNA repair, as illustrated in figure 9B. Both mechanisms are initiated upon
exposure to classical chemotherapy and radiotherapy. Cdk5 is activated in cells or tis-
sues exposed to DNA-damaging therapies or genotoxic agents (150, 183) possibly due
to up regulation of p35 via the Early growth response protein 1 (Egr1) promoter as is
the case in neurons (184). Cdk5 has been shown to phosphorylate Ataxia-

telangiectasia mutated (ATM), a crucial regulator of DNA damage repair, at Ser-794
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switching on its kinase activity in several types of cancers (162, 185). Such phosphory-
lation causes activation of tumor suppressor genes, as p53, allowing the cells to com-
plete repair before entering the next cell cycle. In line with these findings the blockage
of Cdk5 prevents the ATM phosphorylation and subsequently the initiation of the DDR
signaling cascade to repair the double strand breaks caused by irinotecan in hepatic
cancer cell lines (162). Cdk5 can also transduce signals necessary for the expression
of DNA-repair molecules, such as the DNA repair endonuclease Eme1. Cdk5 phos-
phorylates STAT3 on Ser-727, which in turn interacts with the promoter of the Eme1
gene in CRC cell lines (163).

Indeed, our group started studying Cdk5 because we observed that Cdk5 was upregu-
lated in 4 cell lines that had been made resistant to oxaliplatin (186). Due to its function
in DDR and DNA repair, other groups have also linked Cdk5 to resistance to several
DNA damaging therapies. Treatment with Roscovitine both in non-small cell lung can-
cer (NSCLC) cell lines and hepatocellular carcinoma (HCC) xenograft mouse models
increase sensitivity to radiotherapy and chemotherapy respectively (162, 187). Such
results indicate that a combination of a DNA-damaging drug and Cdk5 inhibition could

be a possible future treatment strategy.

1.8.3 Dissemination

In order to successfully metastasize, cancer cells need to undergo a series of steps,
such as invasion, intravasation, migration and extravasation as previously explained.
Cdk5 has been described to be involved in all of these processes. This is not surprising
as some of them are very similar to the known roles described for Cdk5 in the nervous
system, where it is involved in neuronal migration, cytoskeleton remodeling and axonal
guidance to mention just a few (188). Numerous in vivo studies in mice have shown
that inhibition or knockdown of Cdk5 drastically decreases metastasis formation in solid
tumors such as prostate (189), pancreas (190), melanoma (166), lung (191), pituitary
(192) and CRC (146).

Some of the proposed Cdk5 downstream modulators of cell motility are more specifi-
cally part of the actin and microtubule cytoskeleton and focal adhesion, both important
components of invadopodia formation (see figure 9C). Cdk5 phosphorylates and acti-
vates Focal adhesion kinase (FAK) which is an important step for the initiation of cell
migration (144, 171). Additionally, the actin regulatory protein Caldesmon (166), cyto-
skeletal protein Talin (193) and intermediate filament protein Vimentin (148) can all be

directly phosphorylated in cancer cells by Cdk5.
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In pancreatic cancer Cdk5 has also been found to phosphorylate FAK as well as p21-
activated kinase-1 (PAK1), another important regulator of cytoskeletal remodeling
(194), as part of cell morphology alterations in migrating cells. Interestingly the authors
demonstrated that Cdk5 was hyperactivated downstream of mutant KRAS signaling, as
they observed an increased CDKR1 expression, p35 to p25 cleavage and phosphoryla-
tion of Cdk5 substrates FAK and PAK1. The effect of Cdk5 inhibition on migration and
invasion were only found in the KRAS mutant setting (158). The importance of Cdk5
activity in signaling downstream of Kras in pancreatic cancer was reinforced by another
paper, as Feldmann et al. showed that Cdk5 was essential for RAS signaling through
the critical effectors RalA and RalB (157). Pancreatic cancer is the cancer with the
highest frequency of KRAS mutations (>90%). Other solid cancers with high rates of
KRAS mutation include lung and CRC. Studies with Dinaciclib (CDK1/2/5/9 inhibitor) in
NSCLC show that acquisition of KRAS mutations enhances sensitivity towards the
treatment (195). However, further studies are needed in order to clarify whether a simi-
lar relationship between Cdk5 and KRAS signaling exists in other kinds of tumors. Alt-

hough not considering the mutational of KRAS, another publication places Cdk5 down-

; B Phosphorylation

Figure 9. Involvement of Cdkb in cancer related processes. a) Cdk5 contribution to cell cycle
and proliferation. b) Cdk5 in the DNA-damage response and DNA-repair. ¢c) Cdkb5 in cell motility.
d) Cdk5 in epithelial cell proliferation and migration. Pozo et al. Trends in cancer 2016 (182)

42



Introduction

stream of EGF signaling, as Bhandari et al. showed that Cdk5 phosphorylates guanine
exchange factor GIV(Girdin), which is important in the migration—proliferation dichoto-
my. Phosphorylated GIV enhances pro-migratory AKT signals, while mitogenic MAPK

signaling is limited, hence triggering cell migration (196).

1.8.4 Cdk5 and Angiogenesis

In order for tumors to grow beyond a certain size they need dedicated blood supply to
provide oxygen and other nutrients. By secreting growth factors, e.g. VEGF, tumor cells
stimulate capillary growth within the tumor. This pro cess is referred to as tumor angio-
genesis. Importantly lymphatic and blood vessels also allows for removal of metabolic
waste from the tumor. At the same time, they also represent the main escape route for
migrating cancer cells. This process therefore represents an interesting target in cancer
treatment and antiangiogenic drugs have indeed shown good clinical results in the
treatment of various cancers (197).

Cdk5 has been shown to be expressed in the endothelial cells lining the blood vessels
(198) and quite a few studies have shown implications for Cdk5 in the angiogenic pro-
cess (Figure 9D). Different roles have been proposed. For example, that Cdk5 pro-
motes endothelial migration and angiogenesis by remodeling of the cytoskeleton. More
specifically by controlling the localization of the GTPase Rac1 to the leading edge of
migrating cells (120). In highly vascularized cancers, such as hepatocellular carcinoma
and gliomas, genetic knockdown and pharmacological inhibition of Cdk5 impairs angi-
ogenesis and subsequently also tumor growth (162, 165). At the molecular level Cdk5
stimulates Notch-driven angiogenesis, which along with hypoxia inducible factor1-a
(HIF-1a) leads to the activation of both VEGF-A and VEGF receptor 1. Both are essen-
tial for the formation of blood vessels growing tumors. Taken together these studies

suggest that Cdk5 could be a target for anti-angiogenic treatments for cancer therapy.

1.8.5 Immune infiltration and Cdk5

Immunotherapy has gotten a lot of attention in the last decade. Such treatments target
immune checkpoint interactions, between mainly PD-1 and its ligand PD-L1 along with
CTLA-4 and its ligand B7. The PD-L1 - PD-1 binding is between tumor cells and T-cell
respectively and it prevents the T-cell from killing the tumor cell. CTLA-4 is found on
the surface of inactive T-cells and the B7 receptor on antigen presenting cells, and the
binding prevents the T-cell activation. Cancer cell PD-L1 upregulation hence allows the

cell to escape immune detection (199).
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In the recent years a connection between Cdk5 and tumor immune cell infiltration and
subsequently response to immune checkpoint blockage has been demonstrated.
Dorand et al. discovered how Cdk5 allows tumor cells to evade immune-surveillance by
transcriptional activation of PD-L1 in Medulloblastoma. Cdk5 disruption induced ex-
pression of PD-L1 transcriptional repressors IRF2 and IRF2BP2, which resulted in
CD4+ T-cell mediated tumor rejection as a consequence of PD-L1 down-regulation
(133). This is supported by another group who demonstrated that the combination of
anti-PD-1 and Dinaciclib, a Cdk inhibitor with highest affinity for Cdk2 and Cdk5, in-
creased the T-cell infiltration in bladder and colorectal murine tumor models (200). Fur-
thermore a study in melanoma and breast cancer showed that CRISPR/Cas9 mediated
KO of Cdk5 elicited strong T-cell mediated immune response in the tumor microenvi-
ronment (154). In triple negative breast cancer (TNBC), the most aggressive subtype, it
has recently been shown that Cdk5 increases the stemness of TNBC cells, which is
closely related with metastatic progression. Strikingly, Cdk5 blockage diminishes stem-
ness transformation, which reverses an immunosuppressive microenvironment en-
hancing anti-PD-1 therapeutic efficacy (201). Collectively, these results indicate that at
least in some tumors the co-inhibition of Cdk5 and PD-1/PD-L1 binding could enhance

the efficacy of the immunotherapy.

1.8.6 Cdk5 in CRC

As reviewed above, in an extensive number of solid tumors Cdk5 has been related to
many hallmarks of cancer, such as proliferation, angiogenesis, DNA damage repair,
immune evasion and dissemination. Quite different mechanisms and pathways have
been suggested, seemingly varying greatly dependent on the cancer type. However, it
is clear that high levels are generally associates with poor prognosis.

As for CRC the first publication concerning Cdk5 is from 2006, where Kim et al. report-
ed that Cdk5 was elevated in the CRC cell line HT29 and that treatment with a peroxi-
some proliferator-activated receptors (PPAR)gamma ligand decreased Cdk5 activity
and cell proliferation(175). Next, in 2009 our group showed that Cdk5 was significantly
upregulated in a panel of CRC cell lines made resistant to oxaliplatin (186). Shortly
after Courapied et al. showed that upon SN38 treatment (the active metabolite of iri-
notecan) Cdk5 was up-regulated and found to co-immunoprecipitate (IP) with STAT3.
The STAT3-Cdk5 pathway reduced DNA damage through up-regulation of Eme1, an
endonuclease involved in DNA repair (163).

In 2016 Zhuang et al. showed increased Cdk5 expression in CRC tissues compared to

normal tissues and in a mixed cohort of CRC patients they found high Cdk5 levels to
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correlate with tumor aggressiveness and poor overall survival. In in vitro studies they
showed that abrogation of Cdk5 activity, either by shRNA or Roscovitine treatment,
decreased proliferation and colony formation in CRC cell lines. They observed the con-
trary when overexpressing Cdk5. When studying the migratory and invasive capacity in
vitro and in vivo they also found it to be affected by Cdk5. For example, the number of
metastatic lesions in mouse models were drastically decreased upon Cdk5 inhibition,
while the opposite effect was observed when Cdk5 was overexpressed. They further
revealed a mechanistic link between Cdk5 and the oncogenic ERK5-AP-1 signaling
pathway in the pathogenesis of CRC (146). In another recent publication, a Cdk2 and
Cdk5 inhibitor showed inhibition of migration and proliferation in CRC cell lines and
tumor growth inhibition in xenograft models (139).

Many aspects remain to be studied regarding the importance of Cdk5 in CRC devel-
opment and progression. Therefore, with the work presented in this thesis we wanted
to do a thorough evaluation of its expressional pattern and role in key processes such
as proliferation, cancer dissemination and immune infiltration. Ultimately, determining
which clinical relevance there could be in studying Cdk5 levels in CRC tumors or which

advantages there could be in inhibiting this kinase.

45



Hypothesis

Hypothesis

While treatment options rapidly increase for other types of cancer, only few advances
have been made in the treatment of CRC in the last decades. The treatment still con-
sists of different regimes of chemotherapy possibly combined with a targeted therapy of
choice. Unfortunately, the list to choose from is very short. Hence, there is an unmet
need for new druggable targets, along with prognostic and predictive biomarkers to
optimize the efficiency of current and upcoming treatments.

Research in different types of cancer shows that Cdk5 is associated with a more ag-
gressive phenotype and that high levels of this kinase mark poor prognosis. Mechanis-
tically, Cdk5 has been linked to many of the cancer hallmarks such as proliferation,
cancer dissemination, immune infiltration and DNA damage response. When it comes
to CRC only few publications exist investigating the role of Cdk5, but a possible in-
volvement in proliferation and migration is indicated (146). Our group has previously
found Cdk5 to be upregulated in oxaliplatin resistant CRC cell lines and others found
CdkS5 to be involved in DNA damage repair upon irinotecan treatment (163).

Based on this preexisting knowledge about Cdk5 from CRC and other solid tumors, we
hypothesize that Cdk5 plays an important role in CRC progression and that tumors with
high levels of Cdk5 are more aggressive and prone to disseminate to distant organs.
Furthermore, we hypothesize that tumor Cdk5 levels could serve as a prognostic
and/or predictive biomarker for CRC patients’ outcome. If our hypothesis is confirmed
the studies of Cdk5 in CRC could broaden and optimize the current treatment of CRC.
In order to test our hypotheses and establish whether further investigation into specific

inhibition of Cdk5 in CRC is warranted we proposed the objectives specified below.
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Objectives

The general objective is to expand the knowledge about Cdk5 in CRC and determine

the applicability of Cdk5 as a prognostic and/or predictive marker.
In order to achieve this, we propose four specific objectives:

1. To describe the expressional patterns and activity of Cdk5 in patient’s

samples and in in vitro models.

2. To study the involvement of Cdk5 in key aspects of cancer progression
such as proliferation, dissemination and clonogenic capacity in in vitro

models.

3. To identify transcriptional effects of CDK5 knock down on individual

genes and pathways in a panel of CRC cell lines.

4. To determine the usability of Cdk5 is a prognostic or predictive marker in

CRC.

a) Investigating whether Cdk5 levels are associated with disease- and/or over-
all survival of untreated stage II-1ll CRC patients.

b) Studying whether the presence of Cdk5 affects the response to DNA dam-
aging agents commonly used in the treatment of stage IV CRC.

c) Studying whether Cdk5 could serve as a biomarker for alternative drugs.

d) Determining if Cdk5 affects the immune infiltration and response to immune

checkpoint blockage in CRC tumors.
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2 Materials and methods
2.1 Cell culture

The CRC cell lines used in the studies are listed below along with important molecular
characteristics (Table 3). All cell lines were passed on from other research groups,
apart from the LoVo cell line which was purchased from the American Type Culture
Collection (ATCC) and the SW48 cell line, with or without a KRAS mutation (G12D)
introduced, which was bought at Horizon Discovery Ltd. In non-purchased cell lines we
performed an authentication analysis by short tandem repeat (STR) profile characteri-

zation (Thermo Fisher). All of them were shown to be the expected cell lines.

Cell lines:

Human Origen Medium CMS Microsatellite | KRAS status | BRAF status | Tp53
HT29 Colon DMEM 3 MSS WT Mut V600E Mut
LoVo Colon F-12 1 MSI Mut G13D WT WT

HCT116 Colon RPMI 4 MSI Mut G13D WT WT

Difi Rectum DMEM/F-12 2 MSS WT WT Mut
SW48 Colon RPMI 1 MSI WT WT WT
DLD1 Colon RPMI No label MSI Mut G13D WT Mut

A293T | Embryonic kidney DMEM - - - - -

Murine
MC38 Colon RPMI - MMR deficient WT w487C Mut
CT26 Colon RPMI - MMR proficient Mut G12D WT WT

Table 3. Human and murine colorectal cancer cell lines. Mutational and microsatellite statis
from Sveen et al. Clin. Cancer Res. 2018 (48)

Cell lines were grown as monolayer in the medium indicated in table 3. All cell lines
were cultured at 37°C in a humidified atmosphere of 5% CO2. Cells were passaged
weekly using Trypsin-EDTA (Thermo Fisher) at 3X and the number of passages were
limited to 10. All cell lines were routinely checked for contamination of mycoplasma
with a polymerase chain reaction (PCR)-based assay (Stratagene).

For the generation of the oxaliplatin-resistant cell lines HTOXAR3 and LoVOXARS3,
HT29 and LoVo cell lines were used as the parental cells. These sublines were devel-

oped as a result of continuous exposure to increasing doses of oxaliplatin as described
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previously (186). The DLDIRI and LoVIRI cell lines were achieved by following the
same principle exposing the DLD1 and LoVo cells, respectively, to increasing concen-

trations of irinotecan.

DMEM: Dulbecco’s Modified Eagle medium, 10% FBS (Reactiva), 1% Penicil-
lin/Streptomycin 10.000 1.U/mL (Life technologies), 2,05mM L-Glutamine (AppliChem),
2,60mM HEPES (AppliChem).

RPMI: RPMI medium 1640, 10% FBS, 1% Penicillin/Streptomycin 10.000 1.U/mL,
2,05mM L-Glutamine, 2,60mM HEPES.

F-12: Ham’s F12 Nutrient Mixture, 20% FBS, 1% Penicillin/Streptomycin 10.000 1.U/mL

2.1.1 Cryopreservation

Approximately 10° cells were resuspended in FBS (Reactiva) and DMSO at 9:1 in cry-
ogenic tubes and placed in a Mr. Frosty Freezing container (Thermo Fisher) and
placed at -80°C. For long/time storage the cells were moved to liquid nitrogen. For the
defrosting of cell lines, the cell containing solution was quickly defrosted in the appro-

priate warm medium, cells were pelleted and seeded in cell culture flasks.

2.2 CDK5 gene manipulation techniques

2.2.1 Gene silencing by siRNA

A pool of 3 Silencer Select validated siRNAs against CDK5 at 5nM (52826, s2825 and
$2827, Ambion) or 3nM non-targeting control (siNTC) (Dharmacon) along with lipofec-
tamine RNAimax (Invitrogen) were diluted in Optimem medium (Gibco). In all experi-
ments we included a non-transfected negative control (Mock) to evaluate the toxicity of
the siRNA. 2.5x10° cells were seeded per well in 6-well plates (2 wells per condition)
and treated with the mixture of oligonucleotides, lipofectamine and Optimem. After 24h
the transfection medium was replaced by fresh medium and after yet another 24h the
cells were counted and used for subsequent studies. The inhibition was evaluated by

WB and experiments with target downregulation above 75% were included.
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2.2.2 Gene knockdown (KD) by CRISPR/Cas9

Gene knockdown was carried out with the CRISPR/Cas9 technique in the human
HT29, HTOXA, LoVo, LoVOXA, and SW48 cell lines and in the murine cell lines CT26
and MC38. The pLentiCRISPR v2 plasmids were purchased at Genscript. The Long
Terminal Repeat (LTR) sequences facilitate the integration into the host genome, and
whatever is found between the two is integrated. This includes a U6 promotor in front of
the gRNA and gRNA scaffold sequences, followed by an EFS promotor and the Cas9
sequence, and at last a Puromycin resistance gene (Figure 10). 20-nucleotide long
gRNA were chosen to target early exons in the CDK5 gene (see Table 4). Low specific-
ity for other genes was checked as well. A plasmid containing a gRNA with no human
or murine target was also purchased to serve as a negative control (crNTC) in the ex-
periments with the knockdown cell lines.
W HIV-1 g

’ /7 HIV-1 RRE

‘//— HIV-1 cPPT

I U6 promoter

g G(N)20 gRNA
o g
m\q’ ): gRNA scaffold
[z pLentiCRISPR v2 EFS promoter
‘5_;1| 13kb

DYK

Figure 10. Simplyfied pLentiCRISPR/Cas9 plasmid map. www.genscript.com
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Target dRNA sequence

Human CDK5 gRNA1 GGCCTTGAACACAGTTCCGT
Human CDK5 gRNA2 GTGTGCCGAGTTCCGCCCTC
Human CDK5 gRNA3 ATCTCCCGGAGGGCGGAACT
Murine CDK5 gRNA1 CAGGCTGGATGATGACGATG
Murine CDK5 gRNA3 TCAGCTTCTTGTCACTATGC
Non-target ACGGAGGCTAAGCGTCGCAA

Table 4. gRNA used for CRSPR/Cas9 CDK5 KD. www.genscript.com

Small amounts of the plasmids are provided and therefore an initial amplification step
was performed. 100uL competent E.coli Stbl3 bacteria were incubated with 200ng
plasmid for 30 minutes on ice. A thermic shock was given for the plasmid to enter the
bacteria and next 300uL SOC was added and the mix was incubated for 50 minutes at
37°C in the shaker. The bacteria were streaked on 100ug/mL ampicillin containing agar
plates and left to grow overnight at 37°C. Bacteria colonies were picked for each plas-
mid and inoculated in 5mL LB medium with Ampicillin overnight. Next 1mL of this LB
medium was again left overnight in 150mL LB medium with Ampicillin. The plasmids
were extracted from the bacteria with the Extract Me Plasmid Maxi Endotoxin-Free kit
(DNA Gdansk) following the instructions. The plasmids were quantified on the
nanodrop and a digestion was performed to confirm the plasmid integrity. The EcoRI
and BamHlI restriction enzymes were used for the digestion. Both linearizations with a
single enzyme and double cut with both enzymes were carried out. The digested frag-
ments were loaded on 0,5% agarose gels. The identity was confirmed by analyzing the
bands observed.

For the lentivirus production we used two additional plasmids psPAX2 and pVSVg.
psPAX2 (Addgene # 12260) is a second-generation lentiviral packaging plasmid. It
encodes for the Gag, Pro and Pol genes derived from HIV. The promoter is the chicken
B actin promoter and the polyadenylation signal is the rabbit  globin poly A. It also
contains an ampicillin resistance cassette. pVSVg (AddGene #8454) is an envelope
plasmid used for lentiviral production. It expresses the 6 glycoproteins of VSV virus
(Vesicular Stromatitis Virus) under control of CMV immediate-early promoter. It medi-
ates viral entry by interacting with phospholipid components of the target cell mem-
brane and fosters the fusion of viral and cellular membranes. It also includes IVS, a
synthetic intron known to enhance the stability of mRNA, the ColE1 origin of replication
and an ampicillin resistance cassette for propagation and antibiotic selection in bacte-
ria.

For the lentivirus production A293T cells were seeded 24h prior to use in order to have

approximately 60% confluence at the time of transfection. The virus producing cells
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were transfected with lipofectamine 2000 (Thermo Fisher) to introduce p-lentiCRISPR
plasmids with gRNAs for CDK5 or a sequence with no target (Genscript), along with
the transfer plasmid Pax2 and the envelope plasmid VSV-G and left 48h to produce
lentivirus. The total amount of plasmid used was 3.2ug at a ratio of 1:1:1. After the 48h
the virus-containing medium was collected and filtered through 45-micron filters and
the virus from the two/three different gRNA plasmids against CDK5 was joined. The
virus-containing medium was mixed 1:1 with fresh medium, and this medium was add-
ed to the cells to infect along with Polybrene at 8ug/mL. This medium was changed
after 4h incubation and the cells were left 48h before Puromycin selection was started.
The optimal concentration of Puromycin had previously been determined for each cell
line by titration. CDK5 KD was confirmed by Western blot and g-PCR.

2.3 Functional assays

2.3.1 Proliferation assay

Cdk5 was silenced using siRNA (as described in 2.2.1). 5x10* cells were seeded in a
24 well plate. Cell proliferation of mock, siNTC and siCdk5 cells was evaluated after 24,
48, 72 and 96 hours by disrupting the cells with 1.7% triton x100 and next staining
them with Propidium iodide at 30uM (Sigma Aldrich). After 10 minutes the red fluores-
cence was measured on a microplate reader (Varioscan, Thermo Scientific), at excita-
tion wavelength of 470nm and emission wavelength of 620nm. Cell number was as-
sessed by quantifying the fluorescent signal and subtracting the signal form a blank.
Values are presented as means + SD of at least three independent experiments. Sta-

tistical differences were assessed by the students t-test.

2.3.2 Migration and invasion assays

The role of Cdk5 on the migration/invasion potential was investigated in vitro using a
Boyden chamber. A total of 10° or 10* cells was seeded to test migration and invasion
respectively onto the 8um pore membrane (HTS Transwell® polyester membrane tis-
sue culture treated; Corning, NY, USA). The upper and lower chambers were filled with
medium containing 2% and 10% FBS respectively, thereby stimulating the cells to in-
vade and migrate. For the invasion assay the upper chambers were coated with 21l of
Geltrex™ (Thermofisher®). After 48 or 72 hours of incubation at 37 °C, cells above the
membrane were removed, the membrane washed with PBS and fixed with 4% para-
formaldehyde (Sigma-Aldrich) and stained with 0.5% crystal violet (MERCK). To re-
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move remaining cells that did not migrate through the membrane, the surface of the
membrane within the well was gently scrubbed with a sterile cotton bud. Pictures were
taken with a microscope (x4 magnification, NIS-Element) and migrated cells quantified
by Image J (five random fields per membrane). At least three independent experiments
were performed, and the data are presented as meantS.D. Statistical differences were

calculated by the students t-test.

2.4 Co-immunoprecipitation

Cells were washed with PBS and incubated with 200pl lysis buffer (50mM Tris pH7.4,
Triton X, 1mM EDTA, 135mM NaCl, protease inhibitor and H20O) for 5 minutes on ice.
Next, they were scraped off the petri dish and mechanically disrupted with a tissue
grinding pestle. After centrifugation (12000rpm) for 20 minutes at 4°C, the supernatant
from the cell lysate was collected and incubated with either 30ul a-Cdk5 (Santa Cruz)
or 30ul a-p35 (Santa Cruz) overnight at 4°C on a rotator. For each condition, 50ul of
bead suspension (PureProteomeTM Protein G Magnetic Beads, Millipore) were
washed with PBS-T (0.1%) and incubated for 2 hours with the cell lysates, containing
the antibody. After incubation the beads were washed 3 times with the lysis buffer con-
taining triton-X (with concentrations increasing up to 1%). Beads were then resuspend-
ed in 2x loading buffer, boiled for 5 minutes at 95°C and after removing the beads
samples were stored at -20°C until western blotting. For the western blot 50pul of the

eluted proteins were loaded onto 10% SDS-PAGE gels.

2.5 Protein extraction

2.5.1 Cell lines

Cells were washed with PBS and a RIPA plus buffer (PBS; NP-40 1%; Na deoxycho-
late 0.5%; SDS 0.1%; EDTA 1mM; NaF 50mM; NaVO3 5mM) containing a mixture of
EDTA-free protease inhibitors (Roche) was added to the cell pellet or cell culture dish.
After homogenization the mixture was incubated for 20 minutes at 4°C on a shaker.
Afterwards, cell lysates were centrifuged for 20 minutes at 4°C at 12000rpm and the
protein containing supernatant was collected and frozen down. The protein concentra-
tion was measured through the Bradford method, using the DCTM Protein Assay (Bio-
Rad) according to the manuals instructions and bovine serum albumin diluted in RIPA
buffer as a standard. Reagent A was mixed 50 to 1 with reagent A’. 5ul protein sample
were pipetted in duplicates onto a 96-well plate and 25l of the reagent A/A’ mixture

was added to each sample. Lastly 200ul reagent B was added to each sample and the
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plate was covered with aluminum foil, placed on a shaker for a moment to mix the solu-
tions and then incubated for 15 minutes. Plates were then measured with a microplate
reader (Varioscan, ThermoScientific) at 562nm and protein concentrations were calcu-
lated.

2.5.2 Tumor tissue

Frozen tissue samples (Cohort A, table 8) were disintegrated and homogenized manu-
ally with the gentleMACS Dissociator system (Milteny Biotech, Bergisch Gladbach,
Germany). The RIPA plus buffer was used for the subsequent protein extraction as

described above for the cultured cells.

2.6 Western Blotting

For the western blot 50ug of protein were loaded in a 10% SDS-PAGE gels (Invitrogen,
Life Technologies) and subjected to electrophoresis in a MOPS buffer (50nM MOPS,
50nM Tris, 0.1% SDS, 1mM EDTA at ph 7.7). Novex™ Sharp Pre-stained Protein
Standard (Thermo Fisher) was loaded for subsequent molecular weight estimationn.
Afterwards, proteins were transferred onto a polyvinylidene difluoride (PVDF) mem-
brane (BioRad) by wet transfer in Transfer buffer (27nM Tris, 197nM Glycine and 20%
Methanol). The membranes were blocked for 2h with Odyssey blocking buffer (LICOR
Biosciences) and then incubated overnight at 4 °C with specific primary antibodies at
the indicated dilution (Table 5). B3-Actin or a-Tubulin was used as reference proteins.
Membranes were incubated with IRDye rabbit and/or mouse secondary antibodies
(1:10000) (LI-COR Biosciences) for 50 minutes protected from the light. Membranes
were scanned with an Odyssey Imaging System, and band signal was quantified with
the build-in software. Each band was referenced to either a -Tubulin or R-Actin bands

from the same sample.

Primary Antibodies Source Dilution

Cdk5 (#2506 Cell Signaling) Rabbit WB 1:1.000, IHC 1:200
Cdk5 (#sc-6247 Santa Cruz) Mouse IP 30 pl

Cdk5 (#ab40773 Abcam) Rabbit IHC 1:200

p35 (#2680S Cell Signaling) Rabbit WB 1:1.000 / 1:300
P35 (#sc-820 Santa Cruz) Rabbit IP 30 pl

IgG (#sc-69786 Santa Cruz) Rabbit IP 30 pl

Caldesmon (#12503 Cell signaling) Rabbit WB 1:500 / 1:1000
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METLL7A (#MA5-27225 Thermo Fisher) | Mouse WB: 1000
METTL7A (#PA596971 Thermo Fisher) | Rabbit WB: 1000
a-Tubulin (#T6074 Sigma-Aldrich) Mouse WB 1:20.000
R-Actin (#A2066 Sigma-Aldrich) Rabbit WB 1:20.000
Secondary antibodies

IRDye 680 anti-rabbit Rabbit WB 1:10.000
IRDye 800 anti-rabbit Rabbit WB 1:10.000
IRDye 800 anti-mouse Mouse WB 1:15.000

Table 5. List of primary and secundary antibodies.

2.7 Drug responses

2.7.1 MTT assay

Human CRC cells were seeded in a 96-well microtiter plates and allowed to attach for
24h. The number of cells depended on the cell line and the duration of the experiment.
Prior to the experiments the optimal cell number for each experiment was determined
by titration to obtain an OD between 1.5 and 2 in the untreated wells after addition of
the MTT. We have previously found that the OD saturates above 2. Medium containing
the drug to be tested was added after 24h. Dose ranges depended on the drug tested,
however for all experiments it was the aim to achieve viabilities between 10 and 90%.
After the treatment period fresh medium was added to each well and the cells were
allowed to grow for 72h. For treatments with Taxanes the MTT solution was added im-
mediately after the treatment. A mixture of non-complemented RPMI medium, 10%
MTT and 10% FBS was prepared and added for 4h. The MTT salts aggregates were
dissolved with 20% SDS and 0,02M HCL and the absorbance was read at 590nm the
following day on a microplate reader (Varioscan, Thermo Scientific, or Luminometer,
Berthold technologies). Survival for each treatment dosage was determined for each
experiment using the median effect line method. This method consists of a graphical
representation of log1o((1/fn)-1), where fn is different fractions of the viability obtained
for log1o of the drug dose. The GraphPad Prism software was used to create the dose
response curves and calculate EC50 values. Data represent the mean £ S.D. of three

independent experiments. Statistical differences were determined by paired t-test.
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2.7.2 Colony assay

A serial dilution of the cells was made in order to seed only approximately 200cells/well
in a 6-well plate, and the cells were left 24h to adhere. In Colony assays with drug
treatments, cells were treated for 24h at their respective EC50 values starting 24h after
seeding. Cells were left a total of 12 days in culture for colonies to form performing
regular medium changes. Cells were subsequently washed, fixed with a metha-
nol/acetic acid (3:1) solution for 10 min and stained with a solution of 0.5% crystal violet
(MERCK) for 10 min. After the staining, cells were washed with PBS and colonies were
counted manually. Data represent the mean + S.D. of three independent experiments

and student’s t-test was used to determine statistical differences.

2.8 DNA extraction

DNA extraction was performed with the E.Z.N.A. Tissue DNA Kit (Omega Bio-tek) fol-
lowing the manufacturer’s instructions. Briefly, the cell suspension was treated with OB
Protease Solution and cells were lysed with BL Buffer. 100% ethanol is added to the
centrifuged cell solution and the whole sample is transferred to a HiBind DNA mini-
column. The sample is centrifuged, and filtrate is discarded. HBC buffer is diluted with
100% isopropanol, added to the column and again the sample is centrifuged. The fil-
trate is discarded, and the column is then washed twice with DNA Wash Buffer. One
last time, the filtrate is discarded, and the empty column is centrifuged to dry. To elute
the DNA from the column, pre heated Elution buffer is added to the column, incubated
for 2 minutes and centrifuged one last time. The resulting DNA was quantified on the

Nanodrop spectrophotometer (Nucliber).

2.9 RNA extraction and quantitative PCR

Total RNA was extracted from cell pellets using a commercial kit (RNA mini kit, Qi-
agen) following the manufacturer’s instructions. TRK lysis buffer was added to cell pel-
lets, and the cells were homogenized with a homogenizer. 70% Ethanol is added and
the solution was transferred to Hibind RNA column and centrifuged. The column was
washed twice with wash buffers | and Il. The RNA was eluted with nuclease free water
and stored at -80°C. The RNA was quantified using the Nanodrop spectrophotometer
(Nucliber). Before the retrotranscription the RNA was treated with DNAse (Invitrogen).
DNase buffer and DNase were added to the RNA sample and incubated at 37°C for 30
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minutes. The DNase inactivation reagent was added to the sample before centrifuging.
The supernatant contains the purified RNA sample.

For the retro-transcription (RT) from RNA to cDNA we used the M-MLV reverse tran-
scriptase (Thermo Fisher). Depending on the RNA concentration of each sample an
initial volume of RNA was taken (final concentration of ended RT of 200 — 300ng/ul)
and brought up to 10ul. 1ul of 10mM dNTPs (Ecogen) and 1ul 250ng/mL Random
Hexamer Primers (Thermo Fisher) was added and incubated at 65°C for 5 minutes.
Next 2ul of 0,1M dithiotreitol (DTT) (Thermo Fisher) 4ul of reaction buffer 5X (Thermo
Fisher), 1ul RNAse OUT (Thermo Fisher) and 1ul M-MLV reverse transcriptase (Ther-
mo Fisher) was added. The following program was used for the RT reaction: Anneal-
ing: 10 min. at 25°C, Extension: 45 min. at 37°C, Inactivation: 10 min. at 70°C. The
resulting cDNA samples were stored at -20°C.

For the quantitative (q)-PCR analysis of CDK5 we used the commercially available
TagMan Gene Expression Assay (Hs00358991_g1). Diluted template cDNA from the
RT reaction (37,5ng/rxn) was mixed with TagMan Universal Master Mix (6,25ul/rxn)
(Applied Biosystems), Tagman® primers and probes (15uM stock) (0,08ul/rxn) (Ther-
mo Fisher) and PCR grade H20O (to final volume of 10ul). B-actin (IDT DNA) was in-
cluded as endogenic control gene. The gPCR analysis was run on the AbiPrism 7900
equipment

For the gPCR analysis of PD-L1, METTL7A and CALD1 expression the Roche Light-
cycler 480 Il was used. Template cDNA (100ng/rxn) was mixed with SYBRgreen mas-
ter mix (5ul/rxn) (Thermo Fisher) and specific primers (5uM stock) (1ul/rxn) and PCR

grade H20 (to final volume of 10ul). Again, B-ACTIN was included as endogenous con-

trol gene.

Forward primer (5°-3") Reverse primer (3°-57)
PD-L1 TCCATCCTGTTGTTCCTCATTG ACGATCTACCACTCTTTACACC
METTL7A TTCCAAGTCGAACACTCAGC AAGAACCAGGAGCGGATTC
CALD1 GCAGAAGCAGGAGGAAGAATC GTTCTGTTGGTGGTGTTTGTG
B-ACTIN TGAGCGCGGCTACGCTT TCCTTAATGTCACGCACGATTT

Table 6. IDT DNA primers used in the study.

The g-PCR was carried out in 354 well plates. For each sample 3 B-ACTIN replicates
and 3 replicates of the studied genes were carried out. To control the presence of ge-
nomic DNA contamination an RT-minus (from RNA prior to the RT reaction) sample
was included for B-ACTIN expression. Each primer mix was also run to check for sig-

nal. Furthermore, a human RNA reference (Stratagene) was included in each run al-
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lowing to compare results from difference experiments. The thermal cycling can be

seen in table 7.

Tagman AbiPrism 7900 equipment | Sybrgreen Roche Lightcycler 480 I
Cycles | Temperature Time Cycles Temperature Time
Pre-incubation | 1 95°C 10 min 1 95°C 5 min
95°C 15 sec 95°C 10 sec
Amplification 40 40 60°C 20 sec
60°C 1 min
72°C 10 sec
Cooling 1 4°C e 4°C ey

Table 7. Thermal cycles for gPCR experiments

The quantification of gene expression was calculated by the 272*“' method. This meth-
od is the standard way to calculate relative gene expression levels between different
samples, directly using the cycle threshold (Cts) generated by the qPCR system (202).
The Ct of a reaction is defined as the cycle number when the fluorescence of a PCR
product can be detected above the background signal. First the ACt is calculated,
which is the difference between the studied gene (gene X) and the endogenous control

gene:

ACt = Ct gene X — Ct Control gene

To be able to compare results from different experiments the expression was normal-
ized to the human RNA reference sample:
AACt = ACt sample ~ ACt RNA ref

Finally, the 272*° was calculated, which shows how the gene studied is expressed in
any sample compared to the reference RNA sample.

In order to ensure very low contamination from genomic DNA the percentage of signal
in any sample coming from genomic DNA was calculated. The amount of signal coming

from genomic DNA should be below 5 %. The following formula was used:

2—AACt — 2Ct RT-minus control gene — Ct control gene

RT-minus —
% genomic DNA = 100 / 27 g1 minus

For each experiment 3 replicates were carried out with RNA coming from 3 independ-

ent experiments. Results with standard deviations between the 3 replicates below 0,25
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where accepted. Student’s t-test was used to determine statistical differences between

conditions.

2.10 RNAseq

For the RNAseq experiments, RNA was extracted as previously mentioned from the
HT29, LoVo and SW48 crNTC and CDK5 KD cell lines in triplicates. It was quantified
on the Nanodrop spectrophotometer (Nucliber) and the integrity of the RNA was con-
firmed on a 1% agarose gel. The reverse transcription and the actual RNAseq were
carried out by Centre Nacional d’Analisi Gendomica (CNAG-CRG, Barcelona).

RNA-seq reads were mapped against human reference genome (GRCh38) using
STAR software version 2.5.3a (203) with ENCODE parameters. Genes were quantified
using RSEM version 1.3.0 (204) with default parameters and annotation file from
GENCODE version 33. Differential expression analysis was performed with DESeq2
v1.18. R package (205) using the Wald test to compare the experimental conditions.
We considered differentially expressed (DE) genes those with FDR < 0.05 and abso-
lute fold-change |FC|> 1.5. PCA plots and heatmaps were generated using the
DESeq? rlog transformed counts with the ‘ggplot2’ and the ‘pheatmap’ R packages. A
Functional gene Ontology (GO) enrichment analysis of the differentially expressed
genes was performed with the g:Profiler v0.7.0 (206) R package. Gene expression cor-
relations were computed with the ‘Hmisc::rcorr’ function and boxplots were performed
with the ‘ggboxplot’ function of ggplot2. Venn diagram was performed with the R pack-
age ‘VennDiagram’. For the survival analyses (METTL7A and CALD1), we used the
COAD TCGA PanCancer expression and clinical data from the cbioportal (version
2018). The Kaplan-Meier curves were performed with the functions
‘surv_cutpoint’(minprop=0.2), ‘surv_categorize’, ‘survfit and ‘ggsurvplot’ from the R

packages ‘survival’ and ‘survminer’.

2.11 Achilles study

We used the Achilles database from the Cancer Dependency Map (Broad Insti-
tute/Dana Farber Cancer Institute). Achilles gives a value of a gene dependency for
each gene in each cell line included in the Achilles study (genome-wide RNAi and
CRISPR loss-of-function screens). This gene dependency was correlated with the
CDK?5 expression levels in CRC cell lines, looking at all cell lines (24), KRAS mutated
(13) and KRAS WT (11) separately. The mutational and expressional data for the cell

lines were extracted from the cbioportal (https://www.cbioportal.org/ study?id=cellline
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_ccle_broad). See table 8 for the cell lines included and their KRAS mutational status.
This results in a list of genes, which are crucial for cell survival in cells with high ex-
pression of CDK5. A list of possible drugs targeting these protein dependencies was
also made. MTT assays were carried out (as described in section 2.7.1) with drug in-
hibitors specific for four of these proteins in the crNTC and CDK5 KD HT29 and LoVo

cell lines

KRAS WT cell lines KRAS mutated cell lines
HT29 LOVO
CCKa81 SW1463
SW48 CL40
RKO LS180
OuUMS23 SW837
SNU503 HCC56
HT55 NCIH747
MDST8 LS513
KM12 SW620
HT115 LS1034
C2BBE1 NCIH716
SW403
T84

Table 8. List of cell lines included in the Achilles study.

2.12 Tissue microarrays

Tissue microarrays (TMA) had previously been built (207); hematoxylin-eosin-stained
slides of all primary tumors were reviewed to identify the most well-preserved areas.
Tissues corresponding to these areas were randomly sampled from paraffin blocks,
with no special preference for the different parts of the tumor (e.g., superficial zone vs.
infiltrating border). Three cylindrical cores, each measuring 0.6 mm in diameter, were
obtained from every donor block using a TMA workstation MTA-1 (Beecher Instru-
ments). Subsequently immunohistochemistry procedures were applied. Specific Cdk5
antibodies were used (Abcam ab40773 1:200 and Cell Signaling 2506 1:200 for valida-
tion). Cell lines in which Cdk5 expression had been silenced by siRNA techniques were

used as negative controls. Sections were scored as negative or positive.
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2.13 Immunohistochemistry

Five micrometer thick sections were deparaffinized, hydrated, immersed in buffered
citrate pH 6 and autoclaved. Afterward, sections were incubated for 30 min in rabbit
serum. Incubations with a 1:200 dilution of anti-Cdk5 antibody (Abcam) were carried
out for 22h at room temperature. Slides were washed and incubated with biotinylated
rabbit anti-mouse Ig antibodies at a 1:700 dilution and then incubated in PBS/6% hy-
drogen peroxide for 15 min at room temperature before addition of avidin-biotin peroxi-
dase complex (Dakopatts). The chromogen 3,3'-diaminobenzidine tetrachloride (Serva)
was applied, and counterstaining was performed with Harris hematoxylin. A non-
immnune mouse serum and a human hepatocellular carcinoma were used as negative
and positive controls, respectively. Quantification of the results was adapted to the
staining expression of Cdk5 antibody, and thus, it was evaluated as negative, low and

strong positive.

2.14 Subcutaneous tumor growth in mice and Murine organotypic
tumor spheroids (MDOTS) generation

Murine cell lines MC38 and CT26 were cultured in complete RPMI medium under the
same conditions as described for the human cell lines. In preparation for cell inocula-
tion cells were trypsinized and counted. For each injection 100ul was prepared consist-
ing of 50ul culture medium with 10° cells and 50ul of matrigel (Corning). The cell solu-
tions were prepared individually for each animal and kept on ice until injection. Balb/C
and C57BL6 (females between 8-10 weeks at the time of injection) mice were anesthe-
tized with inhalation of 4% isoflurane and 100% Oxygen, during the maintenance peri-
od of the anesthesia the isoflurane was lowered to 2%. The flanks of the mice were
shaved and disinfected and the subcutaneous injection was carried out by pinching the
skin with two fingers and inserting the needle between them approximately 1 cm. The
cell suspension was injected slowly. Cells were injected on both sides, non-target cells
on the left and KD CDKS$ cells on the right. The tumor growth was monitored every 3
days and the tumors were excised when one of the tumors reached a diameter of ap-
proximately 1cm. The final tumor volume was calculated using the formula V = (L x W x
W)/2. The mice were euthanized by cervical dislocation and the tumors were removed
with scalpels. Tumor samples were kept in RPMI medium and on ice until the start of
the tissue digestion. For the MDOTS generation we followed the protocol described by
Jenkins et al. in Cancer Discovery in 2018 with minor modifications (208). The piece of

tumor is placed on a Petri dish and the medium is removed and replaced by 1mL of
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medium containing 100 U/mL of collagenase IV (Thermo Fisher). Using scalpels, the
tumor was cut until the pieces are below 1mm and the medium has become cloudy.
Any blood cloths were removed. The presence of spheroids in the dish was confirmed

under the microscope. The media and
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subsequent Fluorescence-activated cell
sorting (FACS) analysis. The 40um filter
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the 6-well dish and again 5mL medium Figure 11. Graphical illustration of microfluidic
chamber (Aim Biotech).

was run through backwards to elute the

spheroids found on top of the filter with sizes between 40 and 100um. The spheroid
solutions were span down at 300rcf for 4 minutes. The medium was removed and the
pellets containing the spheroids were resuspended in 1:4 medium with 50% FBS and
Vitrogel (Tebu) (diluted 1:1 in PBS). For the culture of the spheroids we used the micro-
fluidic chambers from Aim Biotech (see figure 11). 10ul of the spheroid solution was
injected into the middle gel inlet. The chambers were placed in the designated holders
with humidity chambers and left 40 min for the gel to solidify. Subsequently media with
or without treatments was added to the media channels. Treatments applied were 1gG
isotype control (#16-4321-81), a-PD-1 (#16-9982-81) and a-CTLA-4 (#16-1521-81) at
10pg/mL (Life Technologies). The chambers were placed in the incubator for 6 days,
with one medium change at day 3. The growth of the spheroids was monitored every 2
days.

After the 6 days incubation the medium was removed and PBS was gently washed
though the medium channels twice. Next PBS containing Propidium iodide (2,5ug/mL,

Sigma) and Acridine orange (5ug/mL, Invitrogen) was added for an incubation of 5
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minutes in the dark followed by another wash with PBS. Images of cell viability were
captured on the Zeiss microscope with the red and green filter and 20X objective. The
same Fluorescent threshold settings were used for all the images within an experiment.
The quantification of the cell viability was carried out with the ImageJ software as fol-
lows. The green/red images were converted to black and white and the threshold was
adjusted and the signal from each dye was quantified. The total signal was calculated
by adding the red and green signal from this the percentages of death and live cells
were calculated. Student’s t-test was used to evaluate differences between conditions.

The protocol can be seen in the following link https://youtu.be/p4KF7w7fO7Q.

2.15 Tumor immune infiltration

The infiltration of immune cells into the tumor tissue was evaluated by FACS. The cell
suspension filtered through the 2 filters during the MDOTS generation was pelleted and
washed once with 1x PBS + 1% FBS. Approximately 10° cells were suspended in 1mL
and incubated with x 1,25ul of the viability dye. Next another wash was carried out with
PBS+FBS. The cell pellet was resuspended in 100ul PBS and incubated with antibod-
ies against CD3 (2ul) (#553062), CD4 (5ul) (#562891), CD8 (2,5ul) (#553035) and
CD45 (2,5ul) (#557235) (Becton Dickinson) for 15 min. After another wash the solution
was suspended in 200ul of PBS+FBS and cells were acquired on the FACS Canto |l
cytometer and analyzed with the FlowJo software. Student’s t-test was used to deter-

mine statistical differences between conditions.

2.16 Patient’s samples

Six different cohorts (named A to F), with a total of 811 samples from different patients,
were used in this study. Table 9 shows the characteristics of each cohort. Samples
from cohort C are all from stage Ill CRC patients and were collected at the Duran and
Reynals Hospital. The gPCR was carried out in our laboratory. Samples from cohorts D
and E belong to a private collection previously collected by our group (ISCIII registered
number C.0001505). These consist of stage IV patients treated with either oxaliplatin or
irinotecan based chemotherapy. All the samples were collected according to standard

local protocols and after obtaining informed consent.
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Cohort Type of CdkS N Sex Age Metastasis Stage Treatment Origin of Available Molecular Clinical data
samples measured samples at data available
by available
A Frozen WB 12 Male 7 72 Liver 8 v N/A Tumor N/A -
tissue (78%) (89%) Biobank
Tumor/ Female 2 Lung 1
adjacent (22%) (11%)
B In silico Micro 98 Male 72 72 - 11, Radical Colonomics | Colonomics | RAS, CMS, | DFS, OS
data array (57%) (43- MSS surgery 96 project .org etc
Female 87) (98%)
28 (43%)
C Frozen qPCR 37 Male 21 78 - 111 Radical Duran y N/A - DFS (mean
tissue (57%) (37- surgery 36 Reynals 36.3 months)
Female 91) (97%) Hospital OS (mean 42
16 (43%) months)
D FFPE — THC 52 Male 29 62 Liver 37 v 5-FU/OXA Private ISCIIT - DFS (mean
TMA (56%) (37- (71%) (77%) collection 9.6 months)
Female 76) Lung 5 CAPE/OXA
23 (44%) (10%) (23%)
Others 10
(19%)
E FFPE — THC 139 Male 78 62 Liver 97 v 5-FU/LV/IRI Private ISCII - DFS (mean
TMA (69%) (29- (70%) (47%) collection 9.4 months)
Female 75) Lung 46 5-FU/IRL OS (mean
35 (31%) (33%) (53%) 20.3 months)
Others 20
(14%)
F In silico RNA seq 473 Male 259 66 - -1V Various TCGA https://canc CNV, RAS, | PFL,OS
data (54%) (31- project ergenome.n | CMS, etc
Female 90) ih.gov
225
(46%)

Table 9. CRC cohorts used in the study.

2.17 In silico data
Two publicly available cohorts were used: Colonomics (NCBI BioProject

PRJNA188510) and TCGA. The Colonomics cohort (cohort B) consisted of 98 paired
adjacent-normal and tumor tissues from stage Il microsatellite stable patients and 50
colon mucosae samples from healthy donors (246 samples in total). Gene expression
data, assessed by Affymetrix Human Genome U219 expression array, had previously
been analyzed [29]. For studies using the TCGA cohort (cohort F), we included all
samples annotated as TCGA-colon adenocarcinoma (COAD) (n = 448) and 25 sam-
ples annotated as stage IV TCGA-rectum adenocarcinoma (READ), 473 samples in
total. The classification of TCGA samples into four CMS was in agreement with Guin-

ney et al. (209). Different survival event data were retrieved according to Liu et al. (210)
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2.18 Statistics

Data coming from in vitro experiments are presented as mean + S.D. of at least three
independent experiments and statistical analysis was performed with Graphpad Prism
V.4 software (San Diego, CA, USA). Comparisons among different experimental condi-
tions were carried out through the student’s t-test. Values of p<0.05 were considered
significant. The Graphpad Prism software was also used to calculate EC50 values for
the MTT analysis (detailed in section 2.7.1).

For cohort survival analysis the survminer R packages were used. Kaplan—Meier
curves depicting disease-free survival (DFS), time to progression (TTP), progression-
free interval (PFI), and overall survival (OS) were accompanied with the log-rank test to
verify significance in survival curve differences. The Cox regression hazards models
were performed to quantify the effect of gene expression and survival (adjusted for age
and stage). Differences in response to treatment were evaluated in cohorts D and E by
contingency tables and chi-square or Fisher’'s exact tests as appropriate.

Regarding TCGA data, comparison between primary and normal tumor samples (gene
expression and copy number alteration segment mean) were performed using paired
samples t-tests. Both variables were compared using the Pearson correlation
test. CDK5 gene expression comparison between different CMS subtypes was per-

formed using one-way ANOVA.
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3 Results
3.1 Objective 1

3.1.1 Characterization of CDK5 expression in human CRC

We studied the Cdk5 levels in 6 CRC patient cohorts available, as explained in the ma-
terials and methods section. We observed significant higher CDK5 mRNA levels in
tumor versus normal adjacent colon samples in two different data sets (Colonomics,
cohort B, Figure 12A and TCGA, cohort F, Figure 12B). The Colonomics cohort con-
sists of 98 stage || MSS CRC patients and from the TCGA we had paired expression

data from 38 stage I-IV patients.
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Figure 12. CDK5 expression in normal and tumoral tissues. (A) Graphic representation of
CDK5 and p35 mRNA expression in 98-paired adjacent normal and tumor tissues from stage I/
microsatellite stable (MSS) CRC patients (cohort B). (B) Graphic representation of CDK5 mRNA
expression in normal and tumor tissues of 38 I-IV CRC patients. Data were obtained from The
Cancer Genome Atlas (TCGA) database (cohort F).

In a cohort with 12 paired normal and tumour samples from stage IV CRC patients (co-
hort A) we found protein levels of Cdk5 and p35 to be increased in the malignant tissue
as compared to the adjacent tissue (figure 13A-C). We could also detect Cdk5 protein
by immunohistochemistry (IHC) in primary colorectal tumors from cohort D, consisting
of 52 stage IV patients. In collaboration with pathologists the staining was scored as
either negative or positive (weak and strong staining) (Figure 13D). A total of 75% of

the tumors were positive for Cdk5 staining.
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Figure 13. Cdk5 protein levels in normal and tumoral tissues. Western blot (A) and graphic
representation (B,C) of Cdk5 and p35 protein expression, respectively, in tumoral (T) and nor-
mal adjacent (N) tissues of 12 stage IV CRC patients (cohort A). Alpha-tubulin was used as
endogenous control. The p-value was calculated by paired t-test. (D, E) Representative im-
munohistochemistry images of Cdk5 staining in CRC tumor tissues. Left negative staining (D)
and right positive staining (E).
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We wanted to study further what was behind the increase in Cdk5 expression. Ge-
nomic rearrangements, such as copy number changes due to deletions or amplifica-
tions, are common in cancer and can drive its development through several mecha-
nisms. Again, using TCGA data (cohort F), we analysed the CDK5 gene CNV at region
chr7:151054008-151057848. We observed a statistically significant increase
(p=7.59%x10-7) in the CDK5 copy number in primary tumors as compared to the corre-
sponding adjacent normal colon tissues (Figure 14A). We found that the CNV of the
CDKS5 gene was strongly correlated (r=0.55, p=7.16x107") to CDK5 expression levels in
tumor tissue (Figure 14B). Taking advantage of the Cancer Cell Line Encyclopedia
database (Broad Institute), which among other information, contains cell line gene ex-
pression and copy number information, we studied a panel of 63 CRC cell lines. As

expected, we found that there was a clear correlation between CDK5 expression and
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CNV also in cell lines (r=0.54, p=4.6x107°) (Figure 14C). Hence, the higher expression
of CDK5 in CRC is mainly due to a gain in copy number of the gene.
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Figure 14. CDK5 copy number gain. (A) Graph representing the CDK5 copy number (CNV)
change between normal and tumoral tissues in 67 stage I-IV CRC patients (cohort F). (B) Cor-
relation between CDK5 CNV and CDK5 gene expression in 473 stage I-IV CRC patients. p-
value according to Pearson correlation test (cohort F). (C) Correlation between CDK5 CNV and
Cdkb5 gene expression in 63 CRC cell lines. The p-value was according to Pearson correlation
test. Data from the Broad Institute Cancer Cell Line Encyclopedia. (D) CDK5 expression in 473
stage -1V CRC patients (cohort F).

Having seen that the Cdk5 mRNA and protein levels are generally higher in tumor tis-
sue compared to normal tissue, we studied whether it increases gradually with disease
progression. For this we used the TCGA cohort (Cohort F), which consists of local and
advanced disease patients. As can be seen in figure 14D CDK5 mRNA levels do not
differ depending on disease stage, suggesting that the CDK5 copy number gain proba-
bly is an early event in CRC development and apparently, it is not selected along the
progression process.

We also wanted to study whether Cdk5 levels differed between primary and metastatic
lesions. Unfortunately, due to the lack of paired biospecimens very few larger cohorts
exist. According to the Human Cancer Metastasis Database (http://hcmdb.i-
sanger.com/index), which collects microRNA and RNA sequencing data from Gene

Expression Omnibus (GEO) at the National Center for Biotechnology Information
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(NCBI), the biggest cohort with matched samples consist of 18 patients analysed by
cDNA microarray (211). When we compared the levels of Cdk5 between primary tu-
mors and metastasis we did not find any differences (P=0,941).

In the process of characterizing Cdk5 in CRC we also took advantage of the CRC
TCGA dataset (cohort F) to perform a gene set enrichment analysis (GSEA). This is a
computational method that determines if there is a correlation between pre-defined sets
of genes and expression of a specific gene or phenotype. This represents a very com-
mon and useful method to gain insights into which biological process and pathways a
given gene is related to. We found 14 gene sets to be positively correlated with CDK5
expression with FDR g-values below 0,05 (figure 15). The analysis of the leading edge
shows that for the Anastassiou cancer mesenchymal transition signature (GSEA
M2572), which contain known EMT genes such as Snail, Slug and Fibronectin, as
many as 83% of the genes are positively correlated with CDK5 and contribute to the

enrichment score, as can be appreciated in figure 15.
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Figure 15. Gene set enrichment analysis (GSEA) of correlations with Cdk5 in the TCGA cohort
(Cohort F). Displayed are gene sets with FDR q-values above 0,05. (ES) Enrichment score.

In summary, we have here shown a clear increase of CDK5 mRNA and protein levels
malignant tissue compared to normal adjacent. We believe this is an early event in the
CRC progression as we observed no differences in the Cdk5 levels when comparing
different disease stages and primary and metastatic lesions. This increase is most like-

ly due to a CDKS5 copy number gain.
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3.2 Objective 2

3.2.1 In vitro characterization of Cdk5 in key aspects of cancer progres-
sion

Now we wanted to confirm that Cdk5 was also present in our CRC cell lines. We stud-
ied a panel of 10 cell lines where it was observed that both Cdk5 and its activator p35

were present at high levels in all cell lines (Figure 16).
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Figure 16. Cdkb5 and p35 in CRC cell lines. Western blot analysis of Cdk5 and p35 basal pro-
tein levels in a panel of 10 CRC cell lines. Alpha-tubulin was used as endogenous control.

Then, we wanted to determine whether it was indeed also active in these cells. It was
intended to determine the degree of Cdk5 Tyr15 phosphorylation, which is a marker for
kinase activation (212). However the epitopes against which these antibodies are
raised, are highly homologous between Cdk1, Cdk2 and Cdk5 making the detection of
solely Cdk5 Tyr15 phosphorylation extremely difficult and confusing. We decided to
use an alternative strategy aimed at detecting the binding of Cdk5 to its main activator
p35, or its cleaved form p25, by co-IP with protein G coupled magnetic beads. This
technique allows isolating Cdk5 along with any protein bound to it. We found that Cdk5
in HT29, LoVo, HCT116 and DiFi cell lines is primarily bound to p25, as p35 cannot be
detected (see figure 17). As mentioned in the introduction, different to p35 the truncat-
ed p25 is not bound to the membrane and the p25-Cdk5 complex has a longer activa-
tion period. This indicates that the complex is highly active and could move freely within
the cell to phosphorylate its substrates.
HT29 LoVo HCT116 DiFi
LP: Cdk5 I1gG Cdk5 1gG Cdks IgG Cdk5 IgG

Cdk5 h — [ —
|30 kDa
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p35 ‘ ] - .
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p25 B )
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Figure 17. Representative WB images showing the co-immunoprecipitation (IP) of Cdk5 and
p35/p25 in the indicated cell lines. Co-IP with an immunoglobin G (IgG) antibody was used as a
negative control. The results were obtained from at least three independent experiments
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When performing our in vitro studies we observed that the protein levels varied greatly
depending on the time of cell collection, so we decided to study this further. As can be
seen in figure 18A-D protein levels of Cdk5 and p35 increased greatly with time after
cell seeding in HT29, LoVo and HCT116 cell lines. Protein levels are ultimately a result
of transcription, translation and turnover, all processes that are tightly regulated. We
therefore examined the gene expression levels of Cdk5, which were also increasing
(figure 18E-G) during the 4-day cell culture, however not too the same degree as the
protein levels. Thus, it is most likely a result of both increased transcription and a de-
crease in protein turnover. In order to understand why we were observing this we test-
ed whether it depended on cell confluence, factors accumulating in the media or lack of
nutrients. Nevertheless, the same pattern could be observed at the different time points

independent of cell number, daily medium changes and medium addition (data not

shown).
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Figure 18. Cdk5 expression at different time points after cell seeding. (A) Representative West-
ern blot images of Cdk5, p35 and endogenous control a-tubulin at 24, 48, 72 and 96 hours after
cell seeding of the indicated cell lines. (B-D) Graphics showing the protein quantification of three
independent experiments. (E-G) Graphics showing the Cdk5 gene expression at 24, 48, 72 and
96 hours after cell seeding of the indicated cell lines. Student’s t-test was used to evaluate dif-
ferences between time points. *p-value<0,05, **p-value<0,01, ***p-value<0,001.
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Three important characteristics of cancer progression are proliferation, migration and
invasion. In other solid tumors Cdk5 has been linked to all three processes. To study
the importance of Cdk5 in relation to cell proliferation we transiently silenced the gene
by siRNA. Cells with gene inhibition (between 70-90%), a negative control of the trans-
fection (siNTC) along with the Mock (DNA free transfection) were seeded and left to
proliferate for up to 96H. At different time points cells were permeabilized with Triton X-
100 and stained with Propidium iodide, which is a fluorescent agent binding to DNA.
Hence, the fluorescent signal is proportional to the number of cells. We saw that for the
HT29, LoVo, HCT116 and DiFi cell lines the presence of Cdk5 did not affect the cell

proliferation significantly (Figure 19).
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Figure 19. Cdk5 and cell proliferation. (A) Graphic representation of HT29, LoVo, DiFi, and
HCT116 time-dependent cell proliferation after Cdk5 gene silencing measured by propidium
iodide (Pl). Student’s t-test was used to evaluate differences between conditions. (B) Western
blot showing the degree of siRNA Cdkb silencing. Experiments with silencing above 70% were
included. a-Tubulin was included as endogenous control. Degree of silencing was calculated by
referencing to the siNTC Cdk5 band after normalizing to the endogenous control.
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Again using the cells with siRNA Cdk5 silencing we studied whether the presence of
Cdk5 affected the migration and invasion. This was done using Transwell assays
where cells are seeded above a porous membrane, and stimulated to migrate by high-
er FBS concentrations in the bottom chamber. To create an invasion assay the pores in
the membrane are covered with a gel composed of extracellular matrix proteins meant
to simulate the typical matrices that tumour cells encounter during the invasion pro-
cess. We found significantly reduced migration and invasion in HT29 and LoVo siCdk5-
transfected cell lines as compared to siNTC cells. In contrast, silencing of Cdk5 did not
decrease the migration and invasion ability of DiFi cells (Figure 20). As HT29 and LoVo
cell lines harbour mutations in genes (BRAF and KRAS, respectively), downstream of
the EGFR, constitutively activating the mitogen activated protein kinase (MAPK) signal-
ling pathway, and the DiFi cell line is considered to be wild type, we wondered whether
this fact could be behind the observed differences. We took advantage of another
KRAS WT cell line SW48 that was engineered to express a mutant form of KRAS
(G12D). Cdk5 silencing caused a modest but statistically significant decrease in migra-
tion only in the SW48 KRAS G12D cell line and not in the KRAS WT. No differences in

invasion ability after Cdk5 silencing were observed in either SW48 cell line.
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Figure 20. Cdkb5 in cellular migration and invasion. (A,C) Representative Boyden chamber mi-
gration and invasion assays images (4% magnification) and (B,D) bar graphs showing (mean *
S.D.) relative cell migration and invasion after Cdk5 silencing in the indicated cell lines. * p-
value < 0.05 relative to control cells siRNA non-target control (siNTC) tested by Students t-test.
The results were obtained from at least three independent experiments.

Another important characteristic of cancer cells is their ability to undergo an unlimited
number of divisions. To study the implications of Cdk5 in the long-term clonogenic ca-
pability of CRC cells, we performed colony formation assays in the HT29 and LoVo cell
lines with the siRNA silenced cells. Even though the silencing with this technique is
transient, we controlled that the inhibition of Cdk5 was maintained. As can be visual-
ized in figure 21A, even with the lowest siRNA concentration (5nM), the Cdk5 silencing
resulted in above 70% inhibition for at least 96h. It is indeed in this period that the
clonogenicity is pivotal. We observed a decrease in the number of colonies for siCdk5-

transfected cells compared to siNTC cells in both lines, however, these were only sta-
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Figure 21. Cdk5 in colony formation. (A) Western blot image showing the siRNA silencing effi-
ciency of Cdkb5 at 48, 72 and 96h in HT29 cells with the indicated concentration of siRNAs. .
Degree of silencing was calculated by referencing to the siNTC Cdk5 band after normalizing to
the endogenous control (B) Representative images of colony formation in HT29 and LoVo cells
after siRNA silencing. Results were obtained from at least three independent experiments. Sta-
tistical differences were determined by students t-test. *p-value < 0.05.
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tistically significant for the LoVo cells (p-values 0.198 and 0.046, respectively), as can
be seen in Figure 21B.

Studying Cdk5 in our CRC cell lines, we have confirmed the presence of this kinase
and its activator p35. Interestingly when precipitating this complex we found that Cdk5
was mainly bound to p25, indicating a hyperactivation. When studying the importance
of Cdk5 in different pocesses of cancer progression, we found that the proliferation is
not affected, while migration, invasion and colony formation is decreased in the HT29
and LoVo cells upon CDKS5 silencing. This is however not the case for the KRAS/BRAF
WT cell lines Difi and SW48, where migration and invasion is not affected, suggesting

that Cdk5 plays an important role in particular when this pathway is continuously active.

3.3 Objective 3
3.3.1 Transcriptional effects of CDK5 knock down

To continue our in vitro studies we decided to develop a cellular model with a perma-
nent inhibition or down regulation of Cdk5. At this time the CRISPR/Cas9 technique
was becoming more widely accessible, and we decided on this strategy. As can be
visualize in figure 22 we achieved a high degree of knock down (KD), which was main-
tained during passaging of the cells. Having a stable KD of CDK5 did not affect the
proliferation of any of the silenced cell lines, as the doubling times remained unaffect-

ed, confirming the previous proliferation studies carried out with the siRNA approach.

- HT29 LoVo SW48
erNTC CdkS KD erNTC  Cdk5 KD cerNTC CdkS5 KD
CdkS | — ——— E————
ﬁ-ActinM
KD efficiency 92% 87% 83%

Figure 22. CRISPR/Cas9 KD of Cdk5. Representative Western blot images showing the Cdk5
protein levels. -actin was used as endogenous control. Degree of KD was calculated by refer-
encing to the crNTC Cdk5 band after normalizing to the endogenous control.

An important part of our characterization was to gain information about the cellular sig-
naling effects of CDK5 KD along with its direct and indirect interactions. We also want-
ed to study whether this differed between cell lines with different characteristics, such
as CMS and EGFR-pathway mutational status. For this study we used 3 of the Cdk5
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KD cell line pairs generated with the CRISPR/Cas9 technique, HT29, LoVo (in which
the Cdk5 silencing led to a decreased invasion and migration) and SW48 (in which the
Cdk5 silencing did not reduce invasion and migration).

The RNAseq was carried out at the CNAG and the data passed their quality control
pipeline, was mapped and quantified. A differential expression analysis (DE) was car-
ried out, comparing each CRISPR/Cas9 non-target control (crNTC) cell lines with the
CDK5 KD cell line. The first thing we did was to confirm the transcriptional KD of CDK5
in our 3 cell lines, which was 62% in the case of SW48, 68% in HT29 and 71% in LoVo
cells. Of note, by western blot we had observed higher levels of KD. It is possible that
reads mapped to the 3’ end of the gene prior to the site complementary to the first
CRIPSR gRNA increase the total gene count.

In order to understand the biological processes related to Cdk5 we carried out a gene
enrichment analysis. Genes have been grouped together in gene sets (KEGG, Gene
ontology, Reactome etc.) based on their involvement in the same biological pathway
facilitating the biological translation of large identification. With this analysis we can get
an overview of pathways, which are up or down regulated in the CDK5 KD cells com-
pared to the control. When we looked for enriched datasets among the up- or down-
regulated genes we found no overlap between the 3 cell lines. Looking at the gene sets
in the down regulated genes we found 5 that were both significant in LoVo and SW48
cells, namely Cellular response to chemical stimulus, Biological adhesion, cell adhe-
sion, Extracellular region and Rheumatoid arthritis. Noteworthy, Biological adhesion
and Cell adhesion also came up as significant in the up regulated genes in the LoVo
cell line. These are large dataset with more than thousand genes, why it is possible
that a number of these genes are up regulated and others down regulated when Cdk5
is removed. Hence, it cannot be concluded whether cell adhesion is up or down regu-
lated, however genes from these gene sets are clearly affected by the CDK5 KD.

Then we turned our attention to single gene changes. The Venn diagram shows the
genes with a Fold change (FC) gene expression of 1,5 or above upon CDK5 KD (Fig-
ure 23). The biggest impact of CDK5 KD could be seen in the LoVo cell line, where
1004 and 459 genes where up-regulated or down-regulated, respectively. In the dia-
gram it can also be appreciated that the LoVo cell line shows similarities to both HT29
and SW48 while few changed genes are common between HT29 and SW48. This
could be related to the fact that both LoVo and SW48 are MSI and that LoVo and HT29
are KRAS and BRAF mutated, respectively, placing the LoVo cell lines somewhat in

between the other two cell lines.
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Figure 23. Venn diagram of differentially expressed (DE) genes after Cdk5 KD. (A) Upregulat-
ed genes with Fold change (FC) above 1,5. (B) Downregulated genes with FC below -1,5.

Using a criterion of a minimum of 1,5 gene FC upon CDK5 KD we found 4 genes to be
upregulated, VSNL1, NCMAP, PLEKHA4 and ATP8B3 in all 3 cell lines and none to be
downregulated (besides Cdk5 itself) (Table 10). Apart from VSNL1, a neuronal calcium
sensor protein, none of the genes have been related to cancer. VSNL1 has been
shown to inhibit EMT and migration in squamous carcinoma (213, 214), while in CRC it
has been linked with high rate of lymph node metastasis and poor prognosis (215).
Grouping only 2 cell lines we logically found a lot more genes to have FC above 1,5,
specifically 104 upregulated and 50 downregulated. We then applied a second arbitrary
filter of a FC above 2 in both cell lines to find the genes with the highest changes in

expression (up or down) in the cell lines upon CDK5 KD (Table 10).

HT29 LoVo SW48
RNAseq FC ‘ P adj. FC ‘ P adj. FC ‘ P adj.
HT29, LoVo and SW48 (FC>1,5)
VSNL1 8,68 2,7E-07 1,66 7,3E-50 1,83 3,3E-111
NCMAP 1,93 1,8E-02 2,22 6,9E-04 2,00 3,0E-02
ATP8B3 1,65 2,8E-02 1,81 6,7E-06 2,44 4,9E-09
PLEKHA4 1,52 6,0E-03 4,37 3,9E-45 2,38 2,4E-04
CDK5 -3,13 1,46E-52 -3,55 1,60E-60 -2,67 7,67TE-43
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HT29 and LoVo (FC>2)

ADGRV1 18,13 2,8E-02 3,41 3,8E-06
SMIM31 10,90 3,6E-02 5,13 2,7E-02
ABCB1 8,51 1,8E-05 3,28 1,6E-134
CALD1 6,73 4,0E-03 2,53 7,9E-120
CDK14 4,47 2,4E-02 2,70 2,0E-31
DNAJC12 3,22 9,0E-03 4,64 8,5E-04
TTLL7 2,86 8,8E-08 3,08 1,4E-30
I1ISG20 2,85 5,56E-05 2,11 1,7E-03
RNASE4 2,80 3,3E-02 2,43 3,9E-02
TMEM140 2,68 5,0E-03 3,82 5,7E-12
SLC16A4 2,58 2,9E-02 9,78 3,9E-10
TPPP3 2,29 1,1E-02 8,00 3,9E-07
TENM3 2,09 3,5E-02 2,19 5,0E-42
INSC 2,08 8,0E-03 5,34 3,0E-03
TUBA1A 2,04 1,2E-04 3,88 6,0E-29
HT29 and SW48 (FC>2)
LoVo and SW48 (FC>2)
DLC1 8,14 2,6E-06 2,83 4,9E-02
RAMP1 6,53 6,9E-07 4,79 6,9E-05
DHRS2 5,51 2,9E-248 4,54 8,7E-254
MSR1 4,38 2,9E-05 15,18 1,9E-02
PLEKHA4 4,37 3,9E-45 2,38 2,4E-04
METTL7A 4,33 1,7E-10 6,42 5,2E-03
CA12 2,89 1,2E-72 4,11 4,5E-11
ESAM 2,71 1,2E-73 2,01 6,3E-16
SP5 2,68 1,0E-05 4,86 3,5E-57
CGNL1 2,51 1,7E-06 2,35 1,1E-03
APBA2 2,48 3,0E-02 2,21 4,0E-03
VIL1 2,32 3,5E-11 2,25 8,0E-03
GOLT1A 2,22 2,1E-02 2,42 8,1E-03
CALB2 2,04 1,7E-06 2,13 2,3E-02
ASB4 2,03 1,4E-21 5,35 0,0E+00
PCDH7 -7,60 2,3E-13 -2,12 5,0E-03
HLA-DPA1 -7,26 0,0E+00 -15,88 3,8E-17
FBN2 -5,92 8,1E-53 -2,25 1,8E-02
CD74 -4,65 0,0E+00 -9,14 4,8E-02
WDR72 -4,27 3,5E-22 -2,14 4,2E-03
ANO1 -3,77 2,9E-22 -4,00 5,3E-10
NTRK2 -3,34 3,5E-170 -2,08 3,0E-02
VWA2 -3,05 5,0E-58 -2,54 1,1E-03
SYT1 -2,88 1,5E-59 -2,19 9,1E-03
MME -2,18 1,2E-06 -2,18 2,3E-38
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Table 10. RNAseq results of CDK5 KD cell lines. Genes with FC>(-) 1,5 (3 cell lines) or FC> (-)
2 (2 cell lines) included.

We used the Cancertool website to study the correlations between the selected genes
with FC above 1,5 in three cell lines or FC above 2 in two cell lines (Table 10) and
CDK5 in CRC tumors (http://genomics.cicbiogune.es/CANCERTOOL/). This website
gathers information from 7 publicly available CRC datasets with mRNA data. We

looked for genes that were upregulated in the KD cell lines that had a negative correla-
tion with Cdk5 in tumor tissues, while for genes downregulated in the KD cell lines we
looked for a positive correlation. CALD1 and METLL7A were upregulated with a FC
above 2 in two cell lines, and also inversely correlated with Cdk5 in all datasets (except
CALD1 that was non-significantly positively correlated in the Colonomics dataset) (Fig-
ure 24A). We furthermore checked whether any of these genes had prognostic value in
the CRC TCGA cohort in a similar direction as CDK$5 (Figure 24B-C). High CALD1 had
poorer OS (p=0,013), just like CDK5 (according to the literature (146) and our results
(see below), which contradicts the inverse relation. Patients with low METTL7A ex-
pression had poorer OS (p=0,035), in concordance with the fact that patients with high

CDK5 have poorer OS.

A

() () () ()
Inverse correlation R=0058 R=-0371 R=-0.154 R=-0294 R=-0267 R=-0226 R=-0.129 CALD1
p=0568 'p=691e-11 p=0.147 p=00007 p=1.14e-10 p=0.00181 p=0.0128

) )
Inverse correlation R=-0264 R=-0.176 R=-0.221
p=000868 p=000259 p=0.0363

) W)
R=-0267 R=-0224 R=-0.165 METTL7A
p=1.1e-10 p=0.00203 p=0.00137

o
2
©
i

Colonomics
Jorissen
Kemper
Marisa
Roepman
TCGA

CALD1 high low METTL7A high low

e
~
o

0.75

Survival probability
=3
g

Survival probability
g

o
[
o
o
N
a

p=0013 p=0.035

0.00 0.00

Time Time

Figure 24. Caldesmon and METTL7A correlations with CDK5 and prognostic values. (A) In-
verse correlations between CDK5 and METLL7A/CALD1 in 7 different publically available CRC
datasets. *R>0.2. (B,C) Kaplan Meier and log-rank test analysis of survival probability in the
TCGA COAD of patients with high and low CALD1 and METTL7A expression.
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METTLYA is an integral membrane protein anchored into the endoplasmic reticulum
membrane where it recruits cellular proteins for lipid droplet formation (216). METTL7A
is downregulated in all stages of colorectal cancer (Colonomics.org, CanSarBlack
icr.ac.uk). Scarce information exists about the involvement of METLL7A in cancer,
however one study in thyroid cancer describes how METTL7A transcription is re-
pressed through gene body methylation by Enhancer of zeste homolog 2 (EZH2), a
subunit of polycomb repressor complex 2 (217). According to Cancertool a very posi-
tive correlation exists between CDK5 and EZH2 in CRC. Interestingly, EZH2 has been
shown to be phosphorylated by Cdk5, which leads to its degradation (218). On this
basis we wished to study further the relation between Cdk5 and METTL7A, possibly
though EZH2. We started out validating METTL7A by gqPCR, and confirmed up-
regulation in the LoVo (3,6 fold) and SW48 (2,8 fold) cell lines upon CDK5 KD (figure
25). We furthermore checked EZH2 transcription, however, just like in the RNAseq
results no difference could be observe between the control and KD cell lines (data not
shown). We continued on to study METT7LA by western blot however in spite of trying
several antibodies we were unable to detect the protein due to very low specificity.

The CALD1 gene encodes for Caldesmon, a Calmodulin binding protein, which plays
an essential role in the regulation of smooth muscle and non-muscle contractions,
where it stabilizes actin filaments (219). Just like METTL7A, CALD1 is also transcribed
at lower levels in all stage of CRC cancer compared to normal tissue (Colonomics.org,
CanSarBlack icr.ac.uk), which is in concordance with the inverse relation with CDK5. In
cancer Caldesmon has been related to EMT in several studies (166, 220). Interestingly,
Cdk5 has been shown to regulate cell motility in melanoma partly through Caldesmon.
In melanoma cells CDK5 KD was accompanied by dephosphorylation and overexpres-
sion of CALD1 inhibiting invasion/migration, colony formation, and anchorage-
independent growth (166). We observe the same characteristics in our KRAS/BRAF
mutated cell lines, regarding cell motility and CALD1 overexpression upon CDK5 KD.
Hence, we wanted to study the relation between Cdk5 and Caldesmon further. We
started out confirming our RNAseq results by qPCR, as CALD1 was upregulation in
HT29 (3,7 fold) and LoVo (4 fold) (Figure 25). Despite trying several antibodies for
Caldesmon, we only got very weak bands, making it very difficult to evaluate whether
the upregulation we observe at transcriptional level is indeed also translated into higher

protein levels.
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Figure 25. METTL7A and CALD1 gene expression in crNTC and CDK5 KD cell lines. (A,B)
Validation of METTL7A and CALD1 uprgeulation upon CDK5 KD by qPCR. 3 independent ex-
periments were carried out and the FCs were calculated based on average gene expression.

With our RNAseq study we have shown high transcriptional effects of the CDK5 KD in
3 very different and representative CRC cell lines. In the gene enrichment analysis, we
found cell adhesion gene sets to be affected by the CDK5 KD. When studying individu-
al DE genes, we chose the ones affected in two or three of the cell lines, in order to
assure broad relevance of the findings, ruling out effects limited to one cell line. When
looking at the individual DE genes we focused on the ones with appropriate correla-
tions (respective the RNAseq result) in at least 4 out of 7 CRC datasets, namely
METLL7A and CALD1. Both represent interesting connections with Cdk5 and ongoing

experiments are aiming at describing these further.

3.4 Objective 4
Objective 4a
3.4.1 Prognostic value of Cdk5

An important part of translational cancer research is to evaluate whether in vitro find-
ings indeed have applicability in the clinical practice. We wondered whether Cdk5 ex-
pression could be a good prognostic and/or predictive biomarker in CRC patients. To
study this possibility, we used several of our 6 cohorts with clinical patient history in
which the expression of Cdk5 was determined depending on pre-existing data or type
of available material (TMA, RNA): IHC (in TMASs), microarray (in the case of data com-

ing from the Colonomics database), qPCR (RNA from tissue) or RNAseq (in the case

81



Results

of data coming from the TCGA) (Table 9). Data was categorized into high and low
Cdk5 expression groups as follows: In cohorts using continuous data (cohorts B, C and
F), patients were assigned to low or high groups according to Cdk5 values below or
above the median, respectively; in those using categorical data (cohorts D and E), pa-
tients were grouped as low when IHC staining was negative or weak and as high when
it was strong (Figure 13D-E).

The prognostic value of CDK5 expression was studied in two highly homogenous co-
horts of localized microsatellite stable (MSS) CRC cancer patients (cohorts B and C,
Table 9). Patients from cohorts B and C were diagnosed with stage Il or stage Ill can-
cer, respectively, underwent surgery and did not receive any adjuvant treatment. In
both the cohorts, high CDK5 levels were associated with shorter disease-free survival
(DFS) (p=0.049, 95% confidence interval (Cl) 0.98-5.88 for cohort B and p=0.048, 95%
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Figure 26. Kaplan—Meier analysis of disease free survival (DFS) and overall survival (OS)
depending on CDK5 levels. (A) DFS in 98 stage Il CRC patients split by the median of CDK5
expression (cohort B). (C) DFS in 37 non-treated stage Il CRC patients split by the median of
CDK5 expression (cohort C). OS in 98 stage Il CRC patients split by the median of CDK5
expression (cohort B). (D) OS in 37 non-treated stage Ill CRC patients split by the median of
CDK5 expression (cohort C).
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Cl1 0.97-7.43 for cohort C) (Figure 26A-B), and also with overall survival (OS) in cohort
B (p=0.022, 95% CI 0.96-6.48), while no differences could be observed in OS in cohort
C (Figure 26C-D).

We had previously observed a difference in the effect of Cdk5 silencing in cell lines
depending on their KRAS mutational status when studying the migration and invasion
of the cells. Furthermore, it has been reported that Cdk5 is involved in the signaling
cascade downstream of the EGFR receptor [7]. Thus, we wanted to know whether
there was a difference in the prognostic value of Cdk5 according to KRAS mutations.
Patients from cohort B, containing stage Il patients, were split according to KRAS mu-
tational status (WT or mutated) and CDK5 expression was again categorized as high or
low. In the KRAS WT group, patients with high or low CDK5 levels had similar DFS;
however, in the group with KRAS mutated, high Cdk5 levels predicted a statistically
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Figure 27. Kaplan—Meier analysis of disease free survival (DFS) and Overall survival (OS) de-
pending on Cdkb5 expression and Kirsten rat sarcoma oncogene (KRAS) mutational status. (A)
DFS for 72 stage Il CRC patients with wildtype (WT) KRAS and split by the median of Cdk5
expression. (B) DFS for 26 stage Il CRC patients with mutated KRAS and split by the median of
Cdk5 expression (cohort B). (C) OS for 72 stage Il CRC patients with WT KRAS and split by the
median of Cdk5 expression. (D) OS for 26 stage Il CRC patients with mutated KRAS and split
by the median of Cdk5 expression (cohort B).
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very significant poorer DFS compared to the CDK5 low group (p=0.004, 95% CI 1.56—
36.46) (Figure 27A-B). We did not observe any differences in OS in this cohort when
grouping according to the KRAS mutational status (Figure 27C-D).

When analyzing the entire TCGA cohort (n=473, stages | to IV, treated and non-
treated), no differences could be observed in PFI and OS. However, we took ad-
vantage of having CMS subtype information in this cohort. We then studied whether
CDK5 had prognostic value when grouping patients according to CMS. When we ana-
lyzed the PFI, we found that high CDKS5 in the CMS1 correlated with poorer outcomes
(p=0.036, 95% CI 1.07-8.10) (Figure 28C), while no differences were found in the
three remaining molecular subtypes. We then compared the OS between patients with
high or low CDKS5 levels in the TCGA cohort and did not observe any differences in any
of the CMS. When studying the Cdk5 expression in the four CMS, we found that the
CMS1 displayed the lowest levels of CDK5 (Figure 28A-B), both in the stage Il Co-

lonomics cohort and in the mixed TCGA cohort
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Objective 4b
3.4.2 Predictive value of Cdk5

To study the predictive value of Cdk5 expression in the metastatic setting, we used two
different, but again, quite homogenous cohorts of patients. Cohort D consisted of stage
IV CRC patients treated with oxaliplatin and 5-fluorouracil as the first-line treatment,
while patients from cohort E were treated with different schedules combining irinotecan
and 5-fluorouracil (Table 9). As shown in Figure 29 high Cdk5 levels were associated
with shorter TTP only in the patients that received an oxaliplatin-based treatment (me-
dian 8.095 vs. 18.23 months, p=0.043, 95% CI 1.01-4.71) (cohort D, Figure 29), as no
differences could be observed in the patients treated with irinotecan (median 8.95 vs.
8.42 months, p=0.45, 95% CI 0.59-1.27) (cohort E, Figure 29). Similarly, when analyz-
ing the response rates (Chi-square), we only found differences according to Cdk5 lev-
els in the oxaliplatin-treated patients (cohort D) as 87% (13 out of 15 patients) of the
low Cdk5 group had complete or partial response, while only 53% (18 out of 34) of the
high Cdk5 group responded (p=0.029).
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Figure 29. Kaplan—Meier analysis of time to progression (TTP) depending Cdk5 levels in ad-
vanced CRC (A) TTP in 52 stage IV oxaliplatin-treated patients, grouped depending on negati-
ve (n = 18) or positive Cdk5 (n = 34) immunohistochemistry (IHC) staining (cohort D). (B) TTP
in 139 stage 1V irinotecan-treated patients grouped depending on negative (n = 73) and positive
(n = 66) Cdkb IHC staining (cohort E).

Our results indicate that high CDK5 mRNA levels is associated with poor prognosis in
early-stage CRC patients who have not received any treatment, particularly in those
harbouring activating KRAS mutations. In cohorts with mixed CRC stages this is only
the case for the CMS1 subtype. We also found that Cdk5 predicts poor response to
oxaliplatin- but not to irinotecan-based treatment in metastatic patients. Based on these

results, data from the literature and results from our in vitro studies, we saw three pos-
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sible translational applications for Cdk5 that we have evaluated further: i) Cdk5 could
be used as predictive biomarker of response to oxaliplatin-based chemotherapy; ii)
Cdk5 could serve as a biomarker for other already approved drugs and iii) Cdk5 could
be related to tumor immune infiltration and response to immune checkpoint blockage
(ICB).

3.4.3 CdkS5 association with chemotherapy response in vitro

There is quite a lot of evidence that Cdk5 contributes to the initiation of the DNA dam-
age response (DDR) and DNA repair, which are associated with tumorigenesis and
resistance to conventional DNA-damaging agents-based cancer treatments. Taking
this into account, our findings here showing the predictive value of Cdk5 and previous
results by our group reporting an upregulation of this kinase in cell lines with acquired
resistance to oxaliplatin (186), we wanted to study this further in vitro. We thus hypoth-
esized that Cdk5 inhibition may be a valid strategy to overcome chemotherapy re-
sistance, primarily to oxaliplatin.

To evaluate the cytotoxic effect of Oxaliplatin, and whether this was affected by the
removal of Cdk5 we used MTT assays. The assay was carried out in two pairs of pa-
rental and oxaliplatin resistant cell lines, HT29/HTOXA and LoVo/LoVOXA with
CRISPR/Cas9 CDK5 KD (Figure 30). The oxaliplatin resistant cell lines have previously
been generated in the laboratory by gradually exposing the cells to increasing doses of
the drug, until reaching at least 3 times increase in the EC50 values (concentration of a
drug needed to achieve 50% of the maximum response). After transcriptomic profiling
and real time qPCR validation we found that HTOXA and LOVOXA cells doubled the
expression of CDK5 as compared to the parental cells (186).

KD of CDK5 in HTOXA and LoVOXA cells resulted in a EC50 decrease of 30% and
22%, respectively, as compared to the control non-target cells. No differences could be

observed when studying the parental HT29 and LoVo cells.
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Figure 30. Effect of Cdk5 knockdown (KD) on the toxicity of oxaliplatin. (A) Western blot show-
ing the Cdk5 KD efficiency of the CRISPR/Cas9 editing. a-Tubulin was used as endogenous
control. Degree of KD was calculated by referencing to the crNTC Cdk5 band after normalizing
to the endogenous control. (B) Dose response curves of MTT viability assay in the
HT29/HTOXA and LoVo/LoVOXA cell lines with and without CDK5 KD. Vertical bars correspond
to + standard deviation (SD) of at least 3 independent experiments. In the table below the EC50
values of oxaliplatin can be found for each cell line and condition. Correlation coefficient (RZ).
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As reported in section 3.2.1 the silencing of Cdk5 affected the colony formation capaci-
ty in HT29 and LoVo cell lines (only statistically significant for the LoVo cells). We per-
formed a similar study including the resistant cell lines with CDK5 KD by Crispr/Cas9.
Here we found that the clonogenic capacity was lowered in the KD cell lines, however
only statistically significant in the LoOVOXA cells (p=0,003). In the context of oxaliplatin
response, we studied the colony formation capacity in the CDK5 KD pairs
HT29/HTOXA and LoVo/LoVOXA after a 24H oxaliplatin treatment. Only small de-
creases in colony numbers could be observed after treating the cells at their respective
EC50 oxaliplatin doses. A decrease that was not affected by Cdk5. Taken together the
number colonies formed are decreased when Cdk5 is removed, however the clonogen-
ic capacity after exposure to oxaliplatin is not affected by the presence of Cdk5 (Figure
31).
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Figure 31. Effect of CDK5 KD and oxaliplatin treatment on colony formation. Cell lines were
treated with their respective approx. EC50 oxaliplatin values (HT29 4uM, HTOXA 20uM, LoVo
1uM and LoVOXA 2,5uM) for 24H 24H after being seeded. Results were obtained from at least
three independent experiments. Statistical differences were evaluated by students t-test. **p-
value < 0.01.
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iplatin resistance. We furthermore tested whether the sensitivity to irinotecan was af-
fected by the knock down of CDK5 in the Ht29 and the LoVo cell, however this was not

the case for either (Figure 33).
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Figure 33. Effect of Cdk5 knockdown (KD) on the toxicity of irinotecan. Dose response curves
of MTT viability assay in the HT29 and LoVo cell lines with and without Cdk5 KD. Vertical bars
correspond to = standard deviation (SD) of at least 3 independent experiments. In the table
below the EC50 values of irinitecan can be found for each cell line and condition. Correlation
coefficient (RZ).

Our in vitro studies support our findings in patient cohorts, showing that high CDK5
MRNA levels are predictive of a poor response to oxaliplatin-based treatments. Cdk5

levels are increased upon resistance development and these oxaliplatin resistant cell
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lines are more sensitive to oxaliplatin upon CDK5 KD. While further studies are need-
ed, our results indicate that metastatic CRC patients with high Cdk5 levels could possi-

bly benefit from concomitant treatment with oxaliplatin and a putative Cdk5 inhibitor.

Objective 4c

3.4.4 Cdk5 as a biomarker for alternative drugs

So far, our results are indicative of a relevance of Cdk5 in the treatment of CRC; how-
ever and as commented before, current Cdk5 inhibitors are highly unspecific. We
therefore wanted to explore whether it could serve as a predictive biomarker for other
drugs already approved or that are in later stages of clinical investigation. For this we
used the “Achilles project”, which is a collaboration between the Broad Institute and the
Dana-Farber cancer Institute (Massachusetts, USA) and it is part of the bigger project
"Cancer Dependency Map". With the "Cancer Dependency Map" they wish to system-
atically identify genetic and pharmacologic dependencies and the biomarkers that
could possibly predict them. Within this effort, the Achilles project provides the founda-
tion with a genome-wide-Loss of Function (LOF) screen using both lentiviral-based
pooled RNAi and CRISPR-Cas9 libraries to silence or knockout individual genes. This
allows for the stable suppression of each gene individually in a subset of cells within a
pooled format allowing for genome scale identification of those genes that then become
crucial for cell survival.

We crossed the data for gene dependencies with the expression of CDK5 in the panel
of 24 CRC cell lines. Taking into account our results, we additionally split the cell lines
according to KRAS mutational status in to two subgroups in order to identify depend-
encies specific to subsets of cell lines. A negative correlation indicates that a certain
gene is important for cell survival when the CDK5 levels are high. Figure 34 shows
volcano plots for all, KRAS WT and KRAS mutated cell lines with the left sides of the
plots showing the genes with the lowest and more significant Achilles score. These are
the genes that show the highest genetic vulnerability in cell lines with high CDK5 ex-
pression. Part of the data accumulated in the Achilles project is also information about
drugs, approved or in late-phase trials.

First, we observed that KRAS mutations indeed affect the gene dependencies in cell
lines with high CDK5 levels. Apart from the Xanthine Dehydrogenase, which show high
dependency in all cell lines and both subgroups, the rest of the genes only come up in
all cell lines and in either of the two subgroups. This supports the fact that KRAS muta-

tions are so-called driver mutation affecting the entire transcriptional network of the cell
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lines, and hence also the genes on which the cell lines depend for survival and prolifer-
ation.

Interestingly, METTL7A is among the genes with the lowest gene dependency score
taking into consideration the effect of CDK5 when looking at all cell lines. We have re-
ported this gene to be upregulated in all three cell lines upon CDK5 KD (see section
3.3.1). However, as no drug inhibiting METT7A exists this gene is not included in our
subsequent study. Worth mentioning, CDK$ also shows high genetic vulnerability when
looking at all cell lines, which supports our hypothesis about the relevance of this pro-
tein in CRC.
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Figure 34. Effect of CDK5 levels on gene dependencies. Volcano plots showing Achilles de-
pendency scores correlated with CDK5 expression in all (54), KRAS WT (29) and KRAS mutat-
ed (24) CRC cell lines. The darker the red color the more significant the correlation. *p-value <
0.05, **p-value < 0.01, ***p-value < 0.001.

Among the top genes with inhibitors that have been clinically approved or are in late
phase clinical trials are: Cytidine Deaminase (CDA) (inhibited by Tetrahydrouridine)
significant in all and KRAS mutated cell lines, Xanthine Dehydrogenase (XDH) (inhibit-
ed by Febuxostat) significant across the three groups of cell lines, Tubulin (inhibited by
Taxanes) significant in all and KRAS mutated cell lines and lastly Phosphatidylinositol-
4,5-Bisphosphate 3-Kinase Catalytic Subunit Beta (PIK3CB) (inhibited by AZD6482)
significant in WT cell lines. We decided to study whether the effect of inhibiting these
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proteins differed in the cell lines depending on whether Cdk5 was present (HT29 and
LoVo crNTC cells) or not (CDK5 KD cells). We hypothesize that, in the parental crNTC
cell lines where Cdk5 is high, the inhibition of these proteins could affect the cell prolif-
eration and viability to a higher degree than in the cell lines without Cdk5. Hence, an
indication for a such treatment in CRC patients could be the high tumor levels of Cdk5.

Figure 35 shows the MTT results from treatments with Tetrahydrouridine, Febuxostat,
AZD6482 and 3 different Taxane chemotherapies (Docetaxel, Cabazitaxel and
Paclitaxel). Tetrahydrouridine, inhibiting CDA, did not affect the cell proliferation of ei-
ther HT29 or LoVo. The crNTC HT29 cell line is more sensitive to AZD6482 (PIK3CB)
and Docetaxel (Tubulin), 39% and 32% respectively. No differences could be observed
with the other treatments. The crNTC LoVo cells were more sensitive to all 3 taxanes
as compared to the CDK5 KD, however only statistically significant results were found
in the case of Cabazitaxel (48%). As for the rest of the treatments, whether Cdk5 was

present or not did not affect the cellular response.
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Figure 35. Effect of Cdk5 on the cellular sensitivity to Achilles inhibitors. Dose response curves
of MTT viability assay in the HT29 and LoVo cell lines with and without CDK5 KD. Vertical bars
correspond to = standard deviation (SD) of at least 3 independent experiments. In the table
below the EC50 values of each drug can be found for each cell line and condition. Correlation
coefficient (RZ). Worth noting, the statistics for the treatments with Tetrahydrouridine are not
included in the table as EC50 values could not be calculated.

With these results we show that the effect of targeting proteins, which have shown cor-
relation between their dependency and Cdk5 levels, is for some indeed affected by
whether Cdk5 is present or not. And while further studies are needed in a higher num-
ber of cell lines to confirm the results from the taxanes and the PIK3CB inhibitor, this

suggest an applicability of Cdk5 levels as predictive of response to other drugs.
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Objective 4d

3.3.5 Cdk5 and immune aspects

Unfortunately, almost all CRC patients are intrinsically resistant to treatments with im-
mune checkpoint blockers. Only about 5% of the metastatic patients whose tumors
harbor a great amount of mutations (MSI tumors, hypermutated) have been shown to

benefit from these therapies. Therefore,
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introduction, recent studies in medullo-

blastoma, colorectal, bladder and mela-

Relative gene expression

noma have described a connection be-
tween high Cdk5 and low immune infil-
tration in the tumor microenvironment

and subsequently lack of response to

immune checkpoint inhibitors (133, 154,
Figure 36. PD-L1 expression in crNTC and Cdk5
KD cell lines. PD-L1 mRNA levels were assessed
our finding of prognostic value in the by qPCR. Statistical differences of at least three

. independent experiments were analysed by stu-
CMS1 immune subtype encouraged us gents t-test.

200). These discoveries combined with

to study this further.

Dorand et al. reported that disruption of CDK5 expression in meduloblastoma cell lines
suppressed PD-L1 expression both with and without interferon(IFN)-y stimulation. We
studied the PD-L1 expression in the CDK5 KD HT29 and LoVo cell lines, at basal lev-
els and with 100ng/mL IFN-y stimulation. The PD-L1 expression levels were very low
without stimulation in both cell lines, but increased clearly upon IFN-y addition. The
levels of PD-L1 are clearly higher in the LoVo cell line, both at basal levels and after
IFN-y stimulation, in accordance with it being CMS1. It was clear that in these two cell
lines the PD-L1 expression was not affected by whether Cdk5 was present or not, as
no differences could be detected between the crNTC and CDK$5 KD cells (figure 36).
Even though this first results did not show any direct link between Cdk5 and PD-L1,
there are many more aspects related to a possible response to ICB. In order to study
this properly we need to have models with fully functioning innate and adaptive im-

mune systems. In CRC there are two main syngeneic mouse models: C57BL/6/MC38
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and the Balb/c/CT26. Both MC38 and CT26 cell lines are derived from mouse colon
adenocarcinomas induced by continuous exposure to carcinogenic compounds. Both
the C57BL/6 and the Balb/c mice have normal immune systems making them particu-
larly relevant for studies of immunotherapy. We therefore knocked down CDK5 in these
two cell lines by CRISPR/CAS9. A complete loss of the Cdk5 protein could be ob-
served by western blot (Figure 37A). Next we studied the subcutaneous tumor growth
of CT26 and MC38 in Balb/C and C57BL6 mice, respectively. One million of crNTC and
CDK5 KD cells were injected subcutaneously in the left and right flank of the mouse,
respectively. In the Balb/c mice injected with the syngeneic cell line CT26 we saw bilat-
eral tumor growth with the tumor reaching maximal size approximately one month after
injection. No differences could be observed in the tumor growth rate or final size be-
tween the CT26 crNTC and CDK5 KD, which is in agreement with
our previous observations in human CRC cells where we did not find any effects of
CDK5 KD on cellular proliferation. Western Blot analysis showed that the KD of CDK5
was 68% in the subcutaneous CT26/C57BL6 tumors (figure 37B-C). This increase of
Cdk5 after subcutaneous growth could be ascribed to non-tumor cells found within the
tumor. In the case of the C57BL6 mice injected with the MC38 cell line initial tumor
growth was observed followed by a striking reduction in tumor size. Three weeks after
injection no tumor could be seen, indicating that the mice were able to reject both the

crNTC and CDK5 KD tumor cells (Figure 37D). Unfortunately, we were unable to get
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Figure 37. Subcutaneous tumor growth of MC38 and CT26 cell lines. (A) Western Blot (WB) of
CRISPR/Cas9 KD of CDK5 in MC38 and CT26 murine cell lines. f3-Actin was used as endoge-
nous control. (B) Representative WB image of Cdk5 levels in CT26/B57BL/6 subcutaneous
tumors. a-Tubulin was used as endogenous control. (C-D) Growth curves for CT26/B57BL/6
and MC38/Balb/c crNTC and CDK5 KD subcutaneous tumors (n=5). Unedited MC38 cells were
also injected to check the tumor growth capacity (n=3).
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crNTC or CDK5 KD tumors from the C57bl/6/MC38 model, which is known to be the
more immunogenic of the two (221). In attempts to explain the tumor rejection we
found that Cas9 from Streptococcus Pyogenes from the CRISPR modification has
been shown to cause immune-mediated responses (222). To test this we tried to grow
subcutaneous tumors with MC38 cell without the CRISPR/CAS9 modifications and
observed tumor growth in all 3 animals (Figure 37D).

We studied the lymphoid infiltration in the Balb/c/CT26 tumors by flow cytometry, com-
paring single cells from the crNTC tumors with the CDK5 KD. We used a simple panel
identifying mainly helper and cytotoxic T cells, which together with natural killer cells,
are the main players in the elimination of cancer cells. An example of the applied gating
can be visualized in figure 38. As can be seen in figure 38 the number CD45+ lympho-

cytes was slightly lower in the CDK5 KD tumors. However, a slightly higher percentage
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Figure 38. Immune infiltration in CT26/B57BL/6 tumors. Top, flow cytometric gating strategy for
detection of T cells. Bottom, CD45+ cells in the CT26 crNTC (black)./CDK5 KD (red) and uned-
ited MC38 (blue) tumors. CD3+, CD4+ and CD8+ cells as percentage of CD45+ cells in the
CT26 crNTC/CDK5 KD and unedited MC38 tumors. Student’s t-test was used to evaluate dif-
ferences between CT26 crNTC and CT26 Cdk5 KD tumors.
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of the lymphocytes were CD3+, CD4+ and CD8+ in the CDK5 KD cells, leading us to
estimate that the actual numbers of cytotoxic and regulatory T cells present in the tu-
mors are actually quite similar. Unfortunately, we were not able to do the same com-
parison between crNTC and CDK5 KD cells in the C57BL/6/MC38 model. However, in
the tumors without any editing we found a higher lymphoid infiltration compared to the
Balb/c/CT26 tumors, confirming an immune rich microenvironment as expected.

With the aim of studying the implications of Cdk5 in response to immune checkpoint
blockage we chose to use tumor spheroids — MDOTS. This is an ex-vivo technique that
from one tumor allows testing many different drug combinations, significantly minimiz-

ing the number of animals needed. The tech-

nique is very useful in studies of ICB, as the
spheroids maintain the tumor microenviron-
ment, including possible infiltrating immune
cells, during the 6 days incubation time (223).
The Balb/c/CT26 tumors were degraded and
subjected to a number of filtration steps, al-
lowing to us to isolate spheroids between 40
and 100microns. These spheroids were re-

suspended in a collagen solution and injected

into microfluidic chambers, as shown in Fig-

Figure 39. Murine derived organotypic
tumor spheroids (MDOTS) in microfluidic
spheroids were generated and treated with an chambers. Representative imatge of

MDOTS from CT26/Balb/c tumors in the
IgG isotype control, a-PD-1, a-CTLA4 or both microfluidic chamber.

ure 39. For each tumor four chambers with

for 6 days.

The viability of the spheroids was evaluated by Acridine orange (green/alive) and Pro-
pidium iodide (red/dead) staining visualized by fluorescent microscopy as previously
described (208). Figure 40 shows an example of how the live cells within the spheroids
are stained green and the dead cells are stained red. The green and red staining was
quantified for at least 15 spheroids per condition in ImagedJ. As can be seen in figure 41
the treatments with immune checkpoint inhibitors did not affect cell viability in MDOTS
from the Balb/c/CT26 model, as the viability remains high in all condition. Hence, the

removal of Cdk5 did not result in an increase in the response to ICB either.
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Figure 40. Example of viability staining of Murine derived organotypic tumor spheroids
(MDOTS). Representative immunofluorescence image of CT26/Balb/c spheroids, green (Acri-
dine Orange) mark live cells and red (Propidium iodide) mark dead cells.

As we could not generate MDOTS from the C57bl/6/MC38 model transduced with
CRISPR/Cas9 plasmids, we decided to generate them from the subcutaneous tumors
grown without genetic modifications and as an approximation of CDK5 KD we used
Roscovitine treatment, which is a pan-Cdk inhibitor with lowest IC5, value for Cdk5. As
can be seen is figure 41A a-PD-1 alone affected the viability of the MDOTS significant-
ly, while no effect could be observed with individual a-CTLA4 or Roscovitine treatment.
Concomitant treatment with Roscovitine increases the responses to a-CTLA4 and
combined CTLA4 plus a-PD-1 treatment. To our surprise, we observed higher viability
in spheroids treated with CTLA4 and a-PD-1 as compared to those treated with a-PD-1
alone (Figure 41A)
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Figure 41. Quantification of viability staining of Murine derived Organotypic tumor spheroids
(MDOTS). Viability was assessed by Acridine Orange (AO) and Propidium lodide (Pl) immuno-
fluorescence staining of live MDOTS. (A) CT26/Balb/c spheroids from crNTC and CDK5 KD
tumors treated with an IgG control, a-PD-1 or a-CTLA4 antibodies. (B) Spheroids from
MC38/C57BL/6 tumors without CRISPR/Cas9 editing treated with an IgG control, a-PD-1 or a-
CTLA4 antibodies combined with Roscovitine for Cdkb inhibition. Statistical differences between
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*

treatment conditions were determined by students t-test. *p-value < 0.05, **p-value < 0.01, ***p-

value < 0.001.

Based on the results presented here, it is unlikely that Cdk5 plays a major role in the
tumor immune cell infiltration or in response to ICB in CRC. The lymphoid infiltration
does not differ between crNTC and CDK5 KD Balb/c/CT26 tumors. It should be kept in
mind that these are results form only one model, as we were not able to analyze this in
the C57bl/6/MC38 model. Experiments are currently on going to study this (discussed
below). Regarding ICB response, CDK5 KD does not affect the tumor cell PD-L1 ex-
pression or ICB response in the Balb/c/CT26 spheroids. Roscovitine does slightly in-
crease the response to a-CTLA4 and a-CTLA4/ a-PD-1 in the more immune
C57bl/6/MC38 spheroids, however further studies are needed with a specific inhibition

to confirm this.
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4 Discussion

Only few drugs have been added to the armamentarium of CRC treatment in the last
decades and chemotherapy still remains to be the therapy backbone. There is an un-
met need for new treatment options and biomarkers for current and upcoming thera-
pies. With this PhD thesis we aimed at expanding the knowledge about Cdk5 in CRC
and determine the applicability of this kinase as a prognostic and/or predictive marker
and as a candidate drug target. In order to achieve this, we have studied the expres-
sion and activity of Cdk5 in CRC along with its relevance in different aspects of cancer
progression, such as proliferation, cell motility and immune response, and evaluated its
prognostic and predictive value. In the following sections, | will try to discuss all these

findings.

4.1 CdkS5 is overexpresses and highly active in CRC

We started out by showing that both Cdk5 and p35 were found at higher levels in colo-
rectal cancer tumors as compared to normal adjacent colon tissues. This is both the
case for mMRNA and protein, and with the use of different techniques making our results
more robust. These results are in agreement with those reported by Zhuang et al.
(146), which is what we consider the reference work in CRC, and confirm previous data
obtained in other types of cancer (144, 158, 164). We furthermore describe that this
increase is likely due to a copy number gain, which has also been reported by Robb et
al. (139). As a matter of fact, this is probably due to whole chromosome aneuploidies
commonly affecting chromosomes 7, 13 and 20, that occur prior to the transition from
adenoma to adenocarcinoma (224). Trisomy of chromosome 7, where CDKS5 is locat-
ed, has been reported in as many as 74% of CRC tumors (225). Our findings support
the fact that CDK5 copy number gain is an early event in CRC development, as we
observe no differences in the Cdk5 levels among disease stages or paired primary and
metastasis lesions.

As mentioned in the introduction, the majority of the research concerning Cdk5 is from
the nervous system and in relation to different neurological disorders where it has been
shown that both inactivation and hyperactivation of Cdk5 is toxic. Loss of Cdk5 function
has been related to epilepsy, mental retardation and schizophrenia while hyperactiva-
tion occurs in many neurodegenerative diseases, as summarized by Shah et al. (116).
Binding of Cdk5 to p25, resulting in such a hyperactive complex, has been described

for example in pancreatic cancer (158), where they showed a correlation between mu-
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tated KRAS and increased p35 cleavage; however, the mechanism behind the p35
cleavage in cancer remains unclear. In neurons it is mainly due to the protease activity
of calpain, which is controlled by calcium concentrations (226), while for myoblasts the
turnover is related to nestin (227). To our surprise, we observed that Cdk5 is primarily
bound to p25 in our CRC cell lines, as we could not detect any p35 band on the WB of
the IP eluate. Noteworthy, when we do a regular WB of the same four cell lines, we
only detect the p35 band, and no band for p25. When performing the cell lysis prior to
IP among other agents we did not include SDS for denaturation, as it can interfere with
and compromise antibody binding and protein interactions. The gentler IP lysis might
mean that some of the Cdk5-p35 bound to the membrane is not liberated, while the
Cdk5-p25 complex is soluble and easily extracted, possibly affecting the amounts of
p25/35 detected. It could also be a reflection of the fact that the binding between Cdk5
and p25 is more stable, and therefore to a higher degree visualized by the IP. Most
likely Cdk5 is found both in complex with p25 and p35 in CRC cell line. To our
knowledge this is the first description of the presence of the Cdk5-p25 complex in CRC
cancer. Combining the fact that Cdk5 is expressed at higher levels in malignant tissue,
and what is known from the nervous system about this hyperactive form, our hypothe-
sis is that Cdk5 indeed is highly active and possibly relevant in CRC progression is
reinforced. This evidence could have therapeutic repercussions as one possibility could
be to design an inhibitor that specifically disrupts the binding between Cdk5-p25, which

would be more tumor-specific and probably would have less side effects.

4.2 CdkS5 is not involved in cellular proliferation

Some authors reported a role of Cdk5 in promoting cell proliferation in different types of
cancer, such as medullary thyroid carcinoma, non-small cell lung cancer and also CRC
(145, 146, 179), while others have reported that it indeed has no effect on proliferation
in melanoma and pancreatic cancer (157, 166). When we KD CDK5 in a panel of 4
CRC cell lines we did not observe any significant effect on cell proliferation. Notewor-
thy, Zhuang et al. reported that in HCT116, Cdk5 removal almost stops proliferation for
5 days, while we did not observe any effect in this cell line. Such big differences in the
results can unlikely be ascribed to differences between methodology or medium com-
positions, leaving only the cell line itself as a possible explanation. The failure to repro-
duce research has been an issue for long, and in a recent multi-omics study of HelLa
cell lines collected from laboratories all over the world Liu et al. showed great hetero-
geneity (228). This is in line with what was reported by Ben-David et al. (229) when

they tested 321 anti-cancer compounds in 27 MCF7 strains. Seventy-five percent of
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compounds that strongly inhibited some strains were completely inactive in others. We
therefore speculate that clonal selection of the HCT116 cell line could explain the dif-
ferent results reported. Both mentioned papers advocate for cell line authentication
beyond STR profile, suggesting documenting the precise molecular makeup of the
cells, for example by transcript or proteome profiling. Unfortunately, this will most likely
take years to be widely implemented due to the current elevated cost. Such inter-
laboratory differences furthermore underscore the need to carry out in vitro studies in
panels of cell lines in order to reach reliable conclusions. Based on our studies in four
cell lines, we can conclude with a high degree of certainty that Cdk5 does not affect the
proliferative capacity in CRC in vitro.

Moreover, we evaluated the proliferation of the murine CRC CT26 cell line grown sub-
cutaneously in Balb/c mice and found no differences in the growth rate or final tumor
size between the crNTC and CDK5 KD cells. This is in concordance with the fact that
we do not see any differences in vitro proliferation in the human cell lines. Zhuang et al.
have previously reported that genetic KD and overexpression of Cdk5 causes reduction
and promotion, respectively, of subcutaneous tumor growth in nude mice (139, 146). A
46% inhibition of subcutaneous tumor growth has been reported for the CT26 cell line
upon treatment with Dinaciclib (200). Yet another study using xenografts originating
from the GEO cell line, also report growth reduction when treating with 20-223, a small
molecule inhibitor of Cdk5 (139). However, neither of the two inhibitors is specific
against Cdk5, making it hard to compare directly, and it is very possible that the inhibi-
tory effect can be attributed to the inhibition of Cdk2, which is known to be an important
regulator of cell cycle progression (230). Our results, which are the first from genetic
KD of CDK5 carried out in immunocompetent mice, contradicts what has previously
been reported. Hence, further studies with genetic silencing or specific inhibitors are

needed to conclude which effects Cdk5 has on tumor growth in vivo.

4.3 Cdk5 affects cell motility in CRC

Several studies in CRC, melanoma and pancreatic cancer among others, have shown
the involvement of Cdk5 in promoting metastasis formation in vitro and in vivo (146,
148, 157). To form a metastasis, tumor cells need to invade surrounding tissue, extrav-
asate, survive in non-attachment conditions and proliferate in new distant organs. In
vitro, we can evaluate some of these features by studying the invasive, migrative and
colony formation capacities of tumor cell lines. We observed a decrease in both migra-
tion and invasion capacity of HT29 and Lovo cells when Cdk5 was silenced, which was
also the case for the HCT116 and SW480 cell lines, as reported by Zhuang et al (146).
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However, we showed that this was not the case for KRAS/BRAF wild type cells, DiFi
and SW48. Upon introduction of the most common KRAS mutation in the SW48 cell
line, a subtle but significant effect of Cdk5 silencing could be observed in the migratory
capacity. Indeed, signaling through the MAPKSs is one of the main deregulated path-
ways in CRC and other authors have reported an interaction between Cdk5 and differ-
ent effectors of this pathway. For example, in pancreatic cancer Eggers et al. and
Feldman et al. found that Cdk5 acts in concert with mutated KRAS, possibly through
effectors RalA and RalB, suggesting a dependency on the constitutive activation of this
oncogenic pathway (157, 158). Indeed when we split the Colonomics cohort with stage
Il patients according to the mutational status of KRAS, we found that only in patients
harboring KRAS mutations did high Cdk5 correlate with shorter DFS. This supports our
in vitro results about Cdk5 being particularly important in combination with activating
mutations in this pathway.

In the KRAS mutant HCT116 cell line, it has previously been shown that Cdk5 can
phosphorylate ERK5 and that the effects of abrogation of CDK5 expression on prolifer-
ation and cellular movement were due to the inhibition of ERK5-AP-1 signaling (146).
However, we think that this is unlikely as CRC cell lines with KRAS or BRAF mutations
seem to preferentially activate ERK1/2 and when treated with ERKS inhibitors, cell pro-
liferation is unaffected (231, 232). When we checked the cluster of genes that the au-
thors reported to be affected downstream of ERKS5 in our RNAseq data we did not ob-
serve the same pattern of changes upon CDK5 KD. Only in the LoVo cell line, which
harbors the exact same mutation (G13D), we found two out of the nine genes to be
upregulated in a similar manner. Hence, the signaling through the ERK5-AP- axis might
be somehow context-dependent, underlining the importance of doing in vitro studies in
panels of cell lines to increase the chance of translation into the clinic.

Once a tumor cell reaches a distant organ another important trait of cancer cells with
tumor initiating capabilities is the ability to start a colony and next undergo unlimited
division. This is commonly tested by colony assay. When we studied the consequences
of Cdk5 silencing we saw a decrease in the capacity of forming new colonies, which is
in concordance with what was reported by Zhuang et al. in CRC (146) and also for nu-
merous other solid tumors (164, 166). In breast cancer Cdk5 has indeed been linked to
tumor initiating cells and stem cell properties, either through the anti-apoptotic FOXO1-
Bim pathway (153) or by enhancing CD44 alternative splicing from CD44s to the
CD44v isoform promoting self-renewal (201). This represents an interesting area for
further research, as tumor-initiating cells are the main cause of tumor recurrence, es-

tablishment of metastasis and resistance towards cancer therapies.
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We also studied the effects of CDK5 KD on cell transcriptional patterns in HT29, LoVo
and SW48 cells which, as commented, represent different mutational status for typical
CRC cancer mutation (BRAF, KRAS and WT, respectively) along with different molecu-
lar subtypes (CMS3, CMS1, CMS1). Regardless of these genetic profiles, among the
gene sets that come up in the DE genes is “Cell adhesion”. Among the upregulated
individual genes upon CDK5 KD in HT29 and LoVo is CALD1, which also shows a very
negative correlation with Cdk5 in tumors tissues. These results together with those
from the GSEA analysis of the TCGA dataset indicate a clear positive association be-
tween CDK5 expression and genes from the EMT signature, supporting the idea of
Cdk5 having a role in CRC progression.

Interestingly one study exists showing a connection between Cdk5 and Caldesmon in
cancer. In Melanoma, CDK5 KD caused dephosphorylation (Tyr27) and overexpres-
sion of Caldesmon resulting in a marked inhibition of cell motility. Concomitant CALD1
KD rescued cell motility and invasive phenotype (166). Such tyrosine phosphorylation
of Caldesmon has been found to cause its dissociation from actin, thereby contributing
to actin microfilament disassembly (219). Without examining the phosphorylation sta-
tus, another study demonstrated that elevated Caldesmon levels reduced the number
of podosomes/invadopodia and therefore represses cancer cell invasion (233). As
Cdk5 is a Ser/Thr kinase it cannot directly phosphorylate Tyr27, however numerous
Caldesmon Ser/Thr phosphorylation sites have been described for similar kinases such
as Pak2 (234), Cdk2 (235) and Erk1/2 (236).

We speculated that in CRC cells with KRAS/BRAF mutations (HT29 and LoVo), which
is also where we see a clear decrease in migration and invasion, CDK5 KD causes
increased Caldesmon expression, decreased Caldesmon phosphorylation levels and
ultimately affecting cell adhesion and actin remodeling during cell movement. In this
context it is worth mentioning that Cdk5 has also been shown to regulate actin dynam-
ics through interactions with other important actin regulatory proteins, such as PAK-1
and p27 (237, 238). We were very eager to study this possible connection between
Cdk5 and Caldesmon further and clarify its implication for cell motility in CRC. Unfortu-
nately, we have not been able to detect the Caldesmon protein by Western blot in our
CRC cell lines and there are no longer any phosphor-Tyr27 Caldesmon antibodies on
the market.

Obviously, the dynamics of cell matrix adhesions are very complex, involving creation
of adhesion points, maturation and lastly the resolution. All processes are highly con-
trolled, partly by posttranslational modifications. Possibly, it is the phosphorylation of
key amino acids that are relevant for migration and cancer spreading, which is in line

with other studies (239, 240). Hence, in order to study the Cdk5-Caldesmon connection
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further and possibly identify new CRC Cdk5 phophorylation targets, a phosphoproteo-
me profiling study could be a possibility.

Although not studied deeply, we find it interesting to comment on METTL7A, which like
Caldesmon was upregulated upon CDK5 KD in our RNAseq study. This methyltrans-
ferase is an integral membrane protein, anchored into the endoplasmic reticulum (ER)
membrane recruiting cellular proteins for lipid droplet formation (241). METLL7A was
upregulated in the LoVo and SW48 cell lines upon CDK5 KD, both defined as MSI,
CMS1. We observed a strong inverse correlation with Cdk5 in tumor tissues and low
METTL7A expression was correlated with poor prognosis. No previous connection has
been reported between Cdk5 and METTL7A, and they seem to have very distinct cellu-
lar location and functions, however with so many indicators of a connection we studied
this further. A direct connection is unlikely, as no possible Cdk5 phosphorylation sites
exist in the METTL7A amino acid sequence. Three proteins have been reported to reg-
ulate METTL7A expression, however none of these, ADAR1/2 (242), EZH2 (217) or
RhoBTB2 (243), are affected by the CDK5 KD. Hence, if there is a connection in CRC
it is most likely through other undescribed interactions. Unfortunately, our wish to study
this further was hindered by the lack of specific antibodies, why we have not been able
to determine whether the transcriptional upregulation is reflected at protein levels as

well.

4.5 Cdk5 has prognostic value in CRC

An important part of our research as a translation laboratory is to study the clinical rele-
vance of our pre-clinical findings. For this we took advantage of private and publicly
available cohorts, where Cdk5 has been determined by different methods. According to
our results, we expected that high Cdk5 tumor levels would be associated with worse
DFS. This was indeed demonstrated in a cohort of stage Il and in another one of stage
Il CRC patients that importantly, had not received any treatment after primary tumor
resection. As discussed above, this was particularly true in patients with KRAS-mutant
tumors, at least in stage Il patients. These results point to the prognostic value of CdkS5,
which seems to be related with a more aggressive phenotype as we demonstrated in
our in vitro experiments and are in line with results from other groups (139, 146). It
should be kept in mind that the significance of Cdk5 as a prognostic biomarker seems
to be highest when looking at the DFS, as for the stage Ill non-treated cohort the OS
did not differ between the low and high Cdk5 groups. The DFS refers to the period be-

fore recurrence, hence indicating that tumors expressing high levels of Cdk5 could
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have an enhanced capacity to invade and migrate from primary sites to metastatic sites
and also to initiate growth at new sites.

We also observed the same trend in the CMS1 subtype when studying the TCGA co-
hort. We believe that this has to do with the CMS1 being the most uniform of the 4 sub-
types. The CMS1 is known to have good prognosis and the relapse rate is very low,
why fewer of the patients in the CMS1 group would have received treatments and most
of them had indeed early stage tumors. Furthermore, the CMS1 is known to have the
highest prevalence of BRAF mutations at 42%, which along with the 23% of KRAS mu-
tations adds up to approximately two thirds of the CMS1 having this pathway affected.
Despite the relatively small size of our cohorts, they are quite homogeneous, making
the possibility of additional factors being involved unlikely. Moreover, our results con-
firm those from other authors pointing out a role of KRAS/BRAF activating mutations.
As mentioned in the introduction it is important to have good prognostic biomarkers to
support the pathological features in identifying on one hand the CRC patients that can
benefit from adjuvant therapy or on the other hand, those in which we should avoid
overtreatments. This is particularly important in stage Il patients where a benefit of ad-
juvant treatment has not been demonstrated. Our results identify a specific group of
patients with KRAS mutations and high levels of Cdk5 that have a really bad prognos-
tic. Further studies are warranted to elucidate if Cdk5 could be a candidate to consider

for inclusion in future standardized prognostic panels for early stage CRC tumors.

4.5 Cdk5 predicts response to oxaliplatin

Several studies have shown that Cdk5 plays a role in DNA damage repair and re-
sistance, including the ones induced by oxaliplatin and irinotecan (186, 244). Therefore
we investigated the predictive value of Cdk5 through analysis of the association be-
tween tumor protein expression and the outcomes of metastatic CRC patients receiving
two standard CRC chemotherapy regimens: oxaliplatin plus 5-fluorouracil and irinotec-
an plus 5-fluorouracil. We observed a clear association between high Cdk5 protein
levels and a lower response rate and worse TTP in patients treated with the oxaliplatin
based treatment. Again, the homogeneity of our patients’ cohorts is an added value of
our results. Moreover, they were also supported by in vitro studies of Cdk5 in the con-
text of chemotherapy treatment also pointing at a role particularly in relation to oxali-
platin response and resistance. Our group has previously reported that Cdk5 overex-
pression was associated with oxaliplatin resistance acquisition in four cell line models
(186), and here we show that this is not the case for irinotecan resistant cell lines. Ra-

ther we observed a slight decrease in the expression. Cdk5 silencing in our cell lines
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followed by treatment with either irinotecan or oxaliplatin does not affect the cell viabil-
ity. Interestingly, when we silenced Cdk5 in the oxaliplatin resistant cell lines we ob-
served a clear sensitization to the drug. Unfortunately, due to the timing of the irinotec-
an resistant cell lines establishment, we have not yet studied the effect of Cdk5 silenc-
ing in these cells. Hence, based on the Cdk5 expression, cell viability studies and our
data from the cohorts, we believe that Cdk5 contributes mainly to oxaliplatin resistance.
While Cdk5 in hepatocellular carcinoma had been linked to ATM phosphorylation in the
response to irinotecan treatment (162) no study exists regarding the role of Cdk5 in
oxaliplatin treatment. The acquisition of oxaliplatin resistance involves numerous mo-
lecular pathways, as reviewed by our group (245). Based on our results we cannot pin-
point any pathway, however we can probably exclude the more common ones that
would also affect irinotecan sensitivity, such as for example the ABC family of drug
efflux transporters. Putting all this together, we can summarize our findings in figure 42.
Cdk5 levels rise upon the acquisition of oxaliplatin resistance. Inhibition of Cdk5 could
possibly revert this resistance. Including a Cdk5 inhibitor when administering an ox-

aliplatin-based regimen could

Oxa Oxa Oxa Oxa Oxa

possibly avoid the effects of Ll Cdks

inhibition

Cdk5 upregulation on drug sen-
sitivity. While further studies are
needed, another possibility is
that high Cdk5 tumor levels

could serve as a biomarker for

avoiding treatment with oxali-

Time

platin and instead, treat these

patients with irinotecan, as Cdk5 Figure 42. Proposed relation between Cdk5 levels and
’ response to oxaliplatin (Oxa).
does not seem to affect re-

sponses to this drug.

Taken together, our results suggest that Cdk5 could be a good target to develop drugs
against. Such drugs could both be used in an adjuvant setting to prevent disease re-
lapse and in a metastatic setting in combination with oxaliplatin. Unfortunately, alt-
hough huge efforts have been made, as deliberated in the introduction, the develop-
ment of specific inhibitors is still an outstanding issue. Apart from the nervous system,
CdkS5 is primarily expressed in malignant tissue, which could possibly limit side effects.
In the drug design one could possibly take advantage of the blood brain barrier to avoid
unwanted neurological side effects. In this sense, | would like to stress that we have
indeed been granted by the Spanish association against cancer (AECC) to carry out

proof of concept studies of the use of Proteolysis-targeting chimeric molecules
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(PROTACS) for Cdk5 degradation. PROTACs® work by hijacking the intracellular ubig-
uitin proteasome system in cells to degrade the target, and have shown great potential
in targeting otherwise “undruggable” proteins. Clinical trials are ongoing evaluating the
efficacy of PROTACS® against both androgen and estrogen receptors in prostate and
breast cancer, respectively. As designing specific PROTAC® is expensive and time-
consuming, we are going to use the dTAG system instead (246). The dTAG system
allows us to carry out a proof-of-concept study confirming the applicability of the tech-

nique before endeavoring an actual PROTAC® project.

4.6 Cdk5 as a biomarker for the use of alternative drugs

Drug repurposing has gained popularity as a strategy to accelerate the approval of new
drugs’ indications by regulatory agencies. This is because approved drugs have been
already assessed for safety, speeding up the time and lowering the cost from bench to
bedside compared to new untested drugs. Examples of repositioning of drugs that have
been approved for cancer treatments include rapamycin, chloroquine, metformin and
thalidomide (247). In the recent years, advances in genomic and high-throughput tech-
nologies alongside with computational modeling have speeded up the discovery of new
applications for drugs. An important side of the drug repurposing is the discovery of
associated biomarkers.

We took advantage of the Achilles study to ascertain whether high Cdk5 expression
could serve as a biomarker for possible dependency of other genes. This was done
considering all the cell lines or subsets according to the KRAS mutational status. We
found out that the HT29 cells expressing Cdk5 were more sensitive to docetaxel and a
PIK3CB inhibitor, while in the case of LoVo, the presence of Cdk5 was associated with
higher sensitive to cabazitaxel. This indicates that the vulnerability to these drugs is
somehow affected by the presence of Cdk5 in our cell lines. The differences are not
big, however significant.

Docetaxel and cabacitaxel are a class of drugs called taxanes that block tumor cells’
division by disrupting microtubules function through the stabilization of the GDP bound
Tubulin. While they are widely used for the treatment of prostate, ovarian, NSCLC and
breast cancer, they have been shown to be inefficacious in CRC (248). One could
speculate that if patients in these clinical trials had been stratified according to Cdk5
expression, a possible effect in those patients with high Cdk5 levels could have been
observed. Thus, further investigation is needed to understand the implication of these
results and whether Cdk5 could be used as a biomarker of response to these kinds of

drugs.
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High dependency of PIK3CB was found in KRAS WT cells expressing high levels of
CDK5. This gene encodes an isoform of the catalytic subunit of PI3K. The
PI3K/AKT/mTOR pathway is frequently deregulated in CRC and many other types of
cancer and associated with tumorigenesis, proliferation, apoptosis, EMT and drug re-
sistance to mention a few aspects. Our results demonstrated that the effect of
AZD6482 is indeed higher when CDK5 expression is maintained in the HT29 (KRAS
WT), suggesting that the signaling level through this key pathway is higher in these
cells. Indeed, studies in ovarian and prostate cancer have shown that the phosphoryla-
tion of AKT at Ser473 is decreased upon Cdk5 downregulation (172, 177). Based on
our results regarding PIK3CB inhibition, only seen in one of the two cell lines, we could
only speculate how Cdk5 potentiates such signaling. Nonetheless, such indications are
very much in line with the goal of the Achilles project: to identify genetic vulnerabilities.
It is possible that some KRAS WT cell lines with higher Cdk5 levels depend more on
the PIBK/AKT/mTOR pathway for cell proliferation and survival, hence making them

more susceptible to such inhibition.

4.7 Cdk5 and tumor immune aspects

As mentioned before, we found that when splitting the TCGA cohort according to CMS,
high Cdk5 levels were predictive of a worse PFI only in the CMS1 subtype. CMS1 is
the so-called immune subtype and it is enriched in microsatellite instable (MSI), hyper-
mutated, and highly lymphocyte-infiltrated tumors, which usually are responsive to im-
mune checkpoint blockers (ICB). The CMS1 subtype has better relapse-free survival
but worse overall survival after relapse compared with the other subtypes.

We furthermore found that in the TCGA and Colonomics cohorts, CMS1 tumors had
the lowest levels of Cdk5. The fact that CDK5 expression is lowest in the CMS1 sub-
type is in line with what has been demonstrated by other groups, who have shown an
inverse relation between Cdk5 levels and T-cell infiltration (154, 200). One of the stud-
ies carried out in CT26 and MC38 tumors showed that the Cdk2/5/9 inhibitor Dinaciclib
elicited immunogenic cell death in the tumors, why the combination therapy with a-PD-
1 was highly effective (200). Yet another group showed that Cdk5 promoted transcrip-
tion of PD-L1 expression in medulloblastoma models (133). Therefore, we hypothe-
sized that Cdk5 levels could also affect immune infiltration and PD-L1 levels in CRC.
However, we did not find changes in the PD-L1 expression upon IFN-y treatment ac-
cording to Cdk5 presence or absence. Moreover, our experiments in syngeneic mouse
models did not reveal a clear increase in lymphocyte infiltration in tumors without CDK5

expression. Unfortunately, we were not able to study the MC38 model due to immune
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rejection because of the CRISPR/Cas9 editing. We confirmed this hypothesis as native
MC38 cells did indeed result in tumor formation and growth. The differences in tumor
establishment between the two models could very well be due to the MC38 cell line
itself being more immunogenic than the CT26, creating more T-cell inflamed tumor
microenvironment (221). When comparing the lymphoid infiltration in the two models,
the C57BL/6/MC38 tumors did indeed show approximately twice the levels of CD45+
cells. This is agreement with what has previously been described about the immuno-
phenotypic characteristics and responsiveness to ICB for MC38 and CT26 lines. These
models in fact, mirror what is observed in the clinic with MSS (CT26) and MSI (MC38)
colorectal cancer patients (249).

As we could not study the genetic ablation of CDK5 in the MC38 model, we treated
MOCK MDOTS with Roscovitine for Cdk5 inhibition with inconclusive results. Trying to
solve this, we have attempted a transient transfection of CRISPR/Cas9 plasmids, fol-
lowed by antibiotic selection and clonal expansion. The idea is that the CRISPR/Cas9
complex is present in the cell long enough to induce DSB in the CDK5 gene without
being incorporated into the genome. We were only able to achieve an approximately
50% KD of CDK5, most likely a reflection of gene KD on only one allele. An experiment
in the C57BL/6/MC38 model with the dTAG Cdk5 degradation is contemplated within
the AECC study, and should allow us to study whether specifically inhibiting Cdk5
changes the tumor immune infiltration.

Nevertheless, we could not observe a clear effect of CDK5 KD in the response to anti-
PD1 or CTLA4 in MDOTS experiments. The total absence of CTLA4 response could
indicate the low levels of antigen presenting cells (APC), such as macrophages, B-cells
and dendritic cells, in the spheroids. As described in the introduction this treatment
inhibits exactly the binding between APC cells and T-cells, stimulating the maturation of
the latter. With the simple flow cytometry panel we have used, these populations can-
not be detected.

When performing studies involving aspects of the immune system it is important to
keep in mind that there are significant differences between the mice and human. As
syngeneic mice models are fully immunocompetent they are particularly useful in the
evaluation of immuno-oncology agents. It is however important to keep in mind that
there are limitations in terms of translatability to human tumors. These tumors do not
develop spontaneously and often grow very rapidly, why they often do not contain the
microenvironment or heterogeneity of human tumors of equivalent origin. Newer mod-
els that are becoming more common are genetically engineered mouse models
(GEMM) or patient-derived xenografts (PDX) mice with human immune reconstitution

though hematopoietic engraftment (249). However, the timeframe and the complexity
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of these models are far greater. For our in-vivo studies we chose the syngeneic models
as the cell lines can be modified genetically, they have well characterized responses to
ICB and the rapid tumor establishment.

Taking into account our results in CMS1 patients, to study the C57BL6/MC38 model
was of particular interest. It will be interesting to see whether the immune cell popula-
tions within the tumor are affected in this more CMS1-like model upon targeted degra-
dation Cdk5 with the dTAG. If a role of Cdk5 in predicting response to ICB is confirmed,

levels of Cdk5 could be used as a biomarker of immunotherapy selection.

With results of this thesis we strengthen the evidence of a role for Cdk5 in the CRC
pathogenesis. We found Cdk5 to be overexpressed and highly active in CRC tumors
correlating with an aggressive phenotype. Clinical applications for Cdk5 could be either
as a biomarker for adjuvant therapy in early-stage CRC or for prediction of response to
chemotherapy regimens. Our results furthermore suggest that Cdk5 could be a good
target to develop drugs against, either to be used in an adjuvant setting to prevent dis-
ease relapse or in a metastatic setting in combination with oxaliplatin. Unfortunately,
although huge efforts have been made, the development of specific inhibitors is still an
outstanding issue. We believe that PROTACs® could be a possibility for specific Cdk5
inhibition, which we aim at evaluating in a proof-of-concept study with the dTAG sys-

tem.
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Conclusions

1)

CDKS5 is expressed at high levels in CRC, which is mostly due to a gain in the
gene copy number arising early on in the CRC development. The fact that we

found it bound to p25 is indicative of a high activity.

Cdk5 does not affect CRC cell proliferation in our human in vitro models or
when grown as subcutaneous tumors in syngeneic mice models. However,
Cdk5 silencing decreases colony formation capacity as well as migration and

invasion in human CRC cell lines with a deregulated MAPK pathway.

CDK5 KD has a clear effect on gene expression profiles of the cell lines stud-
ied. Association with Cell adhesion signatures and specific upregulated genes,
such as CALD1, support a connection between Cdk5 and an invasive/migratory

phenotype.

Cdk5 levels have a prognostic value in patients with MSS, early-stage non-
treated CRC, particularly those harboring KRAS mutations. In these patients,
presenting high levels of Cdk5 are associated with shorter PFI, which is indica-

tive of a more aggressive subset of tumors.

High Cdk5 levels are predictive of a shorter TTP in patients treated with an ox-
aliplatin-based therapy but not in those treated with an irinotecan-based treat-
ment. In vitro, CDK5 KD increases sensitivity to oxaliplatin in cell lines present-
ing high levels of Cdk5 expression as a consequence of acquired resistance to
this drug. Acquisition of resistance to irinotecan was not associated with an in-

crease in Cdk5 levels in the same cell lines.

According to data from the Achilles study, CDK5 expression is indicative of
several gene-dependencies affecting CRC cells’ survival. These gene depend-
encies vary according to KRAS mutations. Experimentally, we found that cells
with high levels of Cdk5 show a dependency on TUBB expression, which

makes them more sensitive to anti-microtubule drugs.

Among all four CMS, CDK5 is expressed at the lowest levels in the CMS1 sub-

type; in this group of patients, high Cdk5 levels are associated with shorter PFI.
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Experimentally, CDK5 KD does not influence PD-L1 expression in CRC cell
lines upon IFN-y stimulation. In the CT26/Balb/c model neither tumor growth,
immune infiltration or response to ICB are affected by the presence of Cdk5. In
spheroids from MC38/C57BL6 tumors treatment with Roscovitine and ICB did

not show synergism.
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Abstract: In recent years, an increasing number of studies have shown that elevated expression of
cyclin dependent kinase (Cdk5) contributes to the oncogenic initiation and progression of many types
of cancers. In this study, we investigated the expression pattern of Cdk5 in colorectal cancer (CRC) cell
lines and in a large number of tumor samples in order to evaluate its relevance in this pathogenesis
and possible use as a prognostic marker. We found that Cdk5 is highly expressed and activated in CRC
cell lines and that silencing of the kinase decreases their migration ability. In tumor tissues, Cdk5 is
overexpressed compared to normal tissues due to a copy number gain. In patients with localized
disease, we found that high Cdk5 levels correlate with poor prognosis, while in the metastatic setting,
this was only the case for patients receiving an oxaliplatin-based treatment. When exploring the
CdKS5 levels in the consensus molecular subtypes (CMS), we found the lowest levels in subtype 1,
where high Cdk5 again was associated with a poorer prognosis. In conclusion, we confirm that Cdk5

Cancers 2019, 11, 1540; doi:10.3390/cancers11101540 www.mdpi.com/journal/cancers
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is involved in CRC and disease progression and that it could serve as a prognostic and predictive
biomarker in this disease.

Keywords: colorectal cancer; cyclin-dependent kinase 5 (Cdk5); prognostic and predictive biomarker;
oxaliplatin

1. Introduction

Cyclin dependent kinase (Cdk5) belongs to the cyclin-dependent kinase family of serine/threonine
kinases whose activity depends on a regulatory subunit named cyclin. However, Cdk5 is considered an
atypical Cdk because it binds to non-cyclin proteins p35 (CDK5R1) and p39 (CDK5R2), phosphorylation
in the T-loop is not required for its activation and most of its substrates are not involved in cell cycle
control. The function of this kinase was thought to be restricted to the central nervous system, where it
is indispensable for normal brain development during embryogenesis and controls neuronal migration
or axonal guidance, among others. Deregulation of Cdk5 is widely described in neurodegenerative
diseases such as Alzheimer’s, Parkinson’s, and Huntington’s [1]. In recent years, several studies have
demonstrated that Cdk5 also plays relevant physiological and pathological roles outside of the nervous
system, including transcriptional regulation (through regulation of transcription factors such as p53 or
signal transducer and activator of transcription 3 (STAT3)), cell migration, adhesion, angiogenesis,
and apoptosis [2]. Given that some of these functions are deregulated in tumors and that a great
similarity exists between the cellular and molecular mechanisms orchestrating neuronal migration
during the development of the nervous system and cancer cell migration during metastasis, it is not
surprising that Cdk5 plays a role in cancer.

Cdk5 phosphorylates the STAT3 transcription factor on its Ser-727 residue, leading to increased
proliferation and promotion of tumor formation in medullar thyroid carcinoma and in prostate cancer
cells through the activation of androgen receptor [3,4] or resistance to DNA-damaging agents through
the increased transcription of the DNA-repair gene essential meiotic structure-specific endonuclease 1
(EME1)in colorectal cancer (CRC) cell lines [5]. Cdk5isinvolved in the regulation of DNA-damage repair
through the phosphorylation of ataxia telangiectasia mutated (ATM) [6]. Elevated expression has been
described in human pancreatic [7], lung [8], prostate [9], and breast [10] tumors and has been associated
with a worse prognosis. The role of Cdk5 in the proliferation of tumor cells is not clear, but many
studies have demonstrated its implication in cancer migration, invasion, and anchorage-independent
growth. For instance, in pancreatic cancer, two studies showed that Cdk5 inhibition affected tumor
malignant progression in vitro and in vivo. The rat sarcoma (RAS) pathway was reported to have an
important effect on the Cdk5-mediated tumor progression on the one hand because mutant Kirsten
rat sarcoma (KRAS) increased its kinase activity [7] and on the other hand, by participating in its
downstream signaling through phosphorylation of Ras-related (Ral) A and B proteins [11]. In prostate
and melanoma cancer models, the inhibition of CdkS5 resulted in decreased cell motility and metastatic
potential [9,12] and in breast cancer, Cdk5 controlled cancer cell migration and tumor formation by
regulating the phosphorylation of focal adhesion kinase (FAK) at Ser-732, as a downstream step of
transforming growth factor Beta (TGF-B1) signaling, and was shown to be essential for epithelial to
mesenchymal transition (EMT) and cell motility [10]. In CRC, Cdk5 functions as a tumor promoter via
modulating the extracellular receptor kinase 5 (ERK5)—activator protein 1 (AP-1) axis [13] and it has
been associated with oxaliplatin resistance acquisition [14].

To date, little is known about the possible role of Cdk5 as a cancer biomarker. In the present study,
we studied the role of Cdk5 in several CRC cell lines, reproducing results from Zhuang et al. [13] and
most importantly, we investigated the expression patterns of Cdk5 at different molecular levels in a
significant number of human tumor samples from patients at different disease stages with the aim of
evaluating its role as a prognostic and predictive marker in this malignancy.
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2. Results

2.1. Cdk5 and p35 Are Broadly Expressed in CRC Cell Lines

We studied protein levels of Cdk5 and p35 by western blotting in a panel of 10 human CRC cell lines
and detected both at high levels in all cell lines tested (Figure 1A). In contrast, we did not detect the p35
calpain-cleaved product p25, which is recognized by the same antibody. It has been reported that Cdk5
activity is regulated through phosphorylation of Y15 [1], and this phosphorylation is commonly used
as a measure of activity [5,15]. However, based on our experience, this is not a good approach because
Y15 is a highly conserved residue in the Cdk family [16] and the epitope against which these antibodies
are designed is highly homologous for Cdk1, Cdk2, and Cdk5, which could lead to misleading results.
As CdkS5 kinase activity is strictly dependent on the binding with p35/p25, this interaction also serves
as a measure of activity. To study this binding, Cdk5 was immunoprecipitated and p25 was found to
co-immunoprecipitate with Cdk5 in HT29, LoVo, HCT116, and DiFi cell lines (Figure 1B). It was also
found that p25 is more stable than p35 and leads to prolonged kinase activity of Cdk5 [17], suggesting a
Cdk5 hyperactivation in these cell lines.

HT29 LoVo HCT116 DLD1 LS513 SW48 CaCo2 LS174T HCTIS SW1417
E] "‘. ;;; 2 A 3 = L ’.; 3

e™3

33 kDa

35kDa

52 kDa

HT29 LoVo  HCTI16 DiFi
LP: Cdk5 IgG Cdk5 IgG Cdk5 IgG

Cdks
] «30kDa

<40 kDa

| = 30kDa

p25

| =20KkDa

Figure 1. Cyclin dependent kinase 5 (Cdk5) and p35 (CDK5R1) expression in colorectal cancer (CRC)
cell lines. (A) Western blot analysis of Cdk5 and p35 basal expression in a panel of 10 CRC cell lines.
Alpha-tubulin was used as endogenous control. (B) Representative western blot images showing the
co-immunoprecipitation of Cdk5 and p35/p25 in the indicated cell lines. Co-immunoprecipitation with
an immunoglobin G (IgG) antibody was used as a negative control. The results were obtained from at
least three independent experiments.

2.2. Cdk5 siRNA-Mediated Gene Silencing Impaired CRC Cells Migration and Invasion

We investigated how the transient silencing of Cdk5 affected three important characteristics of
tumor cells: proliferation, migration and invasion. Forty-eight hours after siRNA gene silencing,
Cdk5 knockdown (siCdkS5) efficiency was between 90% and 95% at the protein level in HT29, LoVo,
DiFi, and HCT116 cell lines (Figure S1A). Under these conditions, we did not observe any effect in cell
proliferation (Figure 2A and Figure S2A).

However, we found significantly reduced migration and invasion in HT29 and LoVo
siCdk5-transfected cell lines as compared to siRNA non-target control (siNTC) cells. In contrast,
silencing of Cdk5 did not decrease the migration and invasion ability of DiFi cells (Figure 2B,C).
As HT29 and LoVo cell lines harbor mutations in genes from the mitogen activated protein kinase
(MAPK) signaling pathway [18] and the DiFi cell line is considered to be wild type [19], we wondered
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whether an altered MAPK downstream signaling could be behind the observed differences. We took
advantage of another KRAS wildtype (WT) cell line that was engineered to express a mutant form of
KRAS (G12D). CdkS5 silencing caused a modest but statistically significant decrease in migration only
in the SW48 KRAS G12D cell line and not in the KRAS WT. No differences in invasion ability after
CdkS5 silencing were observed in either cell lines (Figure 2D,E).

Another important characteristic of cancer cells is their ability to undergo an unlimited number
of divisions. To study the implications of Cdk5 in their long-term clonogenic capability of CRC
cells, we performed colony formation assays in the HT29 and LoVo cell lines (Figure S2A,B).
We observed a decrease in the number of colonies for siCdk5-transfected cells compared to siNTC cells
in both lines, however, these were only statistically significant for the LoVo cells (p-values 0.198 and
0.046, respectively).
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Figure 2. Effect of Cyclin dependent kinase 5 (Cdk5) siRNA-mediated gene silencing on colorectal
cancer (CRC) cells proliferation, migration and invasion. (A) Graphic representation of HT29, LoVo, DiF,



Annex

Cancers 2019, 11, 1540 50f17

and HCT116 time-dependent cell proliferation after Cdk5 gene silencing measured by propidium iodide
(PI). (B,D) Representative Boyden chamber migration and invasion assays images (4x magnification)
and (C,E) bar graphs showing (mean + SD) relative cell migration and invasion after Cdk5 silencing
in the indicated cell lines. * p-value < 0.05 relative to control cells siRNA non-target control (siNTC).
The results were obtained from at least three independent experiments.

2.3. Cdk5 and p35 Are Overexpressed in CRC Tumor Samples

We next evaluated Cdk5 and p35 expression in human samples. We included four different
cohorts: A, B, D, and F (Table 1). In cohort A, Cdk5 and p35 proteins were clearly overexpressed
as detected by western blot in tumor tissues as compared to the corresponding normal adjacent
tissues (Figure 3A-C). Cdk5 was detected by immunohistochemistry (IHC) in primary colorectal
tumors from cohort D and scored as either negative or positive (weak and strong staining) (Figure 3D).
A total of 75% of the tumors were positive for Cdk5 staining. We also observed significantly
higher Cdk5 mRNA levels in tumor versus normal adjacent colon samples in two different publicly
available data sets (Colonomics, cohort B, Figure 3E The cancer genome atlas (TCGA), cohort F,
Figure 3F). Using TCGA data (cohort F), we analyzed the Cdk5 gene copy number variation (CNV)
(region chr7:151054008-151057848). We observed a statistically significant increase (p = 7.58 X 1077) in
the Cdk5 copy number in primary tumors as compared to the corresponding adjacent normal colon
tissues (Figure 3G). The CNV of the Cdk5 gene was strongly correlated (r = 0.55, p = 7.16 x 1077) to
Cdk5 expression levels in tumor tissue (Figure 3H) and also in a panel of 63 CRC cell lines (r = 0.54,
p=46X 107%) (Broad Institute Cancer Cell Line Encyclopedia) (Figure 3I).
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Table 1. Overview of cohort used in the study.

Annex

60f17

Cdks . Origin of p Molecular Clinical Data
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" Radical .
B In silico data Micro array 98 Fz"::g;z”) 72 (43-87) - 11, MSS su;qgu?' 9% C"'p"r:j‘lg““ Colonomics.org RAS, CMS, etc DFS, 0S
Radical DiSimenn
' Male 21 (57%) % i, Duran and R 36.3 months)
€ e 9PCR 37 Female16(3%) STV m SUIBELY 36 poynals Hospital N/A OS (mean
©7%)
42 months)
. , 5-FU/OXA
Liver 37 (71%)
. Male 29 (56%) g il (77%) . . R DFS (mean
D FFPE - TMA HC 2 femalersqainy 26776 01;::;;‘ ? (51((119,:?) v CAPEOXA Private collecton IsCIl 5% hont
) - (23%)
: 5-FU/LV/IRI DFS (mean
= Liver 97 (70%)
E FFPE - TMA HC 139 Male78 (69%) ¢ 29.75)  Lung 46 (33%) v @7%)  piivate collection ISCIII = 94 months)
Female 35 (31%) Others 20 (14%) 5-FU/IRI 05 (mean
& (53%) 20.3 months)
o . Male 259 (54%) . N . https CNV, RAS, N
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Abbreviations: 5-FU/LV/IRL 5-Fluorouracil/leucovorin/irinotecan; 5-FU/IRI: 5-Fluorouracil/irinotecan; 5-FU/OXA: 5-Fluorouracil, liplatin; CAPE/OXA: Capecitabi liplatin; CMS:

Consensus molecular subtype; CNV: Copy number variation; DFS: Disease-free survival; FFPE-TMA: Formalin-fixed pamffin-embedd;d tissue microarray; IHC: Immunohis{ochemistry;
ISCIIL: Instituto de Salud Carlos I1I; MSS: Microsatellite stable; N/A: Not available; OS: Overall survival; PFL: Progression-free interval; qPCR: Quantitative polymerase chain reaction;
TCGA: The cancer genome atlas; RAS: Rat sarcoma oncogene; WB: Western blot.
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Figure 3. Cyclin dependent kinase (Cdk5) and p35 expression in colorectal cancer (CRC) tumor samples.
Western blot (A) and graphic representation (B,C) of Cdk5 and p35 protein expression, respectively,
in tumoral (T) and normal adjacent (N) tissues of 12 stage IV CRC patients (cohort A). Alpha-tubulin
was used as endogenous control. The p-value was according to paired t-test. (D) Representative
immunohistochemistry images of Cdk5 staining in CRC tumor tissues. The upper panel shows negative
staining and lower panel positive staining. Scale bar: 100 um. (E) Graphic representation of Cdk5 and
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p35 mRNA expression in 98-paired adjacent normal and tumoral tissues from stage II microsatellite
stable (MSS) CRC patients (cohort B). (F) Graphic representation of Cdk5 mRNA expression in normal
and tumoral tissues of 38 I-IV CRC patients. Data were obtained from The Cancer Genome Atlas
(TCGA) database (cohort F). (G) Graph representing the Cdk5 copy number (CNV) change between
normal and tumoral tissues in 67 stage I-IV CRC patients (cohort F). (H) Correlation between Cdk5 CNV
and Cdk5 gene expression in 429 stage I-IV CRC patients. p-value according to Pearson correlation test
(cohortF). (I) Correlation between Cdk5 CNV and Cdk5 gene expression in 63 CRC cell lines. The p-value
was according to Pearson correlation test. Data from the Broad Institute Cancer Cell Line Encyclopedia.

2.4. High Cdk5 Levels Correlate with Poorer Prognosis in CRC Patients

Taking into account this data, we wondered whether Cdk5 expression could be a good prognostic
and/or predictive biomarker in patients. To study this possibility, we used several cohorts in which the
expression of Cdk5 was determined through different techniques (Table 1). We categorized data into
high and low CdkS5 expression groups as follows: In cohorts using continuous data (cohorts B, C and F),
patients were assigned to low or high groups according to Cdk5 values below or above the median,
respectively; in those using categorical data (cohorts D and E), patients were grouped as low when
IHC staining was negative or weak and as high when it was strong (Figure 3D). The prognostic
value of Cdk5 expression was studied in two highly homogenous cohorts of localized microsatellite
stable (MSS) CRC cancer patients (cohorts B and C, Table 1). Patients from cohorts B and C were
diagnosed with stage II or stage III cancer, respectively, underwent surgery and did not receive any
adjuvant treatment. In both the cohorts, high Cdk5 levels were associated with shorter disease free
survival (DFS) (p = 0.049 95%, confidence interval (CI) 0.98-5.88 for cohort B and p = 0.048, 95% CI
0.97-7 43 for cohort C) (Figure 4A,B), and also with overall survival (OS) in cohort B (p = 0.022, 95%
CI10.96-6.48), while no differences could be observed in OS in cohort C (Figure S3A,B). To study the
predictive value of Cdk5 expression in the metastatic setting, we used two different, but again, quite
homogenous cohorts of patients. Cohort D consisted of stage IV CRC patients treated with oxaliplatin
and 5-fluorouracil as the first-line treatment, while patients from cohort E were treated with different
schedules combining irinotecan and 5-fluorouracil (Table 1). As shown in Figure 4C,D, high Cdk5
levels were associated with shorter time to progression (TTP) only in the patients that received an
oxaliplatin-based treatment (median 8.095 vs. 18.23 months, p = 0.043, 95% CI 1.01-4.71) (cohort D,
Figure 4C), as no differences could be observed in the patients treated with irinotecan (median 8.95 vs.
8.42 months, p = 0.45, 95% CI 0.59-1.27) (cohort E, Figure 4D). These analyses were adjusted by age and
sex; however, we performed an additional analysis including metastatic location as another co-variable,
which resulted in an increased significance (p = 0.018, hazard ratio (HR) = 2.72, 95% CI 1.19-6.23).
Similarly, when analyzing the response rates (Chi-square), we only found differences according to Cdk5
levels in the oxaliplatin-treated patients (cohort D) as 87% (13 out of 15 patients) of the low Cdk5 group
had complete or partial response, while only 53% (18 out of 34) of the high Cdk5 group responded
(p = 0.029). In view of these interesting results in the metastatic setting, we wanted to analyze whether
Cdk5 was also predictive for adjuvant oxaliplatin-based therapy response. As we do not have our
own cohort with this patient group, we used the TCGA data (cohort F). When splitting this subgroup
(n =49) based on high or low Cdk5, we could not observe any difference in the progression free interval
(PFI) (p = 0.64, HR CI) nor OS (p = 0.11, HR CI). It is worth mentioning that when analyzing the entire
TCGA cohort (n = 473, stages I to IV, treated and non-treated), no differences could be observed in PFI
and OS (Figure S3C,D), highlighting the importance of choosing appropriate and well-defined cohorts
of patients to conduct these studies.
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Figure 4. Kaplan-Meyer analysis of disease free survival (DFS) and time to progression (TTP) depending
on Cyclin dependent kinase (Cdk5) levels. (A) DFS in 98 stage II colorectal cancer (CRC) patients split
by the median of Cdk5 expression (cohort B). (B) DFS in 37 non-treated stage III CRC patients split by
the median of Cdk5 expression (cohort C). (C) TTP in 52 stage IV oxaliplatin-treated patients, grouped
depending on negative (1 = 18) or positive Cdk5 (1 = 34) immunohistochemistry (IHC) staining (cohort
D). (D) TTP in 139 stage IV irinotecan-treated patients grouped depending on negative (n = 73) and

positive (n = 66) Cdk5 IHC staining (cohort E).

As we observed a difference in migration and invasion when we silenced Cdk5 in our in vitro
studies, we analyzed the link between Cdk5 expression and several gene sets related to EMT in the
TCGA cohort. EMT is a well described process whereby cells undergo multiple biochemical changes
that enable them to assume a mesenchymal phenotype, characterized by enhanced migratory capacity,
invasiveness, and elevated resistance to apoptosis. We found that only for the TGF-f3 signaling within
EMT did high CdkS5 levels correlate with higher pathway activation (p = 0.026, Figure S4).

We observed a difference in the effect of Cdk5 silencing in cell lines depending on their KRAS
mutational status when studying the migration and invasion of the cells. Furthermore, it has been
reported that Cdk5 is involved in the signaling cascade downstream of the epithelial growth factor
receptor (EGFR) receptor [7]. Thus, we wanted to know whether there was a difference in the prognostic
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value of Cdk5 according to KRAS mutations. Patients from cohort B were split according to KRAS
mutational status (WT or mutated) and Cdk5 expression was again categorized as high or low. In the
KRAS WT group, patients with high or low CdkS5 levels had similar DFS (Figure 5A); however, in the
group with KRAS, mutated high Cdk5 levels predicted a statistically very significant poorer DFS
compared to the Cdk5 low group (p = 0.004, 95% CI 1.56-36.46) (Figure 5B). We did not see any
differences in OS in this cohort when grouping according to the KRAS mutational status (Figure S3E,F).

KRAS WT KRAS Mutated
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Figure 5. Kaplan-Meyer analysis of disease free survival (DFS) depending on Cyclin dependent kinase
(CdK5) expression and Kirsten rat sarcoma oncogene (KRAS) mutational status. (A) DFS for 72 stage IT
colorectal cancer (CRC) patients with wildtype (WT) KRAS and split by the median of Cdk5 expression.
(B) DFS for 26 stage II CRC patients with mutated KRAS and split by the median of Cdk5 expression
(cohort B).

2.5. Cdk5 Is Associated with Consensus Molecular Subtype 1

CRC has recently been classified into four consensus molecular subtypes (CMS) [20], namely, CMS1
(microsatellite instability immune), CMS2 (canonical), CMS3 (metabolic), and CMS4 (mesenchymal)
subtypes. The subtype with the worst survival probability is the CMS4 [20]. Taking advantage of
the fact that this information was available in cohort F, we wanted to explore whether there was an
association between Cdk5 levels and a specific CMS. First, we checked if CMS-associated OS followed
the same trend as reported previously and indeed, this was the case (Figure S5C). CMS1 displayed
the lowest levels of Cdk5 (Figure 6A,B). For each molecular subtype, we then compared the OS
between patients with high or low CdkS5 levels and did not observe any differences (Figure S5A).
When we analyzed the progression-free interval (PFI), an endpoint similar to DFS and TTP used in our
previous analysis which has been shown to be the most reliable endpoint when analyzing data from
the TCGA-colorectal adenocarcinoma (COAD) database [21], we found that high Cdk5 in the CMS1
correlated with poorer outcomes (p = 0.036, 95% CI 1.07-8.10) (Figure 6C), while no differences were
found in the three remaining molecular subtypes (Figure S5B). It is worth mentioning that the majority
of the CMS1 group were non-metastatic patients (55 M0 and 4 M1).
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Figure 6. Cyclin dependent kinase 5 (Cdk5) expression in the four consensus molecular subtypes
(CMS). (A) Dunn and Kruskal-Wallis multiple comparison of Cdk5 expression in CMS in 98 stage II
tumors. Note that only six cases were classified as CMS1 as this cohort was restricted to microsatellite
stabile (MSS) cases (B) ANOVA analysis of Cdk5 expression levels in the CMS in the cancer genome
atlas - colorectal adenocarsinoma - rectal adenocarcinoma dataset (TCGA-COAD-READ) including 410
stage I-IV patients. * p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001. (C) PFI in the TCGA-COAD
CMS1 subgroup including 78 stage I-IV patients; patients were split according to the median of Cdk5
expression (cohort F).

3. Discussion

CdkS5 has emerged as a possible drug target in several tumors, including CRC. Here, we confirm
previous results implicating its role in CRC pathogenesis [13], but importantly, we report its possible
utility as a prognostic biomarker in this malignancy. It is worth mentioning that our study was
performed in a large number of CRC patients’ samples using different techniques to measure Cdk5
levels, and importantly, in selected groups according to tumor stage and clinical approaches. Given the
relevance of the recent molecular classification of CRC into four consensus subtypes, we also explored
the possible association of Cdk5 overexpression with specific CMS. To our knowledge, this is the most
complete study of these characteristics so far.

Our results indicate that Cdk5 and its activator p35 are broadly expressed in human CRC cell
lines; however, Cdk5 was found to be mainly bound to p25, the truncated form of p35. The binding of
p25 to CdkS5 is indicative of constitutive activation of Cdk5 [17]. In human colorectal adenocarcinomas,
Cdk5 and p35 were also highly expressed, especially when compared to normal adjacent tissue or
to normal colonic mucosa from healthy donors. Our results are in agreement with those reported
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by Zhuang et al. [13] and are possibly explained by the increased copy number of the Cdk5 gene
found in primary tumors as compared to normal adjacent tissues, a fact that was also pointed out by
Robb et al. [22].

Reduced Cdk5 expression was associated with decreased migration and invasion in vitro but
not with cell proliferation. This has been observed previously in cell lines from different tumor
origins [7,9,11-13]. Our cell lines had mutations in KRAS (LoVo) or in rapidly accelerated fibrosarcoma
B (BRAF) (HT29) genes. Indeed, signaling through the MAPKSs is one of the main deregulated pathways
in CRC and other authors had reported an interaction between Cdk5 and different effectors of this
pathway. Unfortunately, in the only previous study conducted for Cdk5 in the context of CRC, all the
cell lines tested had a deregulated MAPK pathway [13]. Therefore, we wanted to include cell lines
with proficient MAPK pathways and compare the effects of silencing the Cdk5 gene. We observed
that in this case, Cdk5 downregulation had no effect on migration or invasion of cells, which is in
agreement with previously published data [7]. It was previously shown that, in a context of RAS/BRAF
mutant CRC, Cdk5 could phosphorylate ERK5 and that the effects of abrogation of Cdk5 expression
were due to the inhibition of ERK signaling [13]. However, we think that this is unlikely as CRC cell
lines with KRAS or BRAF mutations seem to preferentially activate the ERK1/2 pathway and when
treated with ERK5 inhibitors, cell proliferation is unaffected [23,24].

We could successfully translate our results into a clinical setting as high levels of Cdk5 were
associated with a higher risk of relapse in early-stage MSS CRC patients that did not receive any
treatment after primary tumor resection, especially in patients with KRAS-mutant tumors. These results
point to the prognostic value of Cdk5, which seems to be related with a more aggressive phenotype as
we and others have reported in cell lines and in vivo models. Thus, those tumors expressing high levels
of Cdk5 could have an enhanced capacity to invade and migrate from primary sites to metastatic sites.
This is in agreement with what has been reported for other kinds of cancer, for example, breast cancer,
where the Cdk5-FAK pathway downstream of TGF-f signaling is necessary for EMT [10]. Indeed,
when we analyzed the connection between several gene sets related to EMT and Cdk5 expression in
the TCGA cohort, we found that only for TGF- signaling within EMT did high Cdk5 levels correlate
with greater pathway activation.

We want to remark the homogeneity of these two cohorts of localized CRC patients and the
fact that the patients did not receive any treatment, as this underscores the importance of Cdk5 as
a biomarker in a priori good prognostic tumors. Whether treatment should be considered for these
patients has to be explored in further studies.

We also investigated the predictive value of Cdk5 through analysis of the association between tumor
protein expression and the outcome of metastatic CRC patients receiving two standard chemotherapy
regimens: Oxaliplatin plus 5-fluorouracil and irinotecan plus 5-fluorouracil. Several studies have
shown that Cdk5 plays a role in DNA damage repair and resistance, including the one induced by
oxaliplatin and irinotecan [5,14]. However, we only observed a clear association of Cdk5 protein levels
with response or TTP in patients treated with the former: the higher the Cdk5 levels, the worse the
response or TTP. Whether patients with high Cdk5 tumor levels should be treated with irinotecan-based
schedules rather than oxaliplatin-based schedules requires further investigation. Nevertheless, it should
be noted that our results were based on the protein assessment in primary tumors and not in metastases.

For the moment, these results suggest that Cdk5 could be a good target to develop drugs against;
on the one hand, they could be used in an adjuvant setting to prevent disease relapse and on the
other hand, in a metastatic setting in combination with oxaliplatin. Another possibility would be a
combination with poly (ADP-ribose) polymerase (PARP) inhibitors, as it was reported that Cdk5 gene
silencing conferred high sensitivity to this kind of drugs [25]. Unfortunately, although huge efforts
have been made, the development of specific inhibitors is still an outstanding issue.

Finally, we wanted to explore the possible association between Cdk5 and the recently described
CMSs [20] using the TCGA data. We found that in this cohort, CMS1 tumors had the lowest levels of
Cdk5 and a high Cdk5 expression was only associated with worse progression-free interval in this

142



Annex

Cancers 2019, 11, 1540 13 of 17

subtype. CMS1 is the so-called immune subtype and it is enriched in microsatellite instable (MSI),
hypermutated, and highly lymphocyte-infiltrated tumors, which usually are responsive to immune
checkpoint blockers. Dorand et al. reported a CD4+ T-cell-dependent rejection of Cdk5-deficient
medulloblastoma cells in mice and an inverse correlation between Cdk5 and CD3+ T-cell infiltration in
human medulloblastoma samples [26]. Experimentally, they showed that IFN-y-induced programmed
death ligand 1 (PD-L1) upregulation on medulloblastoma cells requires Cdk5. Therefore, we can
speculate that in CMS1 tumors, which display high lymphocyte infiltration, high levels of Cdk5 would
favor the expression of PD-L1 avoiding antitumor immunity. Nevertheless, it is important to stress
that this cohort is very heterogeneous, containing both localized or metastatic tumors and a variety of
treatments. Therefore, this hypothesis should be confirmed in further investigations.

4. Material and Methods

4.1. Human CRC Cell Lines

Human tumor-derived colorectal adenocarcinoma cell lines HT29, LoVo, DLD1, LS513, HCT116,
DLDI1, Caco2, LS174T, SW1417, SW480, HCT15, and DiFi from the American Type Culture Collection,
along with SW48 parental and KRAS G12D/+ mutated cell lines (Horizon Discovery Ltd, Cambridge
United Kingdom), were used in the present study. Cell lines were grown as a monolayer in RPMI 1640
(DLD1, LS513, HCT116, SW48, SW480, Caco2, and HCT15), DMEM (HT29, LS174T and SW1417) and
Ham’s F-12 (Lo Vo) media (Thermo Fisher Scientific, Waltham, MA, USA). DMEM and RPMI media were
supplemented with 10% of heat-inactivated fetal calf serum (FCS) (Reactiva, 08004 Barcelona, Spain),
1% penicillin/streptomycin (Thermo Fisher Scientific, Waltham, MA, USA), 2 mmol/L L-glutamine
(Sigma-Aldrich, St. Louis, MO, USA), and 10 mmol/L HEPES (Sigma-Aldrich, St. Louis, MO, USA).
The Ham’s medium was supplemented with 20% of heat-inactivated FCS and 1% penicillin/streptomycin
(Thermo Fisher Scientific, Waltham, MA, USA). All cell lines were cultured at 37 °C in a humidified
atmosphere of 5% CO,. Cells were periodically tested for Mycoplasma contamination and authenticated
by short tandem repeat profiling with in-house methods.

The molecular status of cell lines used for experiments: HT29: MSS, KRAS WT, and BRAF mut.
V600E; LoVo: MSI, KRAS mut. G13D, and BRAF WT; HCT116: MSI, KRAS mut. G13D, and BRAF WT;
DiFi: MSS, KRAS WT, and BRAF WT; SW48: MSI, KRAS WT, and BRAF WT.

4.2. Gene Silencing

Cdk5 was transiently silenced using a mix of three different siRNAs (s2825, 2826, and s2827;
(Thermo Fisher Scientific, Waltham, MA, USA) and lipofectamine RNAIMAX in OptiMem medium
according to the manufacturer’s instructions (Thermo Fisher Scientific, Waltham, MA, USA). A negative
transcription control (siNTC) (Cat No. AM4611; Thermo Fisher Scientific, Waltham, MA, USA) was
used in all the experiments. Silencing was validated by western blotting and experiments with a
minimum of 70% silencing levels were considered.

4.3. Cell Proliferation

Cell proliferation was analyzed 24, 48, 72, and 96 hours after siRNA Cdk5 silencing. Cells were
permeabilized with 0.3% Triton X-100 and 30 uM propidium iodide (Sigma-Aldrich, St. Louis, MO,
USA) was added and the fluorescence signal corresponding to the cell quantity was measured at
645 nm on the Varioskan reader (Thermo Fisher Scientific, Waltham, MA, USA).

4.4. Colony Formation Assay

HT29 and LoVo siNTC and siCdkS5 cells were plated in six-well plates at a density of 300 cells/well.
After 12 days in culture, the cells were washed with phosphate-buffered saline (PBS), fixed with a
methanol/acetic acid (3:1) solution for 10 min and stained with a solution of crystal violet (0.5%) for
10 min. Colonies were counted manually.
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4.5. Migration and Invasion

Migration and invasion assays were performed using transwell plates (HTS
Transwell®Sigma-Aldrich, St. Louis, MO, USA). For the invasion assay, the upper chambers were
coated with 21 pL of Geltrex™ (Thermo Fisher Scientific, Waltham, MA, USA). For both the assays,
the lower chambers were filled with a medium containing 10% FCS and cells were seeded in 2%
FCS medium in the upper chamber. Migrated/invasive cells that had reached the lower side of
the membrane were fixed with 4% paraformaldehyde (PFA) and stained with 0.5% crystal violet.
The Image] software was used for quantification.

4.6. Immunoprecipitation

Cells were homogenized in lysis buffer and the supernatant was incubated with a Cdk5 primary
antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA; (J3): sc-6247) overnight at 4 °C. The mix
was incubated 2 hours with protein G-coupled beads (Millipore, St. Louis, MO, USA) and the beads
were washed and boiled for 5 minutes in a loading buffer to detach the protein complex. The protein
levels were examined by western blotting.

4.7. Western Blotting

Cells were homogenized in a radioimmunoprecipitation assay (RIPA) plus buffer. Frozen tissue
samples were disintegrated manually and were homogenized with RIPA plus buffer using the
gentleMACS Dissociator system (Milteny Biotech, Bergisch Gladbach, Germany). Protein concentration
was determined using the DC™ Protein Assay (Bio-Rad Laboratories, Inc., Richmond, CA, USA)
and 50 pg of the protein was loaded and subjected to electrophoresis in 10% Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels (Thermo Fisher Scientific, Waltham, MA,
USA) and transferred onto Polyvinylidene fluoride or polyvinylidene difluoride (PVDF) membranes
(Bio-Rad Laboratories, Inc., Richmond, CA, USA). After blocking (LICOR Biosciences, Lincoln, NE,
USA), membranes were incubated overnight with specific primary antibodies against Cdk5 (Cell
Signaling, Danvers, MA, USA, #2506, 1:1000), p35 (Cell Signaling, Danvers, MA, USA, #2680, 1:300),
and «-Tubulin (Sigma-Aldrich, St. Louis, MO, USA, #T6074, 1:20,000). Membranes were incubated
with IRDye rabbit and mouse secondary antibodies (1:10,000) (LICOR Biosciences, Lincoln, NE, USA)
and scanned and analyzed on the Odyssey imaging system (LICOR Biosciences). Non-cropped western
blots from Figure 1B, Figure 3A, and Figure S1 can be seen in Figure S6.

4.8. Patients’ Samples

Six different cohorts (named A to F), with a total of 811 samples from different patients, were used
in this study. Table 1 shows the characteristics of each cohort. Samples from cohort C were collected at
the Duran i Reynals Hospital. Samples from cohorts D and E belong to a private collection (ISCIII
registered number C.0001505). All the samples were collected according to standard local protocols and
after obtaining informed consent. The Clinical Research Ethical Committee from Hospital Germans
Trias i Pujol provided approval for the study (BB14002; date: 7th March 2014).

4.9. Tissue Microarray and Immunohistochemistry (IHC) Staining

A tissue microarray (TMA) was built for cohorts D and E as previously described [27].
Subsequent immunohistochemistry procedures were applied as reported [27,28], and specific Cdk5
antibodies were used (Abcam, Cambridge, MA, USA, ab40773, 1:200 and Cell Signaling, Danvers, MA,
USA, 2506, 1:200 for validation). Cells with siNTC or siCdk5 gene silencing were used to evaluate
antibody specificity.
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4.10. gPCR

CDK5 gene expression was studied by qPCR in cohort C as previously described [14,28]. Briefly,
retrotranscription was performed with moloney murine leukemia virus (MMLV) reverse transcriptase
(Thermo Fisher Scientific, Waltham, MA, USA) and the Cdk5 assay no. Hs00762869_s1 was used
(Thermo Fisher Scientific, Waltham, MA, USA). Relative gene expression quantification was calculated
according to the comparative Ct method as described elsewhere using 3-Actin (Thermo Fisher Scientific,
Waltham, MA, USA) as the endogenous control.

4.11. In Silico Data

Two publicly available cohorts were used: Colonomics (NCBI BioProject PRINA188510) and
TCGA. The colonomics cohort (cohort B) consisted of 98 paired adjacent-normal and tumor tissues
from stage Il microsatellite stable patients and 50 colon mucosae samples from healthy donors (246
samples in total). Gene expression data, assessed by Affymetrix Human Genome U219 expression
array, had previously been analyzed [29].

For studies using the TCGA cohort (cohort F), we included all samples annotated as TCGA-colon
adenocarcinoma (COAD) (n = 448) and 25 samples annotated as stage [V TCGA-rectum adenocarcinoma
(READ), 473 samples in total. The classification of TCGA samples into four CMS was in agreement
with Guinney et al. [20]. Different survival event data were retrieved according to Liu et al. [21].

4.12. Statistical Analysis

The data coming from in vitro experiments are presented as mean + standard error of the mean
(SEM) of at least three independent experiments and statistical analysis was performed with Graphpad
Prism V.4 software (San Diego, CA, USA). Comparisons among different experimental conditions were
carried out through the T-student or two-way ANOVA test followed by Bonferroni post-test. Values of
p <0.05 were considered significant.

A survival analysis was performed with the survival and survminer R packages. Kaplan-Meier
curves depicting disease-free survival (DFS), time to progression (TTP), progression-free interval
(PFI), and overall survival (OS) were accompanied with the log-rank test to verify significance in
survival curve differences. The Cox regression hazards models were performed to quantify the effect
of gene expression and survival (adjusted for age and stage). Differences in response to treatment were
evaluated in cohorts D and E by contingency tables and chi-square or Fisher’s exact tests as appropriate.

Regarding TCGA data, comparison between primary and normal tumor samples (gene expression
and copy number alteration segment mean) were performed using paired samples T-tests. Both variables
were compared using the Pearson correlation test. Cdk5 gene expression comparison between different
CMS subtypes was performed using one-way ANOVA.

The GSVA R-package (gene set variation analysis, PMC3618321) was used to compare the gene
expression levels of EMT and TGF-f signaling in EMT pathways in Cdk5 low vs. Cdk5 high tumors.
A Wilcox's test was performed to evaluate the statistical significance.

5. Conclusions

We combined in vitro studies with the analysis of a high number of tumor samples from different
CRC stages and confirmed that Cdk5 is involved in CRC progression and that it could serve as a
prognostic and predictive biomarker in this disease. Our findings also suggest that Cdk5 could help
decide which patients should receive adjuvant therapy and whether oxaliplatin or irinotecan should
be used in the treatment of metastatic disease.

Supplementary Materials: The following are available online at http:/www.mdpi.com/2072-6694/11/10/1540/s1,
Figure S1: Cdk5 siRNA-mediated gene silencing in CRC cells, Figure S2: Effect of Cdk5 siRNA-mediated gene
silencing on HCT116 cell proliferation and HT29 and LoVo colony formation, Figure S3: Kaplan-Meier analysis
of OS and PFI depending on Cdk5 expression and KRAS mutational status, Figure S4: EMT-related enriched
hallmark correlations with Cdk5 expression, Figure S5: Kaplan-Meier analysis of OS and PFI depending on Cdk5
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expression and CMS group, Figure S6: Images displaying non-cropped western blots from Figure 1B, Figure 3A,
and Figure S1.
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