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La fibrosi hepatica és una afectaci6 medica greu causada per l'acumulacié
excessiva de matriu extracel-lular. Els principals estimuls que condueixen a una
fibrosi hepatica sén, entre d'altres, la infeccié pels virus de I'hepatitis, el consum
cronic d'alcohol o I'obstruccié biliar. Aquest dany, a través de multiples vies,
segons la etiologia, desencadenara l'activacié de vies de senyalitzacié que
conduiran cap a l'activacié de les cél-lules estrellades hepatiques, la degeneracié
dels hepatocits, i a la deposicié de fibres de collagen que conduiran a un
malfuncionament de I'organ.

El TNF és un dels mediadors inflamatoris més importants del nostre organisme, i
és per aixd que és una de les principals citocines involucrades en la resposta al
dany hepatic. Altres citocines com el PDGF o el TGF-B, també implicades en la
fibrosi hepatica, estan ben caracteritzades. En el cas del TNF i els seus receptors,
pero, encara no s'ha descrit quin paper desenvolupen en el procés d'activacié de
les CEH i en el seu potencial fibrogenic tan /n vitro com in vivo. Per aquest motiu, i
perque el rol anti- o pro-fibrogenic del TNF encara és un tema controvertit, el

nostre primer objectiu va ser el seglient:
OBJECTIU 1:

> Determinar el paper de TNF i els seus receptors, TNFR1 i TNFR2, en el
procés de transdiferenciacié de les CEH i quin paper desenvolupen en la

fibrogenesi hepatica.

L'esfingomielinasa acida és la responsable de la hidrolisi d'esfingomielina per
produir ceramida, un reconegut mediador de mort cel-lular, entre d'altres. A més,
I'’ASMasa ha estat implicada en varis processos cel-lulars, i s’ha descrit que TNF és
capag d'activar-la. Com que anteriorment al nostre grup s’havien relacionat les
catepsines amb la fibrosi hepatica, vam voler estudiar si I'esfingomielinasa acida
jugava algun paper important en el procés de transdiferenciacié de les CEH i
fibrogenesi a través de les catepsines. Per altre banda, esta ben establert que la
manca d'activitat ASMasa deguda a una mutacié en el gen SPMD1 condueix a la
malaltia de Niemann-Pick, que es caracteritza per una neurodegeneracié

primerenca i malaltia hepatica principalment. Com que haviem establert una
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relacié directe entre '’ASMasa i la CtsB/D en la fibrosi hepatica, vam voler estudiar
si la inhibicié d'aquesta via de senyalitzacié podia contribuir a una millora en la
malaltia hepatica que pateixen els pacients d’aquesta malaltia. Per aquest motiu el

segiient objectiu plantejat va ser:
OBJECTIU 2:
» Estudiar la implicacié de 'ASMasa en el procés de transdiferenciacié de les

CEH i la fibrogenesi hepatica aixi com el seu paper en la malaltia hepatica

d'un fenotip Niemann-Pick tipus A.
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Els resultats obtinguts durant aquests quatre anys d'estudis pre-doctorals han
donat lloc a tres articles, publicats en revistes internacionals indexades, dels quals
séc primera autora en dos d'ells, i segona firmant en un tercer. Els articles

publicats com a conseqiiéncia d'aquesta tesis sén els segiients:

Objectiu 1:
Tarrats N, Moles A, Morales A, Garcia-Ruiz C, Fernandez-Checa JC, Mari M.
Critical role of TNF-receptor 1 but not 2 in hepatic stellate cell

proliferation, extracellular matrix remodelling and liver fibrogenesis.
Hepatology 2011 Jul; 54(1p319-27.1F: 10.88

Objectiu 2:

Moles A, Tarrats N, Morales A, Dominguez M, Bataller R, Caballeria J, Garcia-Ruiz
C, Fernandez-Checa JC, Mari M. Acid Sphingomyelinase promotes Hepatic
Stellate Cell activation and liver fibrosis via Cathepsins B induction.
American Journal of Pathology 2010 Sep; 177(3p1214-24. IF: 5.224

Moles A* Tarrats N* Fernindez-Checa JC, Mari M. Cathepsin B
overexpresion due to acidic sphingomyelinase ablation promotes liver
fibrosis in Niemann-Pick disease. (*compartint autoriap Journal of Biological

Chemistry 2012 Jan 6;287(2p1178-88p IF: 5.328

El resum dels quals i la publicacié corresponent s'adjunten a continuacid.
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OBJECTIU 1

Article derivat:

Tarrats N, et al. Critical role of TNF-receptor 1 but not 2 in hepatic stellate

cell proliferation, extracellular matrix remodelling and liver fibrogenesis.
Hepatology 2011 Jul; 54(1p319-27.

Resum:

Per tal d'avaluar la participacié dels receptors de TNF en l'activacié de les
CEH, es van aillar CEH i es va estudiar el seu procés d'activacié. Les CEH
procedents de ratolins deficients en els dos receptors de TNF (TNFR-DKOpi
de ratolins deficients en el receptor TNFR1, o TNFR1-KO, expressen de
manera basal menor quantitat de pro-collagen tipus 1, mentre que no
mostren diferéncies en l'expressié de TGF-p o a-SMA. Aixo indicaria que
I'expressié de TNFR1 és necessaria en les CEH per l'expressié optima del pro-

col-lagen tipus 1.

Durant la seva transdiferenciacid, les CEH TNFR-DKO mostren una menor taxa
de proliferacié respecte les CEH control. Per aquest motiu, varem voler
analitzar si el TNF-a era capag d'induir la proliferacié de les CEH. Després
d'incubar amb TNF les LX2 (linia cellular de CEH humanesp vam poder
observar que el TNF per si sol no induia la proliferacié de les CEH, i ni tan sols

potenciava els efectes mitogenics de PDGF.

Donat que PDGF és el mitogen més potent per a les CEH, varem voler avaluar
si els receptors de TNF eren necessaris per una senyalitzacié optima de PDGF.
El que observarem va ser que les CEH TNFR-DKO i les TNFR1-KO
practicament no responen a l'estimul proliferatiu de PDGF i que aquesta
menor proliferacié ve acompanyada d'una manca o baixa activacié d'AKT. Les
CEH control i TNFR2-KO si responen a PDGF i fosforilen AKT de manera
normal, demostrant-se aixi que es requereix TNFR1 per a la proliferacié i
activacié de la via d'AKT.
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El remodelat de la matriu extracel-lular és una de les facetes més critiques de la
fibrosi hepatica, i també és conseqtiencia de l'activacié de les CEH, per aixo
varem voler determinar el paper dels receptors de TNF en I'expressié de les
metal-loproteases MMP2 i MMP-9 i de I'inhibidor de metal-loproteases TIMP-
1. Les CEH TNFR-DKO expressen de forma basal una menor quantitat de
MMP-9 respecte les cellules control. Quan aquestes cel-lules sén estimulades
amb TNF, les CEH procedents de ratolins salvatges mostren una clara induccié
de I'expressié de MMP-9, a nivell d'RNAm i de proteina. Vam observar el
mateix en les CEH de ratolins TNFR2-KO, mentre que en les CEH TNFR-DKO i
TNFR1-KO no observavem aquesta induccié. Véiem el mateix patré amb
I'expressié de TIMP-1, mentre que la preséncia i induccié de MMP-2 no estava
regulada per TNF. Aquests resultats mostren que TNFR1 és essencial per a
I'expressié de MMP-9 i TIMP-1, factors importants per a la remodelacié de la

matriu extracel-lular.

Els resultats anteriors es van confirmar en la linia cel-lular LX2 (Xu et al. 2005p i
addicionalment varem poder determinar que la induccié de MMP-9 depenia

de I'activacié de NF-kB.

Per avaluar la relacié causal entre dany hepatic i fibrogenesi vam avaluar la
fibrosi in vivo usant el model de fibrosi de lligadura del conducte biliar (LCBp
en ratolins salvatges, TNFR-DKO, TNFR1-KO i TNFR2-KO. Els ratolins TNFR-
DKO i TNFR1-KO, com era d'esperar, mostren una millora en el dany hepatic
respecte els animals control i TNFR2-KO, i també mostren una reduida
expressié de gens pro-fibrogenics com TNF hepatic, MMP-9, TIMP-1, a-SMA,
o pro-collagen tipus I. De fet s'observa una correlacié entre els valors de TNF
i MMP-9, TIMP-1 i pro-col-lagen tipus |. Aquests resultats in vivo recapitulen
els efectes observats /n vitro, i mostren la dependeéncia de la senyalitzacié via
TNFR1 per induir els canvis en la remodelacié de la MEC durant la fibrogeénesi

primerenca.
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Critical Role of Tumor Necrosis Factor Receptor 1,
but not 2, in Hepatic Stellate Cell Proliferation,
Extracellular Matrix Remodeling,
and Liver Fibrogenesis

Ntria Tarrats,' Anna Moles,' Albert Morales,' Carmen Garcia-Ruiz,' José C. Fernandez-Checa,"*"
and Montserrat Mari'"

Tumor necrosis factor (TNF) has been implicated in the progression of many chronic liver
diseases leading to fibrosis; however, the role of TNF in fibrogenesis is controversial and the
specific contribution of TNF receptors to hepatic stellate cell (HSC) activation remains to be
established. Using HSCs from wild-type, TNF-receptor-1 (TNFR1) knockout, TNF-receptor-
2 (TNFR2) knockout, or TNFR1/R2 double-knockout (TNFR-DKQO) mice, we show that
loss of both TNF receptors reduced procollagen-a1(I) expression, slowed down HSC prolifer-
ation, and impaired platelet-derived growth factor (PDGF)-induced promitogenic signaling
in HSCs. TNFR-DKO HSC:s exhibited decreased AKT phosphorylation and #n vitro prolifer-
ation in response to PDGE. These effects were reproduced in TNFR1 knockout, but not
TNFR2 knockout, HSCs. In addition, matrix metalloproteinase 9 (MMP-9) expression was
dependent on TNF binding to TNFR1 in primary mouse HSCs. These results were validated
in the human HSC cell line, LX2, using neutralizing antibodies against TNFR1 and TNFR2.
Moreover, in vivo liver damage and fibrogenesis after bile-duct ligation were reduced in
TNFR-DKO and TNFR1 knockout mice, compared to wild-type or TNFR2 knockout mice.
Conclusion: TNF regulates HSC biology through its binding to TNFR1, which is required for
HSC proliferation and MMP-9 expression. These data indicate a regulatory role for TNF in
extracellular matrix remodeling and liver fibrosis, suggesting that targeting TNFR1 may be of
benefit to attenuate liver fibrogenesis. (HEpaTOLOGY 2011;54:319-327)

umor necrosis factor (INF) is an inflamma- within cells. TNF exerts its biological functions by
tory cytokine produced by macrophages/ interactions with two members of the TNF receptor
monocytes during acute inflammation and is (TNFR) superfamily, namely TNFR1 and TNFR2.
responsible for a diverse range of signaling events The cytoplasmic tail of TNFR1 contains a death

Abbreviations: a-SMA, alpha-smooth muscle actin; BDL, bile-duct ligation; CCly, carbon tetrachloride; DT, dithiothreitol; ECL, enhanced chemiluminescense;
EDTA, ethylenediamine tetraacetic acid; ECM, extracellular matrix; EGTA, ethylene glycol tetraacetic acid; ERK, extracellular signal-related protein kinase; FBS,
fetal bovine serum; HSE, hematoxylin and eosin; HSC, hepatic stellate cells; HRE horseradish peroxidase; IL-10, interleukin-1 alpha; JAK, Janus kinase; LPS,
lipopolysaccharide; mRNA, messenger RNA; MMED matrix metalloproteinase; NF-kB, nuclear factor kappa light-chain enhancer of activated B cells; PDGE
platelet-derived growth factor; RT-PCR, reverse-transcription polymerase chain reaction; siRNA, short interfering RNA; TCA, trichloroacetic acid; TGF-p,
transforming growth factor beta; TIMP-1, tissue inhibitor of metalloproteinase-1; TINE tumor necrosis factor; TNFR, TNF-receptor; TNFR-DKO, TNFRI/R2
double knockout.
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domain, which is essential for the induction of apopto-
sis. However, this motif is missing in TNFR2 and the
function of this latter receptor is poorly understood."*
In the liver, TNF functions as a double-edged sword
through TNFR1, being required for normal hepatocyte
proliferation during liver regeneration®* and induction
of nuclear factor kappa light-chain enhancer of acti-
vated B cells (NF-xB), which is essential to elicit antia-
poptotic defense and in the control of the immune
response. Yet, on the other hand, TNF is the mediator
of hepatotoxicity and inflammation in many animal
models and has also been implicated as an important
pathogenic player in patients with alcoholic liver dis-
ease, nonalcoholic steatohepatitis, or viral hepatitis.5 -6
Human and animal studies suggest that hepatocellular
injury, followed by inflammation and activation of the
innate immune system, leads to early-stage liver fibro-
sis, ultimately resulting in hepatic stellate cell (HSC)
activation and extracellular matrix (ECM) deposi-
tion.”® Although the contribution of TNF to hepato-
cellular injury and inflammation has been widely stud-
ied,>*>1 its specific contribution to HSC activation
and liver fibrogenesis remains controversial. In this
sense, experimental studies performed with knockout
mice after carbon tetrachloride (CCly) administration
have shown that the absence of either TNFR1'' or
TNFR1/R2 double-knockout (TNFR-DKO)'* mice
inhibit liver fibrosis accompanied by reduced expres-
sion of procollagen-a1(I) messenger RNA (mRNA),
without effect on hepatic injury, suggesting a profibro-
genic role for TNE In contrast, a recent study showed
that the inhibition of TNF processing via TNF-alpha—
converting enzyme attenuated liver injury and inflam-
mation after CCly administration, but increased colla-
gen deposition, effects reproduced in the TNFR-DKO
mice.'> Moreover, several reports using cultured HSCs
point to an antifibrogenic role of TNF via the inhibi-
tion of procollagen-01(I) gene expressionM’17 due, in
part, to glutathione depletion.18

Hence, although TNF has been implicated in the
progression of many chronic liver diseases leading to
fibrosis, the specific involvement of TNF or its recep-
tors, TNFR1 and TNFR2, in HSC activation remains
to be established. The morphological and metabolic
changes associated with HSC activation, reproduced
by culturing isolated HSCs on plastic,'”* were stud-
ied in HSCs from wild-type, TNFR-DKO, TNFRI,
and TNFR2 knockout mice to evaluate the impact of
TNF signaling and thus its potential direct contribu-
tion to liver fibrosis. The results, validated 7z vitro in
human activated LX2 cells and in vivo using a bile-
duct ligation (BDL) mice model, led us to underscore

HEPATOLOGY, July 2011

the contribution of TNFRI in liver fibrosis, and sug-
gest that the blockage of specific TNF receptors may
be effective to reduce hepatic deterioration during
fibrogenesis.

Materials and Methods

Animals and HSC Isolation. Wild-type, TNFR1
knockout mice, TNFR2 knockout mice, and TNFR-
DKO mice (10-18 weeks old) (C57BL/6 strain), a
generous gift of Dr. Bluethmann (Discovery Technolo-
gies, Hoffmann-La Roche Ltd., Basel, Switzerland),
were obtained by the propagation of homozygous
pairs. The animals had free access to water and stand-
ard purified rodent diet throughout the study. All ani-
mals received humane care according to the criteria
outlined in the Guide for the Care and Use of Labora-
tory Animals published by the National Institutes of
Health (Bethesda, MD). HSCs were isolated by perfu-
sion with collagenase and cultured as described.?!

Cell Lines and Culture. In addition to primary
mouse HSCs, we used the human HSC cell line, LX2.
Cells were cultured in Dulbecco’s modified Eagle me-
dium (DMEM) plus 10% fetal bovine serum (FBS),
and antibiotics were cultured at 37°C in a humidified
atmosphere of 95% air and 5% CO,. Cells were se-
rum-starved with 0.5% FBS before using TNEF-a,
PDGEF-BB, interleukin-1 alpha (IL-l1a), and IL-1f
(PreproTech EC, London, UK) or lipopolysaccharide
(LPS) (from Escherichia coli serotype 0128:B12;
Sigma-Aldrich Quimica SA, Madrid, Spain). Neutraliz-
ing antibodies against human TNFR1 and TNFR2
(R&D Systems, Minneapolis, MN) were used at a
concentration of 10 ug/mL. In vitro short interfering
RNA (siRNA) transfection was performed using com-
mercially available siRNA (Santa Cruz Biotechnology,
Heidelberg, Germany) as previously ~described.”'
Unless otherwise stated, all reagents were from Sigma-
Aldrich.

Real-time RT-PCR and Primer Sequences. Total
RNA from HSCs, mouse tissue, or LX2 cells was iso-
lated with TRIzol reagent (Invitrogen, Paisley, UK).
Real-time reverse-transcription polymerase chain reac-
tion (RT-PCR) was performed with the iScript One-
Step reverse transcription (RT)-PCR kit with SYBR
Green (Bio-Rad Laboratories SA, Madrid, Spain).
Primer sequences were designed based on published
sequences (Table 1).

PH] Ti hymidine Incorporation. Proliferation was
estimated as the amount of [SH]—thymidine incorpo-
rated into trichloroacetic acid (TCA)-precipitable ma-
terial, as previously described.”!
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Table 1. Primers Used in Quantitative Real-Time RT-PCR
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5' primer 3’ primer
Target gene (mouse)
f-actin [NM_007393] GACGGCCAGGTCATCACTAT CGGATGTCAACGTCACACTT
o-SMA [NM_007392] ACTACTGCCGAGCGTGAGAT AAGGTAGACAGCGAAGCCAA
TIMP-1 [NM_001044384] CATGGAAAGCCTCTGTGGAT CTCAGAGTACGCCAGGGAAC
MMP-2 [NM_008610] ACCTGAAGCTGGAGAACCAA CACATCCTTCACCTGGTGTG
MMP-9 [NM_013599] CAAATTCTTCTGGCGTGTGA CGGTTGAAGCAAAGAAGGAG
TGF-f [NM_011577] GTCAGACATTCGGGAAGCAG GCGTATCAGTGGGGGTCA
Procollagen o1() [NM_007742] GAGCGGAGAGTACTGGATCG GTTCGGGCTGATGTACCAGT
TNF [NM_013693] CTGAACTTCGGGGTGATCGGT ACGTGGGCTACAGGCTTGTCA
Target gene (human)
p-actin [NM_001101] GGACTTCGAGCAAGAGATGG AGGAAGGAAGGCTGGAAGAG
o-SMA [NM_001613] CCGACCGAATGCAGAAGG ACAGAGTATTTGCGCTCCGGA
TIMP-1 [NM_003254] AGTGGCACTCATTGCTTGTG GCAGGATTCAGGCTATCTGG
MMP-2 [NM_004530] ACGACCGCGACAAGAAGTAT ATTTGTTGCCCAGGAAAGTG
MMP-9 [NM_004994] GACAAGCTCTTCGGCTTCTG CTCGCTGGTACAGGTCGAGT

Sodium Dodecyl Sulfate Polyacrylamide Gel Elec-
trophoresis and Immunoblot Analysis. Total cell
lysates were incubated, after transferring to nitrocellu-
lose membranes, with rabbit anti-phospho-Akt
(1:250), anti-AKT (1:200), anti-MMP-9 (1:200; Santa
Cruz Biotechnology), anti-phospho-ERK1/2, anti-ERK
(extracellular signal-related protein kinase), anti-phos-
pho-JAK2 (Janus kinase 2), anti-JAK2 (1:2,000; Cell
Signaling Technology, Danvers, MA), or mouse anti-o-
SMA (alpha-smooth muscle actin; 1:1000) and anti-f-
actin (1:5000), followed by incubation with horserad-
ish peroxidase (HRP)-conjugated secondary antibody
anti-rabbit (1:20,000) or anti-mouse (1:20,000), and
developed in enhanced chemiluminescent (ECL) sub-
strate (Pierce, Rockford, IL).

Histochemical Staining. Liver tissue was fixed in
10% formalin/phosphate-buffered saline, dehydrated
in alcohols, incubated in xylene, and embedded in par-
affin. Then, 7-um-thick tissue sections were cut and
stained with hematoxylin and eosin (H&E), according
to the manufacturer’s protocols.

Gelatin  Zymography. Medium from  cultured
HSCs was treated with sample buffer without 2-mer-
captoethanol and loaded onto sodium dodecyl sulfate
gel, containing 0.1% gelatin. After electrophoresis, the
gel was washed twice with 2.5% Triton X-100 for 15
minutes and incubated overnight in developing buffer
(50 mmol/L Tris-HCI, pH 7.4, 0.2 mol/L NaCl, 10
mmol/L CaCl,, and 0.002% sodium azide) at 37°C.
After, the gel was stained with a solution containing
0.5% Coomassie Brilliant Blue, 40% methanol, and
7% acetic acid and destained. Bands were visualized
using a Gel-Doc analyzer (Bio-Rad).

Nuclear Extract Isolation. Briefly, 2 x 10° HSC
or LX2 cells were scraped in Buffer A (10 mmol/L
Hepes, 10 mmol/L KCI, 0.1 mmol/L ethylenediamai-

netetraacetic acid [EDTA], 0.1 mmol/L ethylene glycol
tetraacetic acid [EGTA], 1 mmol/L dithiothreitol
[DTT], and 0.5 mmol/L phenylmethylsulfonyl fluo-
ride [PMSF]), kept on ice for 15 minutes, and lysed
by the addition of 1/20 (vol/vol) 10% Igepal and vor-
texed for 10 seconds. Nuclei were pelleted (12,000,
30 seconds), resuspended in Buffer C (20 mmol/L
Hepes, 0.4 mol/L NaCl, 1 mmol/L EDTA, 1 mmol/L
EGTA, 1 mmol/L DTT, and 1 mmol/L PMSF), and
incubated for 15 minutes on ice with gentle mixing.
After, nuclear extracts were obtained by centrifuging at
4°C, 12,000¢ for 5 minutes.

In Vivo Liver Fibrosis After BDL. BDL was per-
formed as previously described.*

Statistical ~ Analysis. Results ~ were  routinely
expressed as mean * standard deviation, with the
number of individual experiments detailed in figure
legends. Statistical significance of the mean values was
established by the Student # test.

Results

Loss of TNFRI/TNFR2 Reduces Procollagen-a1(I)
mRNA Expression. To evaluate the participation of
TNF receptors on the activation of HSC, we isolated
HSC from wild-type and TNFR-DKO mice and
plated them on plastic with medium containing 10%
FBS to allow their activation. As expected, though
TNFR-DKO HSCs did not respond to TNE as
shown by the lack of NF-xB activation after TNF
challenge, represented as the translocation of p65 to
the nucleus, they were able to activate NF-kB in
response to other stimuli, such as LPS addition (Fig.
1A). The expression of a-SMA was followed at differ-
ent time points along the activation of HSCs. a-SMA
protein expression increased during the time of culture
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Fig. 1. Expression pattern of wild-type (WT) and TNFR-DKO HSC.
(A) p65 subunit of NF-xB translocation to nuclei in HSC after TNF (10
ng/mL) or LPS (50 ng/mL) challenge for 30 minutes. (B) Time course
of «-SMA protein expression by western blot. (C) TGF-f and procolla-
gen-o1(l) mRNA expression. Procollagen-o1(I) mRNA expression in
TNFR1-KO and TNFR2-KO HSCs (D) or in LX2 cells (E) after incubation
with blocking antibody (Ab) anti-TNFR1 (10 ug/mL, 24 hours). Data
are mean = standard deviation; in (C,D,E), n > 3 and *P < 0.05
versus WT HSC.

and its levels were similar among wild-type and
TNFR-DKO HSCs (Fig. 1B). Moreover, paralleling
the effects on a-SMA, transforming growth factor beta
(TGF-f) mRNA levels were comparable in wild-type
and TNFR-DKO HSCs, after 7 days of culture. How-
ever, procollagen-a1(I) mRNA levels were significantly
decreased in TNFR-DKO HSCs during iz vitro activa-
tion (Fig. 1C) and also in TNFR1-KO HSCs, but not
in TNFR2-KO (Fig. 1D). In addition, LX2 cells incu-
bated with neutralizing antibody against TNFRI re-
ceptor displayed a significant decrease in procollagen-
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o1(I) mRNA expression (Fig. 1E), thus indicating that
the expression of TNFRI is necessary in HSCs for
optimal expression of procollagen-a1(I).

TNFRI1 Is Required for PDGF-Induced AKT
Phosphorylation and HSC Proliferation. Next, we
assessed whether a lack of TNF signaling would affect
HSC proliferation. HSCs from TNFR-DKO displayed
a reduced proliferation rate, compared to wild-type
HSCs, during their transdifferentiation into myofibro-
blast-like cells (Fig. 2A). To further evaluate the poten-
tial mechanisms involved, we first addressed whether
the decreased proliferation of HSCs was due to a
reduced ability of TNF to stimulate proliferation.
TNF itself did not stimulate the proliferation of HSCs
(Fig. 2B). Moreover, because PDGF is a potent mito-
genic stimulus for HSCs, we next examined whether
TNF would potentiate PDGF signaling and stimula-
tion of cell proliferation. Although PDGF stimulated
wild-type HSC cell proliferation, this effect was not
enhanced in the presence of TNE thus discarding a
direct role of TNF in HSC proliferation (Fig. 2B).
Moreover, to examine whether TNF receptors were
required for optimal PDGF signaling, we addressed
the effect of PDGF in TNFR-DKO HSCs. As shown,
the proliferating effect of PDGF was markedly reduced
in TNFR-DKO HSCs (Fig. 2C) due to impaired
AKT phosphorylation (Fig. 2D).
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Fig. 2. Lack of TNF receptors affects HSC proliferation. (A) Wild-
type and TNFR-DKO HSC proliferation. (B) LX2 proliferation after 24
hours of PDGF (20 ng/mL) and/or TNF (50 ng/mL) challenge. (C)
Wild-type, TNFR-DKO, TNFR1-KO, and TNFR2-KO proliferation after 24
hours of PDGF (20 ng/mL) challenge. AKT phosphorylation induced by
PDGF (10 or 20 ng/mL) for 15 minutes in wild-type versus TNFR-DKO
(D), TNFR1-KO (E), or TNFR2-KO (F) HSCs. Data are mean =+ standard
deviation in (A) and (C), n = 3 and *P < 0.05 versus wild-type
HSCs; in (B), *P < 0.05 versus PDGF untreated cells.
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Fig. 3. PDGF-f-receptor signaling in TNF-DKO HSC. (A) PDGF-f-re-
ceptor degradation after PDGF challenge (20 ng/mL, 2 hours) and (B)
JAK2 and ERK1/2 activation after PDGF challenge (15 minutes) in
wild-type and TNFR-DKO HSCs. (C) ERK1/2, AKT, and JAK2 activation
by PDGF (20 ng/mL) or TNF (50 ng/mL) in LX2 cells. (D) p65 expres-
sion and AKT activation by PDGF (15 minutes) in control and p65
siRNA-transfected LX2 cells.

Moreover, TNFR1-KO HSCs displayed a reduced
phosphorylation of AKT in response to PDGF (Fig.
2E); however, TNFR2-KO HSCs (Fig. 2F) were able
to phosphorylate AKT similarly to wild-type HSCs,
thus suggesting an intricate interplay between TNFRI1
and PDGEF signaling. Consistent with these observa-
tions, cell proliferation in response to PDGF was
impaired in TNFRI1-KO, but not in TNFR2-KO,
HSCs (Fig 20).

Furthermore, we addressed downstream signaling
pathways involved in the proliferation of HSCs
induced by PDGF. First, we observed that PDGF re-
ceptor degradation stimulated by ligand binding was
unimpaired in TNFR-DKO HSCs (Fig. 3A). More-
over, in addition to the requirement for TNFR1 for
Akt phosphorylation in response to PDGF (Fig 2E),
PDGF also induced the phosphorylation of ERK1/2
and JAK2 in wild-type HSC or LX2 cells (Fig. 3B,C).
However, the phosphorylation of JAK2, but not
ERK1/2, was impaired in TNFR-DKO HSC (Fig.
3B). Unlike ERK1/2, we did not observe p38 phos-
phorylation by PDGF in mouse HSC or human LX2
cells (not shown). In addition, AKT phosphorylation
by PDGF was dependent on NF-xB activation,
because p65 silencing by siRNA reduced PDGEF-de-
pendent AKT activation, compared to control-siRNA-—
transfected cells (Fig. 3D).

TNFRI1 Controls MMP-9 Expression in HSCs and
Human LX2 Cells. Because matrix remodeling is
another critical facet of liver fibrosis and a consequence
of HSC activation, we next examined the role of TNF
receptors on MMP-9 expression. In the presence of
10% FBS, MMP-9 mRNA expression was reduced in
TNFR-DKO HSCs (Fig. 4A). To validate the impor-
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tance of TNF as a putative inducer of MMP-9, HSCs
from wild-type and TNFR-DKO mice were depleted
of serum up to 0.5% and incubated with TNE This
maneuver resulted in an induction of MMP-9 mRNA
(Fig. 4B) and protein (Fig. 4C) in wild-type, but not
in TNFR-DKO, HSCs. The induction of MMP-9 was
mediated by TNFR1, as TNFR2-KO HSCs were able
to activate MMP-9 mRNA (Fig. 4B). Of note, under
conditions of serum limitation (0.5% FBS), the
expression of MMP-9 mRNA in wild-type HSCs was
similar to that of TNFR-DKO HSCs, indicating that
the basal induction of MMP-9 is independent of TNEF,
but that its induction under growing conditions
required TNF (Supporting Fig. 1). Moreover, the
induction of MMP-9 by TNF in mouse HSCs was de-
pendent on the time of activation being higher in 14-
day, compared to 7-day, HSC cultures and similar to
the levels observed with IL-1a or IL-1f (Fig. 4D).
The participation of TNFRI as the receptor responsi-
ble for MMP-9 induction was further validated in
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Fig. 4. TNF controls MMP-9 expression in HSCs. (A) Basal MMP-9
mRNA expression in wild-type and TNFR-DKO HSC and (B) after TNF
challenge (50 ng/mL) for 24 hours in wild-type, TNFR-DKO, TNFR1-KO,
and TNFR2-KO HSCs. (C) Effect of TNF (50 ng/mL, 24 hours) on
MMP-9 protein expression. (D) MMP-9 mRNA expression in primary 7-
and 14-day-old HSCs incubated with an equivalent concentration (50
ng/mL) of TNF LPS, IL-1¢, and IL-15 for 24 hours. (E) MMP-2 and
TIMP-1 mRNA expression in wild-type HSC after TNF challenge (50 ng/
mL, 24 hours). (F) TIMP-1 mRNA expression after TNF challenge (50
ng/mL) for 24 hours in wild-type (WT), TNFR-DKO, TNFR1-KO, and
TNFR2-KO HSCs. Data are mean = standard deviation; n = 4, *P <
0.05 versus WT or untreated HSCs; in (B) and (F), #P < 0.05 versus
TNFR2-KO Ctrl HSCs; in (D), #P < 0.05 versus 7-day-old treated
HSCs.



324  TARRATS ET AL.

A B o TNERTAD TNFRBAD
+
_ G +TNF e SR
< 35 i _3 i
<030 T <530
Zgos Z 4525
Ec x=
Eg20 Eg20
% ERL d 515
SE10 2210
25 ® 5
£ : k]
0
Ctrl TNF Ctrl anti- anti-
TNFRTAb  TNFRZ2 Ab
c D

Ctdl TNF LPS Ctd IL1a IL1B

<5
k-]
3 30 224
525 <3
E Z53
s 20 x0
Eg E 4
oL 15 @ =2
oS o5
=g 10 =51
SE =5
25 2y
® o + e + TNF
Ctl  TNF LPS IL1a IL1B CtrisiRNA  p85 siRNA
12
E Hctd
o T T +TNF

= 08

mRNA, fold induction
vs.C
o
o

o o ¢
(=T KRS

TIMP-1 MMP-2

Fig. 5. TNF controls MMP-9 expression in LX2. (A) Effect of TNF (50
ng/mL, 24 hours) on MMP-9 mRNA expression and activity by zymog-
raphy. (B) MMP-9 mRNA and activity after 24-hour challenge with TNF
(50 ng/mL) in LX2 cells in the presence of TNFR1- or TNFR2-blocking
antibodies (preincubation at 10 pg/mL, 30 minutes). (C) MMP-9
mRNA expression and activity in LX2 cells incubated with equivalent
concentration (50 ng/mL) of TNF, LPS, IL-1c, and IL-1/ for 24 hours.
(D) MMP-9 mRNA expression in control and p65 siRNA-transfected
LX2 cells after TNF challenge (50 ng/mL, 24 hours). (E) TIMP-1 and
MMP-2 mRNA expression after TNF challenge (50 ng/mL, 24 hours) in
LX2 cells. Data are mean = standard deviation, n = 3, *P < 0.05
versus Ctrl LX2 cells; in (B), #P < 0.05 versus anti-TNFR2-treated
control LX2 cells; in (D), #P < 0.05 versus p65 siRNA-untreated LX2
cells.

LX2 cells. LX2 responded to TNF by inducing MMP-
9 mRNA, and its activity could be clearly detected in
extracellular media by zymography (Fig. 5A). In addi-
tion, by using blocking antibodies against TNFR1 and
TNFR2, we could confirm that TNFR1 was the recep-
tor responsible for MMP-9 induction by TNF at the
mRNA or activity level (Fig. 5B). Intriguingly, MMP-
9 expression by TNF in LX2 cells was higher than
that caused by LPS or IL-1a/IL-1 (Fig. 5C), correlat-
ing with the nuclear translocation of p65 (not shown).
Of note, neither in LX2 cells (Fig. 5E) nor in wild-
type HSCs (Fig. 4E) was TNF able to increase the
expression of another important matrix collagenase,
MMP-2, thus discarding the participation of TNF sig-
naling in MMP-2 regulation. In contrast, although
TNF induced TIMP-1 mRNA in wild-type HSCs
(Fig. 4E), which required TNFR1 (Fig. 4F), it failed
to do so in LX2 cells (Fig. 5E). Despite the divergence
observed in TIMP-1 regulation, results obtained in
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activated human LX2 cells emphasize the specific
requirement for TNFRI1-dependent signaling in the
expression of matrix-remodeling factors, such as
MMP-9 in HSCs.

For instance, although the individual participation
of IL-1?% or TNF?**?° in the induction of MMP-9 has
been already described in HSCs, their relative contri-
bution to the activation of MMP-9 has not been care-
fully addressed, nor has the comparison of their stimu-
lating effect on MMP-9 expression between primary
mouse and human HSCs. To this aim, we challenged
primary mouse HSCs as well as human LX2 cells in
parallel with TNF, IL-1a, IL-1f, or LPS to analyze the
extent of MMP-9 activation at the mRNA and protein
level. TNF induced MMP-9 in 7-day-old primary
mouse HSCs to a similar extent as IL-1, and the
extent of MMP-9 expression changed with activation,
because, in 14-day-old HSCs, MMP-9 expression by
TNF and IL-1 was greatly enhanced, and, at this stage,
cells were also responsive to LPS (Fig. 4D). In addi-
tion, TNF was a more potent inducer of MMP-9 in
the human LX2 cell, as displayed also by the enhanced
activity of MMP-9 in extracellular media after TNF
challenge (Fig. 5C). Thus, in comparison to other
known MMP-9 inducers, TNF is a relevant trigger of
MMP-9 expression in primary mouse and human
HSCs, and this induction is mediated by NF-kB acti-
vation, as p65 silencing in LX2 cells reduced the
expression of MMP-9 induced by TNEF, compared to
control-siRNA transfected LX2 cells (Fig. 5D).

TNFR Deletion Reduces Early Fibrogenesis in a
Mouse Model of BDL. To evaluate the causal relation-
ship between liver damage and fibrogenesis, we exam-
ined, in parallel, the injury and fibrosis in mice with
impaired TNF signaling in vivo using the BDL model
of liver fibrogenesis. TNFR1-KO mice displayed ame-
liorated tissue damage, compared with that of the
wild-type controls, as indicated by the reduced volume
of biliary infarcts in H&E staining and serum trans-
aminase levels (Fig. 6A,B), despite similar bilirubin
levels (8.78 * 1.25 mg/dL in wild-type versus 8.64 =
0.96 mg/dL in TNFRI-KO mice), indicative of com-
parable cholestasis in both wild-type and TNFR1-KO
mice. Interestingly, after BDL, TNFR1-KO mice dis-
played reduced levels of hepatic TNF mRNA (Fig.
6C), compared to wild-type animals. This correlated
with decreased levels of MMP-9, TIMP-1 mRNA
(Fig. 6D), and procollagen-a1(I) mRNA (Fig. 6E). In
contrast, MMP-2 mRNA expression (Fig. 6E) was not,
apparently, regulated by TNFE. «-SMA was also reduced
in TNFR1-KO livers, compared to the wild type (Fig.
6F), indicating decreased HSC activation iz wvivo.
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Similar findings were observed in the TNFR-DKO
mice, whereas TNFR2-KO mice behaved similarly to
wild-type animals (Supporting Fig. 2). Therefore, the
in vivo BDL model recapitulates the in vitro effects
observed in HSCs, showing the dependence on
TNEFRI signaling to induce changes in ECM remodel-
ing during early fibrogenesis.

Discussion

TNF has been implicated in the development of
many chronic liver diseases, and hepatic fibrosis is a
hallmark of disease progression. Unlike its involvement
in hepatocellular apoptosis and liver diseases, the role
of TNF in liver fibrosis remains unclear, particularly
whether TNF and its binding to specific TNFR1 or
TNFR2 regulates HSC biology. Using genetic and
pharmacological approaches, we show a profibrogenic
role for TNE specifically via binding to receptor R1.
In particular, we used primary mouse HSCs from
wild-type and mice deficient in TNFRs to analyze the
role of TNF and its receptors in HSC activation and
proliferation, which are critical steps in the cascade of
events leading to fibrosis. Moreover, the findings were
extended to human HSCs, in which TNF receptors
were individually antagonized by specific neutralizing
antibodies.

Our results indicate that although TNF does not
directly participate in some fundamental traits of HSC
transdifferentiation into a myofibroblast phenotype,
such as increase in a-SMA or TGF-f expression, TNE
through TNFRI, has an important role in other im-
portant features, such as proliferation as well as MMP-
9 and TIMP-1 expression. A significant difference
between primary mouse and human HSCs was found
in the participation of TNF in TIMP-1 induction.
Although primary mouse HSCs augment TIMP-1
expression in response to TNEF, we failed to observe
any increase of TIMP-1 in LX2 cells under the same
experimental conditions. Several conceivable possibil-
ities could explain this differential behavior, including
that TIMP-1 regulation may fundamentally differ
between mouse and human HSCs. Another explana-
tion could be the fact that LX2 cells display an almost
negligible expression of TIMP-1, as compared to pri-
mary HSCs or to the parental cell line, LX1, implying
that TIMP-1 expression may have been lost during its
selection under low serum conditions (2% FBS).%°

A striking finding was the decrease in proliferation
observed in TNFR-DKO HSCs compared to wild-type
HSCs. Mechanistically, the decreased proliferation was
mediated by a defective PI3K/AKT pathway in TNFR-
DKO HSC that was reproduced in TNFR1-KO, but
not in TNFR2-KO, HSCs. Indeed, both TNFR1-KO
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and TNFR-DKO HSCs display reduced AKT phos-
phorylation and proliferation in response to PDGE a
potent mitogen of HSCs, despite correct ligand binding
and subsequent receptor degradation. These observa-
tions suggest that proteins or mediators necessary for
PDGF signaling located upstream of AKT rely on NF-
kB—dependent TNFRI signaling, indicating a cross-talk
between PDGF and TNFRI1 receptors. In line with our
observations, previous findings in vascular smooth mus-
cle cells indicated a similar overlapping between TNF
and PDGF necessary for cell migration and prolifera-
tion.”” However, the identification of the NF-kB—de-
pendent targets responsible for the reduced proliferation
in response to PDGF in TNFR-DKO and TNFR1 KO
HSCs remains unknown and requires further work.

In contrast to TGF-f expression, we observed a
decreased basal level of procollagen-a1(I) in activated
HSCs from TNFR-DKO and TNFRI1-KO, compared
to wild-type mice, findings that were reproduced in
LX2 cells using anti-TNFR1-blocking antibody. Con-
sistent with previous studies,'””'® TNF addition to
HSC cultures did not induce procollagen-o1(I) mRNA
(data not shown), thus discarding a direct effect of
TNF on procollagen-o1(I) regulation. However, the
known ability of MMP-9 to activate latent TGF-f to
its active form,”® which plays an essential role in ear-
lier stages of liver fibrogenesis when collagen produc-
tion of HSC:s is stimulated by TGF—ﬁ,29 could explain
why TNFR-DKO and TNFR1-KO HSCs show
decreased basal levels of procollagen-a1(I) mRNA
expression. In agreement, with impaired MMP-9
expression in TNFR-DKO HSCs, TGF-f would be
normally produced, but not activated, by MMP-9,
thus resulting in a deficient procollagen-o1(I)
induction.

Unlike procollagen-o1(I), interestingly, we observed
a differential role of TNF receptors in the regulation
of MMPs in HSCs, in particular, the requirement of
TNFRI1 in the expression of MMP-9, but not MMP-
2. In relation to MMP-9, it has been described, in the
thioacetamide model of liver injury and fibrosis,® that
MMP-9 colocalizes predominantly to desmin-positive
cells, suggesting that HSCs are the source of MMP-9
cells 7n vivo. The importance of MMP-9 is highlighted
by the observation that MMP-9—deficient mice are
partially protected from liver injury and HSC activa-
tion.”® In contrast to MMP-9, although associative
studies and cell-culture findings suggest that MMP-2,
a type IV collagenase up-regulated in chronic liver dis-
eases and considered a profibrogenic mediator, pro-
motes hepatic fibrogenesis, no iz vivo model has defin-
itively established a pathologic role for MMP-2 in the
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development and progression of liver fibrosis. In fact,
findings, using MMP-2—deficient mice,
suggest a protective, rather than pathogenic, role for
MMP-2.°!

Because the above findings indicated a selective
requirement for TNFR1 in specific steps of HSC acti-
vation and proliferation, we next addressed the in vivo
relevance for liver fibrogenesis. The data, using the
BDL model of liver fibrosis, although limited in inter-
pretation because the TNFR1-KO and TNFR-DKO
mice displayed both reduced liver damage and
decreased matrix deposition, suggest a correlation
between TNF and MMP-9, TIMP-1, and procollagen-
ol(I) mRNA expression. In contrast to the BDL
model shown here, previous reports using the chronic
administration of CCly reported a controversial role of
TNFR1 in liver fibrosis. For instance, the lack of
TNFR1 inhibited procollagen-o1(I) expression and
liver fibrosis after CCly treatment without effect on
liver injury.“’12 However, interestingly, de Meijer
et al."’ recently reported decreased liver injury and
inflammation, but increased collagen deposition, in the
CCl4 model by blocking TNF production through the
inhibition of its processing via TNF-alpha-converting
enzyme, as well as in TNFR-DKO mice.

Taken together, our observations in in vitro HSC
culture and in vivo point to TNF not only as an in-
ducer of hepatocellular damage, but also as a profibro-
genic factor in the liver, and hence targeting TNF or
its receptor, TNFRI, could be of benefit toward pre-
serving hepatocellular integrity and prevent HSC pro-
liferation and liver fibrosis.

recent
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Resum:

e L'activitat de I'ASMasa, perdo no de l'esfingomielinasa neutra (NSMasap
augmenta a mesura que les CEH es transdiferencien de forma parallela a
I'augment en I'expressié a-SMA, CtsB i CtsD, indicant que I'activacié in vitro de

les CEH comporta una estimulacié marcada i selectiva de I'ASMasa.

¢ Donat que en estudis anteriors del grup (Moles et al. 2009ps’havia relacionat
la CtsB/D amb la fibrosi i per altra banda s'ha associat la CtsD amb I'ASMasa en
un context de mort cellular (Heinrich et al. 2004p varem voler avaluar si
I'augment del processat de les CtsB/D durant la transdiferenciacié de les CEH
associat a fibrogenesi era o no dependent de 'ASMasa. Aixi doncs, mitjangant
la inhibicié genetica (siRNAsp o farmacologica (imipraminap de I'ASMasa
observarem que el processat de la CtsB/D durant I'activacié de les CEH depen
de 'ASMasa.

¢ La inhibici6 de 'ASMasa condueix a un menor processat de les CtsB/D, i
redueix el potencial proliferatiu tant de les CEH primaries de ratoli com de les
LX2 humanes. La inhibicié especifica de CtsB no modifica I'activitat de
I’ASMasa, indicant que és 'ASMase qui regula I'activitat CtsB. Aixi doncs, tant
en humans com en ratoli, la regulacié de les CEH mitjangant el processament
de les CtsB/D mediat per ASMasa, tindria una potencial rellevancia en la

fibrosi hepatica.
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Donat que la inhibicié de 'ASMasa condueix a una reduccié de CtsB/D i la
proliferacié de les CEH, vam estudiar el procés de transdiferenciacié de CEH
procedents de ratolins heterozigots per 'ASMasa (ASMasa”p els quals
mostren un 40% d'activitat ASMasa romanent. Les CEH d'aquests ratolins
tenen una menor expressié de CtsB/D i a-SMA durant la seva activacid, i una
taxa de proliferacié basal més baixa que els ratolins control (ASMasa**p

Aquests efectes eren encara més acusats després del tractament amb
I'inhibidor de la CtsB.

Basats en els resultats anteriors, s'esperaria, /n vivo, que en estudis de
fibrogénesi mitjancant lligadura del conducte biliar (LCBpels ratolins ASMasa*"
mostréssin una menor fibrosi que els controls, mentre que el possible efecte
de la preséncia d’ASMase sobre el dany hepatic seria menys predictiu. Aixi
doncs, els animals ASMasa*" amb LCB mostraven un menor dany hepatic tant
histologicament com bioquimicament (ALTp aixi com una menor expressié de
pro-col-lagen tipus I. L'expressié de TNF, pero, era similar respecte els ratolins
salvatges amb LCB. Aquests resultats indiquen la rellevancia de 'expressié de
I'ASMasa en el control del dany hepatic i en la fibrogénesi en ratolins

colestasics.

L'altre model /n vivo utilitzat és el del CCls. En aquest cas pero, el dany hepatic
que s'observa és similar en animals control com ASMasa*". Tot i aixi, els ratolins
ASMasa*" mostraren una menor fibrosi juntament amb una reduida expressié
de pro-collagen tipus |, i menys presencia de céllules a-SMA positives. Aixi
doncs, a diferencia del model LCB, aquests resultats mostren un paper crucial

de 'ASMasa en la fibrosi hepatica, independent del dany.

Es va voler comprovar si aquest increment de CtsB i ASMasa, observats en
ratolins i en CEH, podia ser observat en alguna patologia cronica hepatica
humana. Per aquest motiu varem analitzar I'expressié de CtsB i ASMasa en
pacients amb diferents estadis d'esteatohepatitis no alcoholica (NASHpon hi
havia un % molt elevat d'individus amb fibrosi hepatica. Observavem que els
individus amb un estadi molt avancat de NASH mostraven una expressié més
elevada d’ASMasa i de CtsB respecte a pacients control, mentre que els que

estaven en un estadi intermedi només mostraven una expressié elevada de
CtsB.
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Basant-nos en les observacions que indicaven que els ratolins heterozigots de
’ASMasa, mostraven una reduccié del 60-70% de la seva activitat i de
I'expressid i activitat de la CtsB, vam voler observar qué passava en ratolins
deficients en ASMasa (ASMasa’ model animal per a la malaltia de Niemann-
Pick tipus A. Sorprenentment, tot i que l'activitat ASMasa és nul-la, I'activitat de
la CtsB no es veia disminuida siné que augmentava d'una forma molt
contundent, indicant aixi un possible mecanisme compensatori. En concret,
vam observar que les CEH ASMasa” mostraven una major expressid i activitat
de CtsB/D, aixi com una major taxa de proliferacié i expressié de gens pro-
fibrogenics com a-SMA, pro-collagen tipus I, o TGF-B. Aixi doncs, les CEH
ASMasa” mostren un potencial fibrogénic augmentat que correlacionaria amb
nivells elevats de CtsB/D.

Es va voler analitzar si la regulacié a l'alca de la CtsB, observada en CEH de
ratolins ASMasa”, era la responsable del seu elevat potencial fibrogénic. Usant
I'inhibidor especific de la CtsB (Ca074-Mepvarem observar com es reduien els
nivells basals elevats de pro-col-lagen tipus I, a-SMA i la proliferacié de les
CEH ASMasa”. Observavem doncs, que la CtsB és la responsable de les
caracteristiques d'una potencial fibrogénesi més augmentada en les CEH
ASMasa™.

® Ja que en resultats previs haviem observat que els animals ASMasa*" sén

menys sensibles a la fibrosi induida in vivo degut a una menor activacié de la
CtsB, vam voler observar si aquesta sobreexpressié compensatoria de CtsB en
els ratolins ASMasa” contribuia a una sensibilitzacié i per tant un increment de
la fibrosi. El model usat va ser el de CCls administrat durant 4 setmanes. Els
ratolins ASMasa”, tot i mostrar un dany hepatic similar, mostraven una major
activitat CtsB, major processat de CtsB, major grau de fibrosi, aixi com un
numero més elevat de cél-lules a-SMA positives, i infiltracié de neutrofils. Aixi
doncs, es podia constatar que la fibrosi hepatica esta clarament augmentada
en els animals ASMasa™. En aquest model, la inhibicié farmacoldgica de CtsB
millorava la fibrogénesi en els animals ASMasa™ tractats amb CCls. Els animals
tractats amb inhibidor no mostraven cap millora en quan a dany hepatic, fet
que indica que la CtsB no participa en el mecanisme responsable del dany

hepatic; perd es disminuia I'expressié i processat de I'a-SMA i la CtsD, i es
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reduia de forma clara la tendencia fibrogenica, les cel-lules a-SMA positives i la
infiltracié de neutrofils. Aquests resultats indicaven que efectivament la CtsB

juga un paper critic en la fibrogénesi in vivo en els animals ASMasa™.

e També es va voler analitzar si I'expressié augmentada de CtsB es donava
Unicament al fetge dels animals ASMasa”, o si per al contrari, era un efecte
extensiu a altres organs. L'expressié i activitat de la CtsB i D estava clarament
augmentada en cervell, pulm, teixit adipos epididimal, muscul i pell. En melsa,

Y . . Ve 1 . . oo .
pancrees i intestf, no s'observava cap canvi significatiu. Cal recalcar que fetge,
cervell i pulmd, on s'observa una clara induccié de CtsB, sén els teixits més

afectats per la NPD, que és causada per una abséencia/disminucié d'’ASMasa.

e També vam analitzar, emprant un anticos pan-catepsina, la potencial
participacié d'altres catepsines diferents de CtsB o CtsD en el fenotip NPD. El
patré d'expressié de les diferents catepsines eren similars entre les CEH
control i les procedents d'animals ASMasa™. Tot i que observem patrons
diferents d'expressié entre els diferents teixits estudiats, no varem trobar
diferéncies significatives entre els animals control i ASMasa”, a excepcié del
pulméd, on es veia en els animals ASMasa”, un increment marcat d'una
catepsina, la identitat de la qual desconeixem. Aquests resultats indicaven que

la participacié d'altres catepsines en el fenotip NPD seria teixit especific.

e Donat que la CtsB s'ha relacionat amb mort cellular a través del seu
alliberament del lisosoma al citosol, varem voler determinar si I'estabilitat
lisosomal estava afectada en les CEH i els diferents teixits dels animals control i
ASMasa™. Un augment en I'expressié de la proteina lisosomal LAMP-2 en CEH
i teixits ASMasa” indicava que l'augment de CtsB en ASMasa’ seria en part
degut a un increment de la massa lisosomal, i no a una desestabilitzacié dels
mateixos lisosomes. La localitzacié de CtsB al lisosoma, i no al citosol, es va

validar també mitjangant microscopia confocal.

® Per Uultim, analitzarem si l'autofagia, molt relacionada amb processos
degeneratius i depenent de proteases lisosomals, jugava algun paper en
I'activacié de les CEH i la degeneracié tissular observada en els ratolins
ASMasa™. Mitjancant la determinacié del truncament de la proteina LC3-l en

LC3-IlI (relacionada amb la quantitat d'autofagosomesg vam veure que malgrat
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que en alguns teixits de ratolins ASMasa’ s'observava una major preséncia de
LC3-Il que en ratolins salvatge, no hi havia una correlacié entre I'expressié de
CtsB/D i la conversié de LC3-I a LC3-Il, descartant per tant una contribucié

de I'increment de CtsB/D en els processos autofagics en la NPD.
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The mechanisms linking hepatocellular death, he-
patic stellate cell (HSC) activation, and liver fibrosis
are largely unknown. Here, we investigate whether
acidic sphingomyelinase (ASMase), a known regula-
tor of death receptor and stress-induced hepatocyte
apoptosis, plays a role in liver fibrogenesis. We show
that selective stimulation of ASMase (up to sixfold),
but not neutral sphingomyelinase, occurs during the
transdifferentiation/activation of primary mouse HSCs
into myofibroblast-like cells, coinciding with cathepsin
B (CtsB) and D (CtsD) processing. ASMase inhibition or
genetic down-regulation by small interfering RNA
blunted CtsB/D processing, preventing the activation
and proliferation of mouse and human HSCs (IX2 cells).
In accordance, HSCs from heterozygous ASMase mice
exhibited decreased CtsB/D processing, as well as lower
levels of a-smooth muscle actin expression and prolif-
eration. Moreover, pharmacological CtsB inhibition
reproduced the antagonism of ASMase in preventing
the fibrogenic properties of HSCs, without affecting
ASMase activity. Interestingly, liver fibrosis induced
by bile duct ligation or carbon tetrachloride adminis-
tration was reduced in heterozygous ASMase mice
compared with that in wild-type animals, regardless
of their sensitivity to liver injury in either model. To
provide further evidence for the ASMase-CtsB path-
way in hepatic fibrosis, liver samples from patients
with nonalcoholic steatohepatitis were studied. CtsB
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and ASMase mRNA levels increased eight- and three-
fold, respectively, in patients compared with healthy
controls. These findings illustrate a novel role of
ASMase in HSC biology and liver fibrogenesis by regu-
lating its downstream effectors CtsB/D. (4m J Pathol
2010, 177:1214—1224; DOI: 10.2353/ajpath.2010.091257)

Hepatic fibrosis is a wound-healing response of the liver
to chronic injury and represents a common and complex
clinical challenge worldwide.™ Liver fibrosis often re-
flects progressive liver disease caused by a variety of
factors and etiologies including viral infection, cholesta-
sis, alcoholic steatohepatitis, and nonalcoholic steato-
hepatitis (NASH). In developed countries, nonalcoholic
fatty liver disease is associated with increasing rates of
obesity and is currently one of the most common forms of
chronic liver disease and a major cause of hepatic fibro-
sis. Nonalcoholic fatty liver disease, which encompasses
a spectrum of liver diseases ranging from simple steato-
sis to NASH, is characterized by oxidative stress, inflam-
mation, hepatocellular death, and fibrosis, which can
further progress to cirrhosis and hepatocellular carci-
noma.*~® Thus, the number of individuals at risk for fibrosis
and end-stage liver disease is rapidly expanding.”

In the liver, myofibroblasts are potentially derived from
a number of cellular sources including activated hepatic
stellate cells (HSCs), which mediate the fibrotic compo-
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nent of the wound-healing response to chronic injury. 28
Under these conditions, HSCs undergo a phenotypic
transformation from quiescent, nonproliferating, retinoid-
storing cells, to a proliferating, matrix-producing phenotype
similar to myofibroblasts responsible for the progression of
liver fibrosis.® 1° Despite increasing knowledge of the mech-
anisms that govern this so-called “activation,” the treatment
for advanced liver fibrosis is inefficient, and hence the de-
velopment of novel antifibrotic targets and therapies is
essential.

Membrane sphingolipids have been implicated in sig-
nal transduction cascades regulating proliferation, differ-
entiation, and cell death.’'2 Among sphingolipids, cer-
amide has attracted considerable attention, given its
central role in sphingolipid metabolism. Cellular cer-
amide levels increase in response to a variety of stimuli
and agents from chemotherapy'® to death ligands, "7
radiation,'® or viral/bacterial infections,'®?° because of
the hydrolysis of sphingomyelin mainly by two specific
phosphodiesterases named sphingomyelinases, a plasma
membrane-bound neutral sphingomyelinase (NSMase)
and an acidic SMase (ASMase).?'2* In particular,
ASMase is expressed by almost any cell type and is
mainly located at the endosomal/lysosomal compart-
ment, although it has also been found at the plasma
membrane in specific microdomains, where it serves as a
signaling platform by cell surface receptors such as
Fas.''7 The placement of ASMase at the crossroad of
vesicular trafficking and cellular signaling suggests that
ASMase exerts important functions in signal transduction
pathways. For instance, tumor necrosis factor (TNF) is a
prominent prototype of an ASMase-activating cytokine
that is central to the regulation of both the innate and the
adaptive immune system as well as cell death.?>2¢ Al-
though ASMase has been recognized to play a key role in
the pathophysiology of different common diseases,?” its
specific contribution to liver fibrosis has not been exam-
ined previously.

Moreover, the participation of cathepsin D (CtsD) as a
target of ASMase-generated ceramide in endolysosomal
compartments®®2° and the observation that cathepsin B
(CtsB)-deficient hepatocytes are resistant to TNF-depen-
dent cell death®° imply a functional relationship between
ASMase and cathepsins, at least, in cell death regulation.
However, this specific link has not been previously ad-
dressed in HSC biology and liver fibrosis. Because we
have just uncovered a new function of CtsB and CtsD in
mediating HSC activation and liver fibrosis,®" our aim was
to investigate the role of ASMase in hepatic fibrogenesis.
In this study, we tested whether ASMase contributes to
the activation of mouse HSCs in vitro and to the develop-
ment of fibrosis in vivo after bile duct ligation (BDL) or
chronic carbon tetrachloride (CCl,) injection. Here, we
show that ASMase activity is induced during the transdif-
ferentiation of HSCs into myofibroblasts, whereas HSC
activation and proliferation are reduced by genetic or
pharmacological antagonism of ASMase. Interestingly,
heterozygous ASMase mice were resistant to BDL and
chronic CCl, administration-induced liver fibrosis com-
pared with wild-type mice, even though their sensitivity to
liver injury was markedly different with reduced liver
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damage in ASMase™~ mice after BDL but not after

CCl, administration. In addition, patients with NASH
displayed enhanced levels of both CtsB and ASMase
mRNA, underscoring the role of the ASMase-cathep-
sins axis in liver pathology and its relevance for future
therapeutic approaches.

Materials and Methods

Reagents

The following reagents were from Invitrogen (Paisley,
UK): Dulbecco’'s modified Eagle’s medium, trypsin-
EDTA, penicillin-streptomycin, TRIzol, fetal bovine serum,
HistoGrip, Opti-MEM, and Lipofectamine LTX with PLUS.
All tissue culture ware was from Nunc (Roskilde, Den-
mark). The DAKO Biotin Blocking System, peroxidase
substrate (diaminobenzidine), peroxidase buffer, and he-
matoxylin were from DAKO (Glostrup, Denmark). Aqua-
tex was from Merck (Darmstadt, Germany). The ABC kit
was from Vectastain (Burlingame, CA). Platelet-derived
growth factor (PDGF)-BB was from PeproTech EC (Lon-
don, UK). Proteinase inhibitors were from Roche (Madrid,
Spain). The iScript One-Step RT-PCR kit with SYBR
Green was from Bio-Rad (Hercules, CA). ECL Western
Blotting Substrate was from Pierce (Thermo Fisher Sci-
entific, Rockford, IL). Imipramine, amitriptyline, and
Ca074Me were from Sigma-Aldrich (St. Louis, MO), and
unless otherwise stated all other reagents were also from
Sigma-Aldrich.

Antibodies

We used the following primary antibodies: rabbit poly-
clonal anti-cathepsin B from Upstate (Millipore, Billerica,
MA), goat polyclonal anti-cathepsin D from Santa Cruz
Biotechnology (Heidelberg, Germany), and monoclonal
antibodies anti-a-smooth muscle actin (SMA) and anti-gB-
actin from Sigma-Aldrich. Rabbit polyclonal anti-a-SMA
and rabbit polyclonal anti-myeloperoxidase were from
Abcam (Cambridge, UK). ECL-labeled anti-mouse, anti-
rabbit, and anti-goat antibodies were from Sigma-Aldrich.

Mice and HSC Isolation

Wild-type, heterozygous, and ASMase knockout mice
(male, 8 to 10 weeks old, littermates) (C57BL/6 strain)
were obtained by propagation of heterozygous breeding
pairs (a generous gift from R. Kolesnick, Memorial Sloan-
Kettering Cancer Center, New York, NY, and E. Gulbins,
University of Duisburg-Essen, Essen, Germany) and
genotyped as described previously.?® All animals re-
ceived humane care according to the criteria outlined in
the Guide for the Care and Use of Laboratory Animals, pub-
lished by the National Institutes of Health.®?> HSCs were
isolated by perfusion with collagenase-pronase and cul-
tured as described previously.®' Cells were cultured in
Dulbecco’s modified Eagle’s medium complemented
with 10% fetal bovine serum and antibiotics at 37°C in a
humidified atmosphere of 95% air and 5% CO..
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To perform BDL, ASMase™* and ASMase ™~ mice were
anesthetized by isoflurane inhalation. Under anesthesia,
the peritoneal cavity was opened and the common bile
duct was double-ligated with 5-0 sutures and cut be-
tween the ligatures. Controls underwent a sham opera-
tion that consisted of exposure but not ligation of the
common bile duct. Animals were sacrificed 4 days after
BDL, and liver and serum samples were collected for
analyses. In another set of experiments, ASMase™*'* and
ASMase*’~ mice were treated with CCl, diluted in corn
oil at a dose of 0.5 ul of CCl,/g b.wt. by intraperitoneal
injection twice a week, for 6 weeks. Control animals re-
ceived vehicle alone.

In Vitro Small Interfering RNA Transfection

To silence ASMase expression, specific predesigned
siRNAs for mouse®® were used for transfection using
Lipofectamine LTX with PLUS following the manufacture’s
instruction as described previously.®' Cells were trans-
fected 5 days after isolation and usually assayed 48
hours after small interfering (si) RNAs transfection.

ASMase and NSMase Activities

ASMase and NSMase activities from tissue or HSC ly-
sates were determined using a fluorescent sphingomye-
lin analog (NBD-C6-sphingomyelin). Samples were incu-
bated for 60 minutes at 37°C in incubation buffer containing
10 umol/L NBD-C6-sphingomyelin (250 mmol/L sodium ac-
etate and 0.1% Triton X-100, pH:5.0, for ASMase analysis,
and 20 mmol/L HEPES, 1 mmol/L MgCl,, and 0.1% Triton
X-100, pH 7.4, for NSMase). Lipids were extracted, dried
under N,, and separated by thin-layer chromatography
(chloroform-methanol-20% NH,OH, 70:30:5, v/v). NBD-
ceramide was visualized under UV light, and images
were acquired and analyzed using a Gel Doc XR System
with Quantity One software (Bio-Rad).

Real Time RT-PCR and Primer Sequences

Total RNA from HSCs, mouse liver tissues, or LX2 cells was
isolated with TRIzol reagent. Real-time RT-PCR was per-
formed with an iScript One-Step RT-PCR Kit with SYBR
Green following the manufacturer’s instructions. The prim-
ers sequences used were the following: mouse a-SMA,
forward 5-ACTACTGCCGAGCGTGAGAT-3' and reverse
5'-AAGGTAGACAGCGAAGCCAA-3’ (GenBank accession
no. NM_007392); mouse transforming growth factor-g, for-
ward 5’-GTCAGACATTCGGGAAGCAG-3’ and reverse 5'-
GCGTATCAGTGGGGGTCA-3" (GenBank accession no.
NM_011577); mouse B-actin, forward 5'-GACGGCCAGGT-
CATCACTAT-3'and reverse 5'-CGGATGTCAACGTCA-
CACTT-3" (GenBank accession no. NM_007393); mouse
collagen type 1a1 (Col1A1), forward 5'-ACTTCAGCTTCCT-
GCCTCAG-3’ and reverse 5-TGACTCAGGCTCTT-
GAGGGT-3' (GenBank accession no. NM_007742); mouse
TNF-q, forward 5'-CTGAACTTCGGGGTGATCGGT-3" and

reverse 5'-ACGTGGGCTACAGGCTTGTCA-3" (GenBank
accession no. NM_013693); mouse 2',5" oligoadenylate
synthetase 1, forward 5'-GACCTGCTGAAGGAGGTGAA-3'
and reverse 5-GGTACGCCCACTGATGAGAT-3" (Gen-
Bank accession no. AF466822); human B-actin, forward
5'-GATGAGATTGGCATGGCTTT-3" and reverse 5'-
GAGAAGTGGGGTGGCTT-3" (GenBank accession no.
NM_001101); and human «a-SMA, forward 5'-CCGAC-
CGAATGCAGAAGG-3' and reverse 5'-ACAGAGTATTT-
GCGCTCCGGA-3' (GenBank accession no. NM_001613).

CtsB Activity

CtsB activity was assayed fluorimetrically with Z-Arg-Arg-
7-amido-4-methylcoumarin hydrochloride (60 wmol/L) at
pH 7.4 and 37°C as described previously.®’

[BHIThymidine Incorporation

Proliferation was estimated as the amount of [®H]thymi-
dine incorporated into trichloroacetic acid-precipitable
material as described previously.®’

SDS-Polyacrylamide Gel Electrophoresis and
Immunoblot Analysis

Lysates were prepared in radioimmunoprecipitation as-
say buffer (50 mmol/L Tris-HCI, pH 7.4, 150 mmol/L NaCl,
1% Nonidet P-40, 1 mmol/L NagVO,, 1 mmol/L EDTA,
0.25% sodium deoxycholate, 0.1% SDS, and 1% Triton
X-100 plus proteinase inhibitors). Protein concentration
was determined by the Bradford assay, and samples
containing 10 to 30 ng were separated by 8 to 10%
SDS-polyacrylamide gel electrophoresis. Proteins were
transferred to nitrocellulose membranes. After mem-
branes were blocked in 8% nonfat milk in 20 mmol/L
Tris-HCI, 150 mmol/L NaCl, and 1% Tween 20 for 1 hour
at room temperature, the membranes were incubated
with the primary antibody overnight and developed with
the ECL-peroxidase system.

Determination of Hydroxyproline in Liver Tissue

Hepatic hydroxyproline content was determined as de-
scribed by Jamall et al.®* In brief, tissue samples were
hydrolyzed in 6 mol/L HCl overnight at 100°C and purified
4-hydroxy-L-proline standards for 20 minutes at 120°C.
Free hydroxyproline content from each hydrolysate was
oxidized with Chloramine-T. The addition of Ehrlich re-
agent resulted in the formation of a chromophore that was
read at 550 nm. Data were normalized to liver wet weight.

Immunohistochemical Staining

Paraffin molds containing liver sections were cut into
5-um sections and mounted on HistoGrip-coated slides.
The sections were deparaffinized in xylene and dehy-
drated in a graded alcohol series. When necessary, en-
dogenous peroxidase (3% H,0,) and endogenous avidin



and biotin were blocked. Slides were incubated with
primary antibody overnight in a wet chamber at 4°C. After
a rinse with 1X PBS, the slides were incubated with a
biotinylated antibody for 45 minutes in a wet chamber
and developed with an ABC Kit with peroxidase substrate
(diaminobenzidine) and peroxidase buffer. After the
slides were rinsed with tap water, they were counter-
stained with hematoxylin and mounted with Aquatex.

H&E and Sirius Red Staining

Livers were fixed, and sections of 7-um were routinely
stained with H&E or with a 0.1% Sirius Red-picric solution
following standard procedures. Bile-infarcted areas (the
percentage of infarct area per high power field) were also
quantified using digital image analysis software (Imaged).

Human NASH Cohort

Patients with either borderline NASH (n = 14) or definite
NASH (n = 18), according to the Kleiner classification,3®
sent to the hospital for bariatric surgery were included in
the study. Patients underwent gastric bypass by laparos-
copy and during the surgery procedure a liver biopsy
was obtained using a Tru-Cut needle. Normal livers were
obtained from optimal cadaveric liver donors (n = 3) or
resection of liver metastases (n = 2). All controls had
normal serum aminotransferase levels and normal liver
histology. These subjects did not have a past history of
liver disease, alcohol abuse, or metabolic syndrome. The
study was approved by the ethics committee of the Hos-
pital Clinic, and all patients gave informed consent.

Hepatic Gene Expression Analysis in Human
Samples

Liver biopsy specimens were submerged in an RNA sta-
bilization solution (RNAlater, Ambion, Applied Biosys-
tems, Austin, TX) and stored at —20°C until RNA extrac-
tion. Total RNA was extracted with TRIzol. Five hundred
micrograms of total RNA were retrotranscribed with a
high-capacity complementary DNA Archive Kit (Applied
Biosystems). The genes selected were distributed into
384-well TagMan Low Density Array cards, and samples
were analyzed in quadruplicate using an ABI PRISM
7900 (Applied Biosystems). Predesigned TagMan as-
says for target genes from Applied Biosystems were
used (CtsB, Hs00157194_m1; ASMase, Hs00609415_
m1; and 18S, Hs99999901_s1). Expression levels of tar-
get genes were normalized to expression of 18S rRNA
(endogenous gene). Gene expression values were cal-
culated based on the AAC, method.®® The results are
expressed as 222 referred as fold in relation to mean
normal livers.

Statistical Analysis

Allimages display representative data from at least three
independent observations. Statistical analyses were per-
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formed using Microsoft Excel software. The statistical
significance of differences was determined using the
unpaired, nonparametric Student’s t-test.

Results

In Vitro Activation of Mouse Primary HSCs
Parallels ASMase Stimulation

The culture of primary freshly isolated HSCs on plastic is
known to cause transdifferentiation from a quiescent to a
proliferating phenotype characterized by the activation of
matrix-producing genes, which is the standard approach
to analyze the activation of HSCs into myofibroblast-like
cells.2®° Because this transdifferentiation is a central
event in liver fibrogenesis, we first studied whether this
process is accompanied by changes in ASMase activity.
Thus, freshly prepared mouse primary HSCs were iso-
lated to analyze ASMase and NSMase activity at different
time points during transdifferentiation in culture. As shown in
Figure 1A, ASMase activity, but not NSMase activity, in-
creased more than fivefold from day 2 to day 9 of culture. In
addition, the ASMase activity observed in primary mouse
HSCs at day 9 was similar to the ASMase activity of LX2
cells (620 + 85 vs. 583 *+ 63 arbitrary units/mg of pro-
tein), an immortalized human HSC cell line similar to
human activated HSCs.®” This increase in ASMase activ-
ity paralleled the expression of a-SMA, a reliable marker
of the phenotypic transformation of HSCs into myofibro-
blast-like cells,? which coincided with the levels of mature
forms of CtsB and CtsD (Figure 1B). Thus, these findings
indicate that in vitro activation of HSCs results in marked
and selective stimulation of ASMase.

A

6001 —&— ASMase
—{— NSMase

Activity, % vs. day 2

T E 6 8 odas
B 2d 4d 7d 9d
w-SMA | —-‘ 42 kDa
CisB | — — ‘ 30 kDa

Pro-CsD | = s s— - 52,46 kDa

CtsD s == | 32kDa

B-actin | — — — — ‘ 42 kDa

Figure 1. ASMase activity increases concordantly with CtsB and CtsD expres-
sion during HSC activation. A: Time-course of ASMase and NSMase activity
during mouse HSC activation in culture. B: Time-course of a-SMA, CtsB, and
CtsD expression in primary mouse HSCs in in vitro culture from day two to day
nine. Data are means £ SD; n# = 3. *P = 0.05 versus day 2 HSCs.
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Pharmacological ASMase Inhibition or Genetic
Silencing Blunts CtsB/D Processing and HSC
Activation

Given our previous results positioning CtsB/D as key
players in liver fibrosis®' and because a functional rela-
tionship between ASMase and cathepsins has been es-
tablished only in cell death regulation,?®2° we decided to
evaluate whether the increased processing of CtsB
and/or CtsD observed during HSC activation and re-
cently associated with liver fibrogenesis,®' was depen-
dent on ASMase. Therefore, ASMase was antagonized
by two approaches, pharmacological inhibition and ge-
netic down-regulation by siRNAs. Imipramine and ami-
triptyline are weak bases that induce the detachment of
ASMase from the intralysosomal membrane, resulting in
its subsequent functional inactivation.®® As shown in Fig-
ure 2A, both imipramine treatment and ASMase silencing
by siRNA resulted in a reduction in ASMase activity by
85 = 4 and 48 * 12%, respectively, without inducing an
interferon response (not shown). The decline in ASMase
activity, either by pharmacological inhibition or genetic
silencing, resulted in decreased expression of CtsB/D
processed forms (Figure 2, B and C). Moreover, the
expression of a-SMA was also reduced under these con-
ditions (Figure 2, B and D), indicating an attenuation of
the fibrogenic properties of HSCs after ASMase antago-
nism. The expression of Col1A1 or transforming growth
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Figure 2. ASMase inhibition or siRNA transfection reduces HSC activation and
proliferation. A: ASMase activity after inhibition with imipramine (Imip, 25
pumol/L) for 24 hours or ASMase siRNA silencing for 48 hours, in cultured 7-days
old mouse HSCs. CtsB and CtsD protein expression (B) and a-SMA mRNA levels
(D) after ASMase siRNA silencing for 48 hours, in cultured 7-days old mouse
HSCs. C: Time course of CtsB, CtsD, and a-SMA expression after ASMase
inhibition (Imip, 25 umol/L) in 7-day-old HSCs. E: Time course of HSC prolif-
eration in the presence of ASMase (Imip, 25 umol/L) or CtsB inhibitor (Ca074Me,
10 wmol/L) in 7-day-old HSCs. F: ASMase and CtsB activity on inhibition of CtsB
with Ca074Me (10 umol/L, 24 hours) in 7-day-old HSCs. Data are means * SD;
n = 4. *P = 0.05 versus control HSCs. Ctrl, control.

factor-B, however, was not significantly altered after
ASMase inhibition or silencing (not shown), discarding
the theory of direct participation of ASMase in either of
these two pathways. On the other hand, complete CtsB
inhibition, using Ca074Me, was able to significantly de-
crease transforming growth factor-g expression (not
shown), consistent with our previous observations.®' In
addition, pharmacological inhibition of ASMase dramati-
cally prevented HSC proliferation (Figure 2E). Even
though cathepsins have previously been implicated in
the degradation of PDGFBR,*° we have not observed
any alteration in the basal levels of PDGFBR with inhibi-
tion of either ASMase or CstB (not shown). In line with this
result, we have previously reported that although CtsB
inhibition did not affect PDGFBR levels, it impaired AKT
phosphorylation after PDGF challenge, thus regulating
HSC proliferation.®” To analyze the hierarchy between
ASMase and cathepsins, we evaluated the effect of CtsB
inhibition on ASMase levels. CtsB inhibition did not alter
ASMase activity (Figure 2F) but was able to significantly
blunt HSC proliferation (Figure 2E). Therefore, our results
suggest that CtsB and CtsD processing depend on and
are downstream of ASMase during the activation of HSCs
into myofibroblasts.

ASMase Inhibition Attenuates the Proliferation of
Human HSCs

To examine the relevance of the preceding findings in hu-
man fibrogenesis, we also evaluated the effect of ASMase
inhibition in the human LX2 cell line.3” As shown in Figure
3A, ASMase inhibition by either imipramine or amitriptyline
down-regulated the processing of CtsB and CtsD forms
(Figure 3B), resulting in a striking decrease of a-SMA ex-
pression at the protein and mRNA levels (Figure 3, B and
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Figure 3. ASMase inhibition decreases CtsB, CtsD, and a-SMA expression as
well as proliferation in the human LX2 cell line. A: ASMase activity after
inhibition with imipramine (Imip, 25 uwmol/L) or amitriptyline (Ami, 25
pumol/L) for 24 hours in LX2 cells. CtsB, CtsD, and a-SMA protein expression
(B) and a-SMA mRNA levels (C) in LX2 cells after ASMase inhibition with
imipramine (25 umol/L) or amitriptyline (25 umol/L) for 24 hours. D: Time
course of HSC proliferation in LX2 cells in the presence ASMase inhibitors
(imipramine, 25 pwmol/L; amitriptyline, 25 uwmol/L) for up to 72 hours. Data
are means = SD; n = 3. *P = 0.05 versus control LX2 cells. Ctrl, control.



C), followed by a reduction in LX2 proliferation (Figure 3D).
Thus, in humans and rodents, the regulation of HSC activa-
tion and proliferation by ASMase-mediated CtsB/D pro-
cessing may be of potential relevance in liver fibrosis.

HSCs from Heterozygous ASMase Mice
Exhibit Decreased ASMase Activity, CtsB/D
Processing, and Proliferation

Because pharmacological inhibition or siRNA-mediated
reduction in ASMase expression decreased CtsB/D lev-
els and HSC proliferation, we next evaluated the in vivo
transdifferentiation process using HSCs from mice with a
genetic reduction in ASMase. Indeed, HSCs from het-
erozygous ASMase mice displayed a 60 to 70% de-
crease in ASMase activity (Figure 4A). ASMase ™~ HSCs
exhibited low CtsB/CtsD and a-SMA expression during in
vitro activation (Figure 4B) compared with wild-type
HSCs, consistent with the preceding data on ASMase
antagonism (either pharmacological or by siRNA down-
regulation). Of note, the normal proliferation rate of het-
erozygous ASMase™~ HSCs was slower than that of
wild-type HSCs (Figure 4C). Moreover, CtsB inhibition,
using the specific CtsB inhibitor Ca074Me, down-regu-
lated both the proliferation (Figure 4C) and activation
(Figure 4D) of wild-type and heterozygous ASMase
HSCs. These findings further strengthened the evidence
for a role of ASMase in the regulation of CtsB/D process-
ing, which is critical for HSC activation and proliferation.
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Figure 4. Heterozygous ASMase™ ™ HSCs exhibit decreased expression of
CtsB, CtsD, and a-SMA, and reduced proliferation in culture. A: ASMase
activity in cultured 7-day-old wild-type or heterozygous ASMase*’~ HSCs. B:
Time course of CtsB, CtsD, and a-SMA protein expression in wild-type and
heterozygous ASMase™~ HSCs. Proliferation rate (C) and a-SMA protein
levels (D) after CtsB inhibition (Ca074Me, 10 wmol/L, 24 hours) in wild-type
or heterozygous ASMase '~ 7-day-old HSCs. In A data are means *+ SD; n =
4.*P = 0.01 versus ASMase "/ HSCs. In C data are means * SD; n = 3. *P=
0.05 versus ASMase™ ™ control HSCs; *P < 0.05 versus respective controls
(CtrD). Rel Unit, relative units.
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Decreased Liver Damage and Fibrosis in
Heterozygous ASMase After Bile Duct Ligation

In view of the earlier findings indicating reduced fibrogenic
potential of HSCs from heterozygous ASMase mice, we
next assessed the in vivo susceptibility of wild-type and
heterozygous ASMase mice to liver fibrosis. BDL is a well
established model of liver fibrosis that is associated with
intrahepatic cholestasis and bile acid accumulation. Be-
cause cholestasis is also known to induce hepatocyte dam-
age, we used BDL in ASMase*’~ mice to examine the
contribution of ASMase in BDL-mediated hepatic damage,
HSC activation, and liver fibrosis. Based on our preceding
findings, we would expect lower liver fibrosis after BDL in
heterozygous ASMase mice compared with wild-type mice.
However, for liver or hepatocyte damage, the anticipated
effect of BDL on hepatocyte injury remained less predict-
able, based on recent findings reporting a critical role for
Kupffer cell-derived ASMase in AKT activation of hepato-
cytes that is required for the survival and regenerative re-
sponses after BDL.*"

Total hepatic extracts from heterozygous ASMase
mice displayed a significant reduction in ASMase activity
(50 to 60% decrease) compared with wild-type livers, in
line with our observations during in vitro HSC activation
(Figure 4A). Serum alanine aminotransferase (ALT), as an
indicator of liver damage, was markedly increased in
wild-type mice after BDL for 4 days. However, unexpect-
edly, ALT levels were significantly reduced in heterozy-
gous ASMase BDL mice compared with wild-type BDL
mice (Figure 5A). These observations were further vali-
dated by terminal deoxynucleotidyl transferase dUTP
nick-end labeling staining of liver sections, revealing se-
vere parenchymal damage after BDL in wild-type but not
in heterozygous ASMase livers (Supplemental Figure 1,
see http://ajp.amjpathol.org), thus indicating a novel role
for ASMase in cholestasis-induced hepatocellular death.
To analyze the fibrogenic process, levels of hydroxypro-
line (Figure 5B), a major component of collagen, and
Col1A1 mRNA (Figure 5C) were analyzed. Both parame-
ters were significantly enhanced in wild-type BDL livers
but reduced in heterozygous ASMase BDL livers. Bile
infarcts are confluent foci of degenerated hepatocytes
due to bile acid toxicity and are a prominent feature of
liver injury in the BDL mouse. The number of bile infarcts
in the liver was quantified by conventional H&E staining.
Numerous bile infarcts per high power field area were
observed in the wild-type BDL model; however, the oc-
currence of bile infarcts was scarce in heterozygous BDL
livers (Figure 5D). Histopathological examination of liver
tissue (Figure 5E) demonstrated cholestatic hepatitis,
with widespread incidence of bile infarcts and hepato-
cellular damage in wild-type BDL mice. In contrast, het-
erozygous ASMase mice displayed minor liver injury.
Moreover, when the appearance of collagen was ana-
lyzed by Sirius Red staining, the presence of collagen
fibers was only observed in wild-type BDL mice but not in
ASMase*’~ mice (Figure 5E). This enhanced liver dam-
age and the presence of bile infarcts in wild-type BDL
mice occurred despite expression of TNF in heterozy-
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Figure 5. ASMase™’~ mice display decreased
liver damage and fibrosis compared with wild-type
mice when subjected to BDL. Serum ALT (A),
hydroxyproline levels (B), Col1A1 mRNA expres-
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gous ASMase BDL mice similar to that in wild-type mice
(Figure 5F). Moreover, the total pool of bile acids in liver
extracts after BDL did not differ between wild-type and
heterozygous ASMase (not shown), indicating that the
reduction in liver fibrosis is not a consequence of lower
cholestasis. These findings underscore the relevance of
ASMase expression in controlling both hepatocellular
damage and liver fibrosis in mice during cholestasis.

Similar Liver Damage but Reduced Fibrosis
in Heterozygous ASMase Mice after CCl,
Administration

We next assessed the contribution of ASMase in an exper-
imental model that includes significant hepatocellular injury
followed by fibrosis, using the in vivo model of CCl, admin-
istration, a well established model of liver injury and liver
fibrosis. CCl, administered twice a week for 6 weeks to
ASMase™*’* and ASMase™/~ mice increased serum ALT to
a similar level in wild-type and heterozygous ASMase mice
(Figure B6A). Hepatocellular damage was also assessed by
terminal deoxynucleotidyl transferase dUTP nick-end label-
ing staining of liver sections, revealing comparable injury in
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wild-type and ASMase™*’~ livers (Supplemental Figure 1,
see http.//ajp.amjpathol.org). However, regardless of the ex-
tent of liver damage, ASMase™~ mice exhibited signifi-
cantly decreased liver fibrosis, detected by hydroxyproline
levels (Figure 6B), Col1A1 mRNA expression (Figure 6C),
immunostaining of a-SMA-positive cells (Figure 6D), and
Sirius Red staining (Figure 6E). Thus, unlike the BDL model,
these findings underscore a hepatocellular damage-inde-
pendent role of ASMase in liver fibrosis.

Increased Expression of ASMase and CtsB in
Livers from Patients with NASH

Finally, to explore whether the observed effects in HSCs
and mice may be of potential relevance in human dis-
ease, we analyzed the mRNA expression of ASMase and
CtsB in patients with NASH at different stages. As shown
in Figure 7A, ASMase mRNA expression was significantly
increased in a group of 18 patients with NASH with a
Kleiner score of 5 to 6, indicative of definitive NASH3®
based on the assessment of the range of histological
features of human NASH. However, in patients with a
score of 3 to 4 and classified as having borderline NASH
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Figure 6. ASMase ™/~ mice display similar liver damage but decreased fibrosis after CCl, injection. Six weeks after initial CCl4 challenge, we determined serum
ALT (A), hydroxyproline levels (B), CollA1 mRNA expression (C), a-SMA immunostaining (D), and H&E and Sirius Red staining of liver samples (E) from
ASMase™ ™ and ASMase ™~ mice. Data are means = SEM; 7 = 5 animals per group. In A, B, and C, *P = 0.05 versus vehicle-treated mice. In B and C, *P =

0.05 versus ASMase™* + CCl,-treated mice.

(n = 14), mean mRNA expression of ASMase was in-
creased compared with that of control patients, but it did
not reach statistical significance. Of note, both groups of
patients with NASH exhibited significantly enhanced
CtsB mRNA expression, with a higher mean value ob-
served in those patients who were classified as having
definitive NASH (Figure 7B). In addition, although labo-
ratory test abnormalities may be suggestive of NASH,
histological evaluation remains the only way to accurately
stage NASH. Even though the Kleiner activity score does
not include histological evaluation of fibrosis, 71% (10 of
14) and 91.44% (17 of 18) of our patients with borderline
or definite NASH, respectively, had some degree of he-
patic fibrosis, none of them reaching the cirrhosis stage.

40+ “p=0.0m1
T [ 1
g 3 3 . '
& 071 * §
£ 10 ¢ 304 .
.§ e
S . h=] . -
ERrY . g 25
5
b 2 0]
I o
; . K] ‘
§ 1 < 159
' =
£ 4 * [ .
ﬁ " ——— E 104 e
— . % —— .
é 24 : : : S s .
all ** i e Py o oy
Control NASH NASH Control NASH NASH
(score 3-4) (score 5-6) (score 3-4) (score 5-6)

Figure 7. ASMase and CtsB expression are increased in patients with NASH.
Liver samples from control or NASH subjects were processed for RNA
isolation to determine the expression of ASMase mRNA (A) and CtsB mRNA
(B). Patients with NASH were separated in two groups: those with a score of
3 to 4 or borderline NASH, and those with a score of 5 to 6 or definite NASH,
according to the Kleiner classification. P values are indicated in the graph.

Moreover, the presence of fibrosis is an unequivocal
indicator of progressive liver disease. In fact, despite the
classification established by our pathologists, the clinical
data of the patients with borderline or definite NASH,
summarized in Table 1, did not reveal major significant
differences among groups. In all, our findings indicate
that the elevation of ASMase and CtsB levels may be of
relevance in patients with NASH, including those at an
initial stage of the disease. As a caveat, the only informa-
tion we have available regarding CtsB and ASMase in
these sets of patients is their mRNA expression, and
hence we cannot directly determine that this mRNA in-
crease is exclusively due to fibrosis. Other features of
NASH, such as hepatocellular apoptosis, could contrib-
ute to this outcome because both CtsB and ASMase have
also been associated with apoptosis. 225272930 \ore-
over, although in the CCl, model of liver fibrosis we have
previously observed that the expression of CtsB was
confined to activated HSCs and not in parenchymal
cells,®" we cannot reach such a conclusion in the present
human cohort, which will need further study. Therefore,
the present level of analyses suggests that certain pa-
tients with histological NASH have abnormal expression
of hepatic ASMase and CtsB mRNA.

Discussion

Using in vitro HSCs and in vivo models of liver fibrosis, we
describe a previously unknown role for ASMase in HSC
activation and liver fibrosis and establish a causal rela-
tionship between ASMase and cathepsins in HSC biol-
ogy. Up-regulation of ASMase has been described in
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Table 1. Clinical Data of Patients with Borderline or Definite NASH

Borderline NASH (n = 14) Definite NASH (n = 18) P
Age (years) 44.07 = 3.31 495 + 216 NS
Female (%) 42.86 66.66 NS
BMI (kg/m?) 47.56 + 1.94 50.49 + 1.86 NS
Waist circumference (cm) 14219 + 4.17 138.08 + 5.01 NS
Diabetes (%) 35.71 50 NS
Hypertension (%) 64.28 77.77 NS
Metabolic syndrome 71.43 88.88 NS
Glucose (mg/dl) 121 =12 133 = 13 NS
HOMA 12.82 = 2.82 11.983 = 1.55 NS
Cholesterol (mg/dl) 184.57 = 8.56 203.39 + 7.87 NS
Triglycerides (mg/dl) 137.85 + 11.34 147 + 15.68 NS
GGT (U/L) 38*4 51+9 0.047
ALT (U/L) 42 £ 5 627 NS
AST (U/L) 33+3 41 x4 0.002
Bilirubin (mg/dl) 0.57 = 0.06 0.58 = 0.05 NS
Platelet count (X 10°) 296 = 15 297 £ 17 NS
Fibrosis, stage 1 to 3 (%) 71 91.44 NS

Data are means * SE or %.

NS, not significant; HOMA, homeostasis model assessment; GGT, y-glutamyl transferase; ALT, alanine transferase; AST, aspartate aminotransferase.

similar contexts such as differentiation of monocytes to
macrophages®® and in drug-induced differentiation of
leukemia cells.*® Although the participation of ceramide
generated by ASMase in multiple signaling cellular pro-
cesses of physiological or pathological impact, such as
radiation-induced apoptosis,** Wilson disease,*® fulmi-
nant hepatitis,?® cystic fibrosis,*® Pseudomonas aerugi-
nosa infection,'® or emphysema,*” and in other common
diseases?®” has been reported, the role of ASMase in HSC
activation and liver fibrogenesis had not been fully char-
acterized so far. Recent observations suggest that the
activation of rat HSCs by hydrophobic bile acids is me-
diated by NAPDH oxidases in an ASMase- and protein
kinase C¢-dependent manner.*® However, the contribu-
tion of ASMase per se to the activation of HSCs and liver
fibrosis was not specifically addressed. Our results indi-
cate that pharmacological inhibition or silencing of
ASMase decreases the profibrogenic phenotype of
HSCs, further supporting the participation of ASMase in
HSC transdifferentiation. Moreover, the involvement of
ASMase in HSC activation and proliferation was also
validated in LX2 cells, a well established human HSC cell
line, indicating that the regulation of HSC activation by
ASMase may have potential relevance in human liver
fibrosis.

Most previous studies linked ASMase-derived cer-
amide to cell death, even though the direct targets of
ASMase-derived ceramide are still poorly defined.'? For
instance, in liver injury, ASMase activation has been
shown to promote hepatocyte apoptosis mediated by
TNF?5:28 or hepatic ischemia-reperfusion®? or in Wilson’s
disease.”® Our findings add another facet of ASMase in
liver pathobiology: ASMase promotes HSC activation and
liver fibrosis by regulating CtsB/D processing. Although
cathepsins and possibly other acidic proteases partici-
pate in self-sustained processing events,®' our data in-
dicate that ASMase is essential for CtsB/D processing,
but not vice versa, suggesting that ASMase is upstream of
both CtsB and CtsD.

After the encouraging results observed with antago-
nism of ASMase by pharmacological inhibition or siRNA
silencing, we used a genetic model of ASMase defi-
ciency. Surprisingly, complete loss of ASMase activity in
the ASMase knockout mouse reflected by undetectable
activity of ASMase resulted in an enhanced basal level of
CtsB and CtsD processing (not shown) compared with
that of either wild-type or ASMase ™~ mice (which exhibit
a partial reduction in ASMase as shown in Figure 4A).
Because we observed that ASMase is critical for the
proteolytic processing of both CtsB and CtsD, these find-
ings with the knockout mice indicate that the total loss of
ASMase leads to a compensatory gain of function of
cathepsins, which in turn, exacerbates in vivo fibrosis
after carbon tetrachloride administration (not shown).
These observations are intriguing and merit further as-
sessment. Total loss of ASMase is pathological and
serves as a model for Niemann-Pick type A disease.
Although Niemann-Pick type A disease is mainly charac-
terized by rapid neurodegeneration, these patients also
often exhibit liver deterioration, with some patients dying
of liver failure within 3 years before the onset of the
neurological symptoms.*® Interestingly, introducing a
partially functional gene (~8% residual ASMase activity)
in mice onto the complete ASMase knockout background
prevented the neurological phenotype, and the mice ex-
hibited a normal lifespan.®® Hence, these observations
provide evidence that very low levels of ASMase activity
are sufficient to eliminate the pathological state induced
by complete ASMase deficiency, illustrating the paradox-
ical role of ASMase in pathophysiology.*®

In sharp contrast with the observations with ASMase
knockout mice, our data with heterozygous ASMase
clearly indicate a vital role for ASMase in the regulation of
HSC activation and proliferation in vitro as well as liver
fibrogenesis in vivo by modulating the processing of CtsB
and CtsD. Although the role of ASMase in in vivo liver
fibrosis induced by BDL and CCl, is consistent with our in
vitro observations, the impact of ASMase on hepatocyte



damage caused by cholestasis is unexpected and de-
serves further comment. The extent of liver damage
caused by BDL, a model of liver injury mediated predom-
inantly by accumulation of toxic bile acids, was extensive
in wild-type mice, accompanied by inflammatory cells
infiltration, features that were markedly reduced in het-
erozygous ASMase mice. These findings point to a novel
role of ASMase in cholestasis-mediated hepatocellular
injury, which deserves further study to determine the
underlying mechanisms. Recently, Osawa et al,*’ as-
sessed the specific role of ASMase in Kupffer cells during
BDL-induced cholestasis. Somewhat contrary to our ob-
servations, silencing ASMase in Kupffer cells but not in
hepatocytes impaired BDL-mediated AKT activation in
hepatocytes, which was essential for cell survival and
liver regeneration. On the other hand, deoxycholic acid
has been reported to activate c-Jun NH,-terminal kinase,
a stress-activated kinase that regulates cell death, by a
mechanism involving the ASMase/Fas receptor.®" Thus,
although it was out of the scope of the study, our obser-
vations point to a novel role for ASMase in BDL-induced
hepatocyte injury.

Paralleling the resistance of heterozygous ASMase
mice to hepatocyte damage caused by BDL, collagen
synthesis and liver fibrosis were significantly reduced, in
line with the notion that hepatocellular damage is an
important trigger of HSC activation and hence fibrosis
fostered in previous studies.®? In contrast, in the experi-
mental model of liver fibrosis by chronic CCl, administra-
tion, heterozygous ASMase mice display liver damage
similar to that of wild-type mice but reduced fibrosis, thus
strengthening the evidence for a critical contribution of
ASMase in HSC activation, independent of hepatocellular
damage.

Overall, our findings indicate a dual function of
ASMase in liver fibrogenesis with a direct role primarily
determined by the regulation of HSC activation/prolifera-
tion via CtsB/D processing and an indirect role by mod-
ulating hepatocyte susceptibility to apoptosis induced by
cholestasis and perhaps other forms of liver injury. In
view of our findings indicating that ASMase is upstream
of CtsB in HSCs and the critical role of CtsB in BDL-
induced hepatocyte apoptosis,®® the functional relation-
ship between ASMase and CtsB in the hepatocellular
susceptibility to BDL deserves further investigation.
Given the role of ASMase in regulating hepatocellular
injury shown in previous studies®®® and liver fibrosis in
the present study, this enzyme may be an attractive
target for chronic liver diseases. Therefore, a therapy
based on ASMase antagonism may induce a dual ben-
eficial effect, on the one hand by limiting ASMase activity
in hepatocytes and thus protecting them from hepatocel-
lular damage, and on the other hand by interfering with
HSC activation and reducing liver fibrosis.

Finally, our findings indicate that patients with NASH
exhibit increased expression of ASMase and CtsB mRNA
levels compared with healthy controls. However, we can-
not rule out the contribution of other features of NASH
apart from fibrosis, such as apoptosis, to this outcome.
Therefore, further work is needed to identify the cell pop-
ulation of enhanced CtsB and ASMase expression and
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mechanisms responsible for these events in human livers
and validate whether the increase in ASMase/CtsB
mRNA occurs in liver fibrosis of different etiology such as
chronic viral hepatitis.
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Background: The mechanism of liver fibrosis in Niemann-Pick disease (NPD) is unknown.
Results: The loss of ASMase stimulates cathepsin B (CtsB) activation promoting liver fibrosis.

Conclusion: CtsB contributes to the hepatic phenotype of NPD.

Significance: CtsB may be a novel therapeutic target to treat liver disease in NPD.

Niemann-Pick disease (NPD) is a lysosomal storage disease
caused by the loss of acid sphingomyelinase (ASMase) that fea-
tures neurodegeneration and liver disease. Because ASMase-
knock-out mice models NPD and our previous findings
revealed that ASMase activates cathepsins B/D (CtsB/D), our
aim was to investigate the expression and processing of
CtsB/D in hepatic stellate cells (HSCs) from ASMase-null
mice and their role in liver fibrosis. Surprisingly, HSCs from
ASMase-knock-out mice exhibit increased basal level and
activity of CtsB as well as its in vitro processing in culture,
paralleling the enhanced expression of fibrogenic markers
a-smooth muscle actin (e-SMA), TGF-f, and pro-collagen-
al(I) (CollAl). Moreover, pharmacological inhibition of
CtsB blunted the expression of a-SMA and Col1A1 and pro-
liferation of HSCs from ASMase-knock-out mice. Consistent
with the enhanced activation of CtsB in HSCs from ASMase-null
mice, the in vivo liver fibrosis induced by chronic treatment with
CCl, increased in ASMase-null compared with wild-type mice, an
effect that was reduced upon CtsB inhibition. In addition to liver,
the enhanced proteolytic processing of CtsB was also observed in
brain and lung of ASMase-knock-out mice, suggesting that the
overexpression of CtsB may underlie the phenotype of NPD. Thus,
these findings reveal a functional relationship between ASMase
and CtsB and that the ablation of ASMase leads to the enhanced
processing and activation of CtsB. Therefore, targeting CtsB may
be of relevance in the treatment of liver fibrosis in patients with
NPD.
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Acid sphingomyelinase (ASMase®; EC 3.2.1.14) is a member
of an enzyme family that catalyzes the breakdown of sphingo-
myelin into ceramide. ASMase works optimally at acidic pH
and is located mainly in the endo/lysosomal compartments
(1). Besides its important participation as key structural
component of biological membranes, ceramide is recognized
as a critical second messenger that regulates many cell func-
tions (2, 3). In particular, ceramide generation by ASMase is
rapid and transient and plays a proapoptotic role in response
to many different stimuli (2, 3). ASMase derives from a pro-
inactive form whose proteolytic processing within the C ter-
minus leads to the maturation of an endosomal/lysosomal
Zn>*-independent form and a Zn>*-dependent secretory
isoenzyme (4).

Niemann-Pick disease (NPD) is a rare lysosomal storage dis-
order caused by recessive mutations on the SPMDI gene
encoding ASMase (5, 6). NPD type A and B, the most common
subtypes of this disease, share features such as the accumula-
tion of sphingomyelin, cholesterol, glycosphingolipids, and bis-
(monoacylglycerol) phosphate in the visceral organs such as
liver, spleen, and lung. The subsequent formation of foam cells
is the main cause of hepatosplenomegaly, pulmonary insuffi-
ciency, and cardiovascular disease (6). NPD type A patients
typically exhibit almost a total loss of ASMase activity and suf-
fer neurological degeneration that reduces their lifespan to
about 3 years of age. NPD type B patients, however, frequently
survive into adulthood and exhibit a milder phenotype with
little or no neurodegeneration depending on the remaining
percentage of ASMase activity (7). Despite the generation of the
ASMase-knock-out mice as an animal model of NPD type A
exhibiting neurological degeneration, hepatosplenomegaly,
and lung dysfunction (8, 9), little progress has been made in
NPD treatment.

Cathepsins are a family of lysosomal proteases whose partic-
ipation in different pathologies such as liver fibrosis (10), ath-

>The abbreviations used are: ASMase, acid sphingomyelinase; a-SMA,
a-smooth muscle actin; CCl,, carbon tetrachloride; Col1A1, pro-collagen-
a1(l); CtsB, cathepsin B; CtsD, cathepsin D; EWAT, epididymal white adi-
pose tissue; HSC, hepatic stellate cell; NPD, Niemann-Pick disease.
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erosclerosis (11), Alzheimer disease (12), and cancer (13, 14)
has been reported in the past years. In particular, cathepsin B
(CtsB) and cathepsin D (CtsD) have been implicated in sig-
naling pathways of apoptosis (15, 16) and liver fibrosis (17).
Moreover, recent studies have revealed that ASMase con-
trols the proteolytic processing of CtsB/D, and hence
ASMase down-regulation impairs CtsB/D processing result-
ing in decreased hepatic stellate cell (HSC) activation in vitro
and lower in vivo fibrogenesis (17). However, because many
cathepsins are proteolytically processed by other members
of the family and due to the hierarchical relationship
between ASMase and CtsB/D (17), we postulated that the
complete loss of ASMase may lead to an adaptive overex-
pression of CtsB/D. To test this hypothesis we addressed the
regulation of CtsB/D in ASMase-knock-out mice and exam-
ined the activation of HSCs in vitro and liver fibrosis in vivo
as a potential contributory mechanism for enhanced liver
disease observed in many NPD patients (18 —-21). Moreover,
because the NPD phenotype is not restricted to liver, we
addressed the regulation of CtsB/D in other commonly
affected organs of ASMase-knock-out mice. Our findings
revealed an increased proteolytic processing of CtsB/D in
HSC from ASMase-null mice and that the pharmacological
inhibition of CtsB prevents in vitro HSC activation and pro-
liferation. Consequently, ASMase-knock-out mice exhibit
increased in vivo liver fibrosis induced by CCl, challenge,
which is reduced upon CtsB inhibition. Similar findings
regarding enhanced basal levels and increased processing of
CtSB/D were observed in brain and lung from ASMase-
knock-out mice. Thus, these findings imply that the thera-
peutic targeting of CtsB may be of relevance in the treatment
of liver fibrosis in patients with NPD.

EXPERIMENTAL PROCEDURES

Reagents—DMEM, trypsin-EDTA, penicillin-streptomycin,
TRIzol, FBS, HistoGrip, and Opti-MEM, were from Invitrogen.
All tissue cultureware was from Nunc. The DAKO Biotin
Blocking System, peroxidase substrate (DAB), peroxidase
buffer, and hematoxylin were from DAKO (Glostrup, Den-
mark). Aquatex was from Merck. The Vectastain ABC kit was
from Vector Laboratories (Burlingame, CA). PDGF-BB was
from PeProtechEC (London, UK). Proteinase inhibitors
were from Roche Applied Science. iScript™ One-Step reverse
transcription (RT)-PCR kit with SYBR® Green was from Bio-
Rad. ECL Western blotting substrate was from Pierce.
Ca074Me was from Sigma-Aldrich, and, unless otherwise
stated, all other reagents were also from Sigma-Aldrich.

Antibodies—W'e used the following primary antibodies: rab-
bit polyclonal anti-cathepsin B (catalog 06-480) and rabbit
polyclonal anti-Col1A1 (catalog AB765P) were from Millipore.
Goat polyclonal anti-cathepsin D (catalog sc-6486) and mouse
monoclonal pan-cathepsin (catalog sc-365614) were from
Santa Cruz Biotechnology. Rabbit polyclonal anti-a-SMA (cat-
alog ab5694), rabbit polyclonal anti-myeloperoxidase (catalog
ab15484), and rat monoclonal anti-lysosomal associated mem-
brane protein 2 (LAMP2) (catalog ab13524) were from Abcam.
mAb anti-a-SMA (catalog A2547), mAb anti-B-actin (catalog
A1978), and ECL-peroxidase labeled anti-mouse (catalog
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A9044), anti-rabbit (catalog A0545), and anti-goat (catalog
A5420) were from Sigma-Aldrich. Anti-rat (catalog 819520)
was from Invitrogen. Rabbit polyclonal anti-Hsp70 was from
Enzo LifeSciences, Farmingdale, NY). Rabbit polyclonal anti-
LC3B (catalog 2775) was from Cell Signaling Technology. Alexa
Fluor 488 goat anti-rat (catalog A11006), Alexa Fluor 594 rabbit
anti-goat (catalog A11080), and Alexa Fluor 647 goat ant-rabbit
(catalog A21245) were from Invitrogen. Biotinylated labeled
anti-rabbit was from BD Biosciences.

Animals and HSC Isolation—Wild-type and ASMase-knock-
out mice (male, 8 —10-week-old littermates) (C57BL/6 strain)
were obtained by propagation of heterozygous breeding pairs (a
generous gift from R. Kolesnick, Memorial Sloan-Kettering
Cancer Center, New York and E. Gulbins, University of Duis-
burg-Essen, Germany) and genotyped as described previously
(22). All animals received humane care according to the cri-
teria outlined in the Guide for the Care and Use of Laboratory
Animals published by the National Institutes of Health.
HSCs were isolated by perfusion with collagenase-Pronase
and cultured as described previously (10). Culture purity,
assessed routinely by retinoid autofluorescence at 350 nm,
was >95%. Lack of staining for F4/80 confirmed the absence
of Kupffer cells. Cells were cultured in DMEM supplemented
with 10% FBS and antibiotics at 37 °C in a humidified atmo-
sphere of 95% air and 5% CO,.

In Vivo Liver Fibrogenesis—Wild-type or ASMase KO mice
were treated with CCl, ata dose of 5 ul (10% CCl, in corn oil)/g
of body weight, by intraperitoneal injection twice a week for 4
weeks. Control animals received corn oil alone. Ca074Me (Sig-
ma-Aldrich) was administered 30 min before CCl,, for the last 3
week of the study. Ca074Me was given intraperitoneally in a
dosage according to CtsB expression in liver (0.25-1.0
mg/mouse).

ASMase Activity— ASMase activity from cellular extracts was
determined using a fluorescent sphingomyelin analog (NBD
Cé6-sphingomyelin). Samples were incubated for 60 min at
37°C in incubation buffer containing 10 wmol/liter NBD
C6-sphingomyelin (250 mmol/liter sodium acetate, 0.1% Tri-
ton X-100, pH 5.0). Lipids were extracted, dried under N,, and
separated by TLC (chloroform:ethanol: 20% NH,OH; 70:30:5,
v/v). NBD-ceramide was visualized under UV light, and images
were acquired and analyzed using a Gel Doc XR System with
Quantity One software (Bio-Rad). Furthermore, ASMase activ-
ity in tissue lysates was performed as described (17).

CtsB and CtsD Activities—CtsB activity was assayed fluo-
rometrically with Z-Arg-Arg-7-amido-4-methylcoumarin
hydrochloride (60 wmol/liter) at pH 7.4 and 37°C as
described previously (10). CtsD was assayed using a Cathep-
sin D Activity Assay kit (catalog ab65302; Abcam) following
the manufacturer’s instructions. Results were expressed as
cathepsin activity (slope of fluorescence emission after 40
min) per milligram of protein.

SDS-PAGE and Immunoblot Analysis—Cell lysates were pre-
pared in radioimmune precipitation assay buffer (50 mmol/liter
Tris-HCL, pH 8, 150 mmol/liter NaCl, 1% Nonidet P-40, 0.1%
SDS, 1% Triton X-100 plus proteinase inhibitors). Protein con-
centration was determined by the Bradford assay, and samples
containing 10-30 ng were separated by 8 -10% SDS-PAGE.
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FIGURE 1. Enhanced fibrogenic potential of ASMase '~ HSC. A, time course of CtsB, CtsD, a-SMA, and Col1A1 protein expression. B, time course of CtsB
activity in ASMase™* and ASMase ™/~ HSCs. C-E, time course of a-SMA (C), Col1A1 (D), and TGF-S (E) mRNA levels in ASMase ™/~ HSCs compared with
ASMase*’* HSCs. F, percentage of proliferation from day 2 to day 8 of culture in ASMase™’* and ASMase ™/~ HSCs. Data are mean = S.D. (error bars), n = 4.
* p = 0.01 versus same time point ASMase ™’ HSCs; **, p = 0.05 versus control day 2 HSCs; #, p = 0.05 versus ASMase ™’ HSCs.

Proteins were transferred to nitrocellulose membranes. After
membranes were blocked in 8% nonfat milk or 5% BSA in 20
mmol/liter Tris-HCI, 150 mmol/liter NaCl, and 0.05% Tween
20 for 1 h at room temperature, the membranes were incubated
overnight at 4 °C with different primary antibodies and devel-
oped with the ECL-peroxidase system.

HSC Proliferation—Proliferation was estimated as the
amount of [*H]thymidine incorporated into TCA-precipitable
material as described previously (17).

Hydroxyproline Content—Hepatic hydroxyproline content
was determined by the method of Jamall et al. (23), as described
previously (10). Data were normalized to wet liver weight.

RNA Isolation and Real Time RT-PCR of Mouse Samples—
Total RNA was isolated from HSCs with TRIzol reagent. Real-
time RT-PCR was performed with an iScript™ One-Step reverse
transcription-PCR kit with SYBR® Green following the manu-
facturer’s instructions. The primers sequences used were:
mouse a-SMA forward, 5'-ACTACTGCCGAGCGTGA-
GAT-3’ and reverse, 5'-AAGGTAGACAGCGAAGCCAA-3’
(GenBank accession number NM_007392); mouse TGF-3 for-
ward, 5'-GTCAGACATTCGGGAAGCAG-3’' and reverse,
5'-GCGTATCAGTGGGGGTCA-3’ (GenBank accession num-
ber NM_011577); mouse Col1A1 forward, 5'-ACTTCACTTCC-
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TGCCTCAG-3' and reverse, 5'-TGACTCAGGCTCTTGAG-
GGT-3' (GenBank accession number NM_007742); mouse
B-actin forward, 5-GACGGCCAGGTCATCACTAT-3’" and
reverse, 5'-CGGATGTCAACGTCACACTT-3" (GenBank
accession number NM_007393).

Immunohistochemical Staining—Paraffin molds containing
liver sections were cut into 5-um sections and mounted on
HistoGrip-coated slides. The sections were deparaffinized in
xylene and dehydrated in graded alcohol series. Endogenous
peroxidase (3% H,O,) and avidin and biotin were blocked.
Slides were incubated with primary antibody overnight in a wet
chamber at 4 °C. After rinsing with PBS 1X, the slides were
incubated with a biotinylated antibody for 45 min in a wet
chamber and developed with the ABC kit with peroxidase sub-
strate (DAB) and peroxidase buffer. After rinsing the slides with
tap water they were counterstained with hematoxylin and
mounted with Aquatex.

HE&E and Sirius Red Staining—Livers were fixed, included in
paraffin, and sections of 7 um were routinely stained with H&E,
periodic acid-Schiff, Nissl staining, or with a 0.1% Sirius Red-
picric solution following standard procedures.

Statistical Analyses—All images display representative data
from at least three independent observations. The experiments
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were repeated at least three times. The statistical significance of
differences was performed using the unpaired, nonparametric
Student’s £ test.

RESULTS

HSCs from ASMase Knock-out Mice Exhibit Increased
CtsB/D Processing and Fibrogenic Potential—Given the func-
tional relationship between ASMase and cathepsins recently
reported in liver fibrosis (17), we analyzed the expression of
CtsB and CtsD in HSCs from ASMase '~ mice. HSCs were
isolated and cultured in plastic to follow their activation proc-
ess in vitro from quiescent HSCs to myofibroblasts like cells
responsible for the fiber deposition. As shown in Fig. 14 we
observed an up-regulation of CtsB and CtsD expression and
processing compared with wild-type HSCs. In particular, CtsB
expression was remarkably induced, as shown by the enhanced
activity of CtsB in ASMase /~ HSCs compared with wild-type
HSCs (Fig. 1B). Kinetic analyses revealed enhanced expression
of CtsB/D at the early phase in the activation of HSC (Fig. 1, A
and B). Genetic deficiency of ASMase also resulted in elevated
expression of the activation markers «-SMA and Col1A1 at the
protein (Fig. 1A) and mRNA level (Fig. 1, C and D), which was
further accompanied by overexpression of other markers of
HSC activation such as transforming growth factor- (TGF-p)
(Fig. 1E). Considering the difference in -fold increase of mRNA
levels for a-SMA and Col1A1, the corresponding increase at
the protein level at day 8 of culture was more apparent for
Col1A1 than for a-SMA. In parallel with these observations,
the proliferation rate of HSC from day 2 after isolation to day 8
of culture was significantly increased in ASMase '~ HSCs
compared with wild-type HSCs (Fig. 1F). Thus, HSCs from
ASMase /™ mice exhibit increased fibrogenic potential, which
correlated with enhanced CtsB/D levels and processing.

CtsB Inhibition Diminishes Activation of ASMase-knock-out
HSCs—According to our observations in the knock-out mice,
complete absence of ASMase up-regulates CtsB and CtsD.
Because in previous studies we have already disclosed the
importance of CtsB in liver fibrosis and that the use of a selec-
tive CtsB inhibitor (Ca074Me) reduced HSC activation in an
experimental liver fibrosis model (10), we decided to test
whether the up-regulation of CtsB observed in ASMase /~
HSCs plays a causal role in their enhanced fibrogenic potential,
evaluating the effect of inhibiting CtsB using the specific inhib-
itor Ca074Me. In analyzing the expression of a-SMA and
CollAl in 7-day-old HSC cultures, we observed an increased
expression of these markers of HSC transdifferentiation that
was prevented after Ca074Me treatment, both in wild-type and
ASMase ’/~ HSCs (Fig. 2A). Moreover, proliferation was also
significantly diminished under these conditions, even in
ASMase "/~ HSCs (Fig. 2B). As previously observed in wild-
type HSCs (10), AKT phosphorylation induced by PDGF was
enhanced in HSC from ASMase-knock-out mice and blocked
by Ca074Me (data not shown). Ca074Me did not cause any
noticeable cell death or toxicity at the doses and time utilized.
Hence, these results suggest that CtsB is responsible for the
enhanced fibrogenic features observed in ASMase-knock-out
HSCs.
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FIGURE 2. CtsB inhibition decreases the fibrogenic potential of HSCs. A, a-
SMA and Col1AT1 protein levels, and B, proliferation rate after CtsB inhibition
with Ca074Me (20 wmol/liter, 48 h, added every 24 h from day 5 to day 7), in
ASMase™ ™ and ASMase ™'~ HSCs. Data are mean = S.D. (error bars), n = 3.
*, p = 0.05 versus ASMase™*’" control HSC; #, p = 0.05 versus respective
controls.

ASMase-knock-out Mice Exhibit Increased Liver Fibrosis in
Response to CCl, Due to CtsB Overexpression—Qur previous
studies indicated that heterozygous ASMase mice are less sen-
sitive to in vivo liver fibrosis due to impaired CtsB activation.
However, the preceding findings indicate that the complete loss
of ASMase leads to increased CtsB expression, which is known
to contribute to liver fibrosis and is a marker of disease progres-
sion in NASH patients (17). Therefore, to analyze whether CtsB
overexpression sensitizes to liver fibrosis we decided to admin-
ister CCl, to ASMase /= and wild-type mice. We chose
CCl, instead of bile duct ligation because the degree of liver
damage is independent of ASMase (17). CCl, challenge for 4
weeks increased serum alanine transaminase levels in wild-type
and ASMase deficient mice to a similar extent (Fig. 34). As
shown in Fig. 3B, basal levels of CtsB activity were increased in
ASMase /" livers and were further enhanced upon induction
of liver fibrosis with CCl, only in ASMase-deficient livers.
In addition, enhanced levels of CtsD were also detected in
ASMase-deficient livers that were further increased after CCl,
challenge (Fig. 3C). Moreover, in CCl,-treated animals
enhanced levels of CtsB and CtsD correlated with an elevated
a-SMA expression, as shown by Western blot analysis (Fig. 3C)
and immunohistochemistry (Fig. 3E), indicating that ASMase-
deficient animals have increased number of activated HSCs.
Analysis of the hydroxyproline content in the liver revealed a
significant increase in collagen accumulation in ASMase-defi-
cient animals compared with wild-type animals after CCl,
administration (Fig. 3D), which correlated with the increased
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FIGURE 3. Enhanced liver fibrosis in ASMase ~'~ mice after CCl, administration was ameliorated after CtsB inhibition. A-D, serum alanine transaminase
(ALT) levels (A), CtsB activity (B), CtsD and a-SMA protein expression (C), and hydroxyproline levels in liver homogenate (D). E, a-SMA immunostaining of liver
section at X40 magnification. Data are mean = S.E. (error bars), n = 6 animals/group. *, p < 0.05 versus vehicle-treated mice; #, p < 0.05 versus CCl,

ASMase ™/~ -treated mice.

detection of collagen fibers in the livers of ASMase '~ mice

that received CCl,, as detected by Sirius Red staining (Fig. 4A4).
The Sirius Red staining, as well as the a-SMA expression,
observed in the ASMase /™ livers did not follow the typical
pattern along the collagen fibers but displayed a characteristic
arrangement surrounding foam cells, lipid-accumulating
macrophages also known as Niemann-Pick cells. This atypical
distribution was observed only in ASMase-deficient livers that
received CCl,; this particular cell type, however, was not
observed in ASMase /™ animals receiving only vehicle (Fig.
4A). On histological examination we observed mild sinusoidal
dilatation, by H&E staining (Fig. 48), and moderate neutro-
philic infiltration, as detected by myeloperoxidase immuno-
staining (Fig. 4C) in wild-type livers upon CCl, challenge. These
parameters were exacerbated in ASMase /™ animals that pre-
sented noticeable infiltration of neutrophils especially adjacent
to foam cells, clearly visible by H&E staining. Collectively, these
results indicate that liver fibrosis is significantly increased in
ASMase-KO mice.

CtsB Inhibition Reduces in Vivo Liver Fibrosis in ASMase-null
Mice—Given the above findings, and because CtsB inhibition
has been proven useful in reversing liver fibrosis in wild-type
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mice (10), we next asked whether CtsB inhibition could be of
relevance in ameliorating liver fibrogenesis in ASMase /™ liv-
ers in vivo following CCl, administration. To this aim, CCl, was
first administered twice a week for 1 week, followed by CCl, and
Ca074Me administration for 3 additional weeks. CtsB inhibi-
tion by itself did not alter any of the parameters studied in
control animals (Figs. 3 and 4). As described previously (10),
Ca074Me treatment did not significantly affect the increase in
alanine transaminase levels observed after CCl, challenge, sug-
gesting that CtsB did not participate in the mechanisms respon-
sible for liver damage (Fig. 3A). However, in vivo Ca074Me
administration significantly reduced the increase in CtsB activ-
ity (~30%) induced by CCl, in ASMase '~ mice (Fig. 3B).
Higher doses of Ca074Me failed to inhibit CtsB activity in
ASMase '~ mice further (data not shown). CtsB inhibition by
Ca074Me reduced the increased expression of a-SMA and
CtsD (Fig. 3C) as well as the presence of a-SMA-positive cells
after CCl, challenge in ASMase /" livers (Fig. 3D). Moreover,
as shown in Fig. 3E, determination of the hydroxyproline con-
tent in the liver revealed a significant decrease in collagen accu-
mulation in CCl,-treated mice that received Ca074Me, com-
pared with mice challenged with CCl, alone. This result was
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FIGURE 4. Fiber deposition, presence of foam cells, and inflammation were decreased in ASMase ™'~ livers after CtsB inhibition. A, Sirius Red staining of
collagen fibers. B and C, H&E (B) and myeloperoxidase (C) staining of liver sections after the corresponding treatments. All images were taken at x40

magnification.

further confirmed by the detection of collagen fibers by Sirius
Red staining (Fig. 44) in CCl,-treated animals compared with
those treated with CtsB inhibitor. Additionally, CtsB inhibition
in CCl,-treated animals moderately decreased the incidence of
foam cells in the liver (Fig. 48) and the number of myeloperoxi-
dase-positive cells (Fig. 4C) Thus, these findings indicate that
CtsB plays a critical role in in vivo liver fibrogenesis in ASMase-
deficient livers.

CtsB and D Increase in Extrahepatic Organs in ASMase-
knock-out Mice—To analyze whether the increase of CtsB and
CtsD was an isolated feature of the liver from the ASMase ™~
mice or was a general phenotypic characteristic in other organs,
21-week-old animals were killed, and different organs were har-
vested. CtsB (Fig. 54) and CtsD (Fig. 5B) protein expression and
activity increased in several organs affected by the accumula-
tion of foam cells in NPD: brain, lung, liver, muscle, epididymal
white adipose tissue (EWAT), and skin. However, there were no
changes in spleen, pancreas, and intestine in those mice. When

asEve\
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exploring the magnitude of ASMase and CtsB activities in the
tissues of wild-type animals we did not observe any direct cor-
relation between the extent of activation of these two enzymes
in view of the fact that tissues with the lowest ASMase activity,
such as spleen and muscle, displayed, respectively, the highest
and the lowest CtsB activities among the tissues examined
(Fig. 5C).

To analyze whether the increase in CtsB was also detectable
in younger animals with a weak NPD phenotype, 10 —12-week-
old mice were studied. Accumulation of foam cells was already
detectable in histological sections of lung and liver, as well as a
decrease in the number of Purkinje cells in the cerebellum (Fig.
6A), both characteristic of the neurovisceral phenotype of
the NPD. No changes were appreciated in spleen sections
(data not shown). Interestingly, when enzymatic activity was
measured in these almost asymptomatic young animals,
CtsB was already significantly increased in the lung and liver
tissue from the ASMase-knock-out mice (Fig. 6B), even
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FIGURE 5. CtsB and CtsD increase in the organs affected by the NPD phenotype. A and B, CtsB (A) and CtsD (B) protein expression and activity in total lysates
of brain, lung, spleen, liver, pancreas, intestine, EWAT, muscle, and skin of 21-week-old ASMase ’~ and ASMase ™" mice. C, ASMase and CtsB activities in the

same tissues of ASMase ™/ *

in liver; #, p =< 0.05 versus CtsB activity in liver of ASMase ™"

mice.

despite the weak accumulation of foam cells in these tissues,
which represents an early feature of the NPD phenotype. In
contrast, no changes in CtsB activity were detected in brain
and spleen at this age.

Role of Other Cathepsins, Lysosomal Stability, and Autophagy—
To address the potential participation of other cathepsins in the
NPD phenotype, we used a pan-cathepsin antibody with spec-
ificity toward several cathepsins other than CtsB/CtsD. As seen
(Fig. 7A) the pattern of pan-cathepsin expression between
ASMase*’" and ASMase /=~ HSCs was similar. Moreover,
although there were different patterns of expression among tis-
sues, there were no major differences between ASMase*’" and
ASMase /™ mice (Fig. 7B), except the observed enhanced pan-
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mice. In Aand B, data are mean = S.D. (error bars), n = 6;*, p < 0.05 versus ASMase*/*.In C,n = 4;*,p < 0.05 versus ASMase activity

cathepsin expression in lung from ASMase '~ mice. Conse-
quently, it is feasible that the participation of other cathepsins
in NPD phenotype may be tissue-specific.

Given that an increase in cathepsins in the lysosome can lead
to lysosomal membrane permeabilization and subsequent
release of cathepsins leading to apoptosis (24), we next analyzed
whether lysosomal stability was affected and whether CtsB and
CtsD were localized in the lysosomes of ASMase '~ HSC. As
shown in Fig. 74, LAMP2 expression, known to correlate with
lysosomal stability (25), was increased during HSC activation in
ASMase "/~ HSCs compared with ASMase ™’ * HSCs at all time
points analyzed, suggesting that in addition to increased CtsB
and CtsD expression there seems to be enhanced lysosomal
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FIGURE 6. CtsB is increased in 10-12-week-old animals with weak NPD
phenotype. A, Nissl staining in cerebellum histological sections and H&E
staining of lung and liver sections. The arrows indicate the Purkinje cell pop-
ulation in cerebellum, population decreased in ASMase ™/~ mice, and the
presence of foam cells in lung and liver in ASMase ™~ mice. B, CtsB activity in
total lysates of brain, lung, spleen, and liver of 10-12-week-old ASMase ™/~
and ASMase™ ™ mice. Data are mean = S.D. (error bars), n = 3; *, p = 0.01
versus ASMase ™’ *; #, p = 0.05 versus ASMase ™™,
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mass. LAMP2 expression was also enhanced in various tissues
of ASMase ™/~ mice, particularly lung, liver, and spleen (Fig.
7B). In agreement with these findings, immunofluorescence
analyses of HSCs from wild-type and ASMase-null mice indi-
cated co-localization of both CtsB and CtsD with LAMP2, a
lysosomal marker (Fig. 7C) and revealed increased LAMP2
staining in ASMase /= HSCs compared with ASMase™’*
HSCs. However, no increase was observed in the expression of
Hsp70, a chaperone known to facilitate ASMase activity and
stabilize lysosomes (26), neither in HSCs (Fig. 7A) nor in the
different tissues analyzed (Fig. 7B). Thus, these findings suggest
that the increased CtsB expression in ASMase ~/~ HSCs may be
due to lysosomal enlargement.

Because autophagy is a catabolic process involving the deg-
radation of cellular constituents through lysosomal digestion,
we asked whether it played a role in HSC activation and tissue
degeneration in NPD. To address this point, we monitored LC3
expression in the different tissues of wild-type and ASMase '~
mice. As shown in Fig. 7B, the amount of LC3-I varied among
tissues but remained constant between ASMase*’* and
ASMase /™ animals. There was, however, more expression of
LC3-II in lung, intestine, EWAT, and skin of ASMase ’/~ mice
compared with ASMase*/* mice. In addition, no expression of
LC3-II was observed during HSC activation (Fig. 7A). There-
fore, no direct relationship was found between CtsB or CtsD
expression (Fig. 5) and LC3-I conversion to LC3-1I in the NPD
mouse model.
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DISCUSSION

NPD is a rare lysosomal disorder caused by the loss of
ASMase. Patients with NPD exhibit neurodegeneration, lung
dysfunction, hepatosplenomegaly, and liver disease. Although
all lysosomal storage diseases are characterized by the
intralysosomal accumulation of unmetabolized substrates, act-
ing as a primary cause of the disease, the extensive range of
disease symptoms indicates that many secondary biochemical
and cellular pathways can contribute to the plethora of pheno-
types reported (27). Currently, there is no treatment for NPD
patients, and the degree of pathology depends on the extent of
ASMase loss. In the present study we extend our initial obser-
vations between ASMase and CtsB/D in HSC and liver fibrosis,
which occurs in a large percentage of NPD patients (6).
Heterozygous ASMase mice, which exhibit a residual 30 —40%
ASMase activity, are protected against in vivo liver fibrosis due
toadecreased CtsB/D activation (17). Moreover, pharmacolog-
ical ASMase inhibition (by 70— 80%) decreased CtsB/D activa-
tion and the fibrogenic potential and proliferation of murine
and human HSC. Quite surprisingly, we observe here that the
genetic ablation of ASMase leads to a paradoxical increased
basal level and activity of CtsB, which confers increased fibro-
genic potential and proliferation on HSCs from ASMase-null
mice leading to enhanced liver fibrosis.

Consistent with findings in death ligand-induced apoptosis
(15), our previous studies disclosed a hierarchical functional
relationship between ASMase and CtsB of relevance in liver
fibrosis (17). Unlike the pharmacological inhibition of ASMase,
which impaired CtsB/D maturation and hence HSC activation,
the inhibition of CtsB did not affect ASMase activity during in
vitro HSC activation, indicating that ASMase is required for
and upstream of CtsB/D proteolytic processing and that the
gradual down-regulation of ASMase, as in the heterozygous
ASMase mice, results in impaired CtsB/D processing and acti-
vation. Although genetic CtsD silencing did reduce HSC pro-
liferation and a-SMA expression in line with the effects
observed with CtsB silencing, it did not affect HSC migration
(10). Moreover, unlike CtsD, the expression of CtsB appears to
be more restricted to activated HSC (10), suggesting that CtsB
rather than CtsD may be a better target to address its role in
liver fibrosis in NPD (10). Although the present findings sup-
port a critical role for CtsB in hepatic fibrosis in NPD, we can-
not rule out a potential contribution of other cathepsins,
including CtsD.

Due to the critical role of CtsB in liver fibrosis (10), the pro-
portional direct relationship between the down-regulation of
ASMase and CtsB dictates a low susceptibility of the
ASMase*’™ mice to liver fibrosis (17). However, unexpectedly,
the loss of ASMase below a critical threshold toward the total
deficiency of ASMase, as in the ASMase-knock-out mice,
results in an adaptive increase in the basal levels of some cathe-
psins and enhanced proteolytic processing during HSC activa-
tion in vitro that sensitizes ASMase-null mice to in vivo fibrosis.
The unexpected rebound relationship between the loss of
ASMase and activation of CtsB may be of particular relevance
to type A but not type B NPD patients, which exhibit a residual
ASMase activity. Pharmacological inhibition of CtsB decreases
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FIGURE 7. Analysis of other cathepsins, lysosomal stability, and autopha
expression in ASMase ™" and ASMase ™’
intestine, EWAT, muscle, and skin of 21-weeks old ASMase ™'~ and ASMase

gy in the NPD mouse model. A, time course of pan-cathepsin, LAMP2, and LC3

~ HSCs. B, pan-cathepsin, LAMP2, Hsp70, and LC3 expression in total lysates of brain, lung, spleen, liver, pancreas,

*/* mice. (C) Confocal imaging of 7 day-old ASMase™’" and ASMase /~ HSCs

displaying CtsB and CtsD co-localization with a lysosomal marker (LAMP2). Scale bars, 10 wm.

the in vitro activation of HSC from ASMase-null mice and in
vivo liver fibrosis, thus suggesting that targeting CtsB may be a
novel treatment for the underlying liver fibrosis in NPD
patients.

Similar to the NPD phenotype, patients with Niemann-Pick
type C1 (NPC1) disease caused by mutation in NPC1, an endo-
somal/lysosomal protein that regulates intracellular cholesterol
trafficking, exhibit similar biochemical changes including free
cholesterol, sphingolipids, and bis-(monoacylglycerol) phos-
phate accumulation in intracellular compartments, including
lysosomes and mitochondria from affected organs including
brain and liver (28, 29). Interestingly, similar to the findings
presented in the current study, Amritraj et al. described
increased CtsB/D activity in neurons from the cerebellum of
NPC1 ™/~ mouse brain (30). Consistent with the lack of neuro-
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nal degeneration in the hippocampus of NPC1 ™/~ mouse, CtsB
activation was not observed in this particular neuron popula-
tion, thus establishing a correlation between increased CtsB
activity and selective neurological dysfunction in NPC1 disease.
Our findings indicate that CtsB and CtsD enhanced expression
in the ASMase /™ mice are accompanied by an increase in lys-
osomal mass, but are probably not related to autophagy. Of
note, although Hsp70 has been found to correlate not only with
lysosomal stability but also to reverse NPD associated lyso-
somal pathology (31), we did not observe up-regulation of
Hsp70 in ASMase /™ tissues. In line with our observations,
studies in fibroblasts of NPC1 patients or after treatment of
normal fibroblasts with U18666A, a drug that reproduces the
NPC1 phenotype by increasing free cholesterol accumulation
in lysosomes, indicate that enhanced lysosomal cholesterol
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stimulates CtsD and LAMP2 expression, resulting in increased
lysosomal stability and resistance to apoptosis (32). Moreover,
these results were also independent of Hsp70 expression or
autophagy. Of interest, secondary to ASMase deficiency there
may be several associated changes in different tissues of
ASMase-null mice, including sphingolipids and cholesterol
(33). However, unlike these data reported in 5-month-old
ASMase-null mice, our findings did not reveal any change in
the hepatic cholesterol levels in 8-10-week-old ASMase-
knock-out mice (data not shown), suggesting that the increase
of hepatic cholesterol in the NPD mouse model may be age-
related and that cholesterol plays a minor role in the increased
susceptibility of ASMase-null mice to hepatic fibrosis. More-
over, the protection against liver fibrosis afforded after CtsB
inhibition appears to be independent on cholesterol changes.

Our findings imply that liver fibrosis of NPD type A patients
could be corrected by targeting a secondary associated enzyme,
namely that the genetic cause of NPD type A liver disease due to
the lack of ASMase, can be overcome by the inhibition of the
adaptive increase in CtsB processing. Consistent with this con-
cept, it has been shown that the phenotype defects observed in
NPC1 disease, including free cholesterol accumulation and
impaired transferring receptor recycling, could be corrected by
overexpressing ASMase, whose expression is also decreased in
NPC1 disease (34).

An important feature of the present study is that the up-reg-
ulation of CtsB due to the lack of ASMase is not restricted to
liver, but also observed in other affected organs, such as brain
and lung, in an age-dependent mechanism. Of relevance to the
neurological phenotype, there seems to be a threshold for
ASMase activity below which these symptoms arise. For
instance, it has been shown using mutation-specific mouse
models that as little as 8% ASMase activity can completely pre-
vent the occurrence of neurological disease (35). In addition,
whereas the residual ASMase activity of ~5% results in NPD
type B, a further reduction to ~1-2% or less induces the severe
type A phenotype (36). These observations highlight the fact
that although low levels of ASMase activity are sufficient to
maintain intact neurological function, the absence of this activ-
ity has devastating consequences in the brain (37).

Collectively, our results point to a new role for ASMase-CtsB
axis in NPD. In addition to its known function as a proapoptotic
intermediate in TNF- or Fas-induced cell death (15, 38),
ASMase plays a critical role in regulating cathepsin processing
and hence in modulating the diverse phenotypes of NPD,
including liver disease and neurological manifestations of the
disease. Thus, targeting the increase in CtsB secondary to the
loss of ASMase may be of relevance to NPD, particularly for
the fibrosis and liver disease phenotype of the disease.
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