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ABSTRACT

Objective. Hepatic stellate cells (HSC) transdifferentiation into myofibroblasts is central
to fibrogenesis. Epigenetic mechanisms, including histone and DNA methylation, play a
key role in this process. Concerted action between histone and DNA-mehyltransferases
like G9a and DNMT1 is a common theme in gene expression regulation. We aimed to
study the efficacy of CM272, a first-in-class dual and reversible G9a/DNMT]1 inhibitor,
in halting fibrogenesis.

Design. G9a and DNMT1 were analyzed in cirrhotic human livers, mouse models of liver
fibrosis and cultured mouse HSC. G9a and DNMT1 expression was knocked-down or
inhibited with CM272 in human HSC (hHSC), and transcriptomic responses to
transforming growth factor-f1 (TGFB1) were examined. Glycolytic metabolism and
mitochondrial function were analyzed with Seahorse-XF technology. Gene expression
regulation was analyzed by chromatin immunoprecipitation and methylation-specific
PCR. Antifibrogenic activity and safety of CM272 were studied in mouse chronic CCly
administration and bile duct ligation (BDL), and in human precision-cut liver slices
(PCLSs) in a new bioreactor technology.

Results. G92 and DNMT1 were detected in stromal cells in areas of active fibrosis in
human and mouse livers. G9a and DNMT1 expression was induced during mouse HSC
activation, and TGF1 triggered their chromatin recruitment in hHSC. G9a/DNMT1
knockdown and CM272 inhibited TGFB1 fibrogenic responses in hHSC. TGFp1-
mediated profibrogenic metabolic reprogramming was abrogated by CM272, which
restored gluconeogenic gene expression and mitochondrial function through on-target
epigenetic effects. CM272 inhibited fibrogenesis in mice and PCLSs without toxicity.
Conclusions. Dual G9a/DNMTT inhibition by compounds like CM272 may be a novel

therapeutic strategy for treating liver fibrosis.

Keywords. Fibrogenesis, glucose metabolism, gene regulation.
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What is already known on this subject?

e The progression of liver fibrosis depends on the activation and transdifferentiation
of hepatic stellate cells into a myofibroblastic phenotype.

e Epigenetic mechanisms have been shown to control many aspects of fibrogenesis
in the liver.

e Metabolic reprogramming is emerging as a key process in the activation of
fibrogenic cells in different organs.

What are the new findings?

e Together with DNMTI, the histone methyltransferase G9a is expressed in
fibrogenic cells in cirrhotic human liver, in chronically injured mouse liver and
upon activation of cultured mouse HSC.

e (9a and DNMT]1 expression is required for fibrogenic activation of HSC by
TGFp1.

e Pharmacological targeting of DNMT1 and G9a with the novel first-in-class dual
G9a/DNMT1 inhibitor CM272 counteracts the pro-fibrogenic responses and
metabolic reprogramming of HSC elicited by TGFp1.

e (CM272 administration shows antifibrogenic activity in clinically relevant mouse
models of liver fibrosis and in human precision-cut liver slices without causing
toxic effects.

How might it impact on clinical practice in the foreseeable future?
e The development of effective antifibrotic therapies is much needed not only for
chronic liver disease but also for other organs like the lung and kidney. Targeting

the complex epigenetic mechanisms involved in fibrogenesis with innovative
molecules like CM272 may pave the way for better therapies.
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INTRODUCTION

The fibrogenic response is part of the natural reparative reaction in different tissues and
organs. This process leads to the formation of a temporary extracellular matrix (ECM)
which after wound repair is degraded and tissue architecture is restored. However, when
damage persists, as occurs in liver chronic viral infection, alcohol abuse or in non-
alcoholic fatty liver disease, the equilibrium between ECM production and removal is
ultimately lost resulting in excessive accumulation of a dense ECM rich in fibrillar
collagens.[1] This ECM is a physical barrier that perturbs organ’s perfusion, contributes
to loss of liver function, progression to cirrhosis and hepatocellular carcinoma
development.[1,2] The pathological relevance of liver fibrogenesis has driven very active
research over the past decades. One major finding was the realization of the highly
dynamic nature of the process, including clinical findings showing fibrosis reversion
upon removal of the causative agent.[1] The major cellular source of collagen are the liver
myofibroblasts, mesenchymal cells mainly derived from hepatic stellate cells (HSC) and
periportal fibroblasts.[3] In the normal liver HSC show a quiescent and differentiated
phenotype which upon hepatic injury is substantially altered. A plethora of cytokines,
small molecules and growth factors, with transforming growth factor-f1 (TGFp1)
playing a central role, contribute to HSC activation and conversion into proliferative and
inflammatory  collagen-secreting  myofibroblasts.[3] A  profound metabolic
reprogramming, including a shift towards aerobic glycolysis, was recently identified as
an essential mechanism in HSC activation.[4,5] Earlier evidence indicated that during
fibrosis regression myofibroblasts were removed by apoptosis or entered a senescent pro-
fibrolytic state prone to immune-mediated clearance.[1] However, later studies
demonstrated that upon cessation of injury a significant proportion of myofibroblasts also

undergo reversion to a deactivated phenotype.[6,7] Together, these findings attest to the
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plasticity of HSC and provide valuable insights for the development of much needed
antifibrogenic strategies.[8]

Extensive changes in the HSC’s transcriptome occur during their transition into hepatic
myofibroblasts and upon cessation of injury their reversion to quiescence.[1,7] In this
context epigenetic mechanisms are increasingly recognized to play a central role.[9] DNA
hypomethylation has been associated with fibrogenic gene activation, while repression of
genes that maintain HSC differentiation and quiescence was linked to increased methyl-
CpGs abundance in their regulatory regions.[10][11] Mechanistically, to control gene
expression DNA methylation works in concert with other epigenetic modifications such
acetylation and methylation of lysine residues in histones H3 and H4.[9] The methyl-CpG
binding protein MeCP2 plays a key function in this process, orchestrating the activity of
the histone methyltransferases (HMTs) enhancer of zeste homolog-2 (EZH2) and absent,
small, or homeotic disc 1 (ASH1) during the reprogramming of HSC transcriptome to the
myofibroblast phenotype.[12,13] From a translational perspective, it is important to
consider that epigenetic modifications are reversible and amenable to pharmacological
intervention. Indeed, the antifibrogenic effects of histone deacetylase inhibitors were
already reported twenty years ago.[14] More recently it was demonstrated that targeting
DNA-methyltransferases (DNMTs) with 5-azadeoxycytidine prevents HSC fibrogenic
activation, while inhibition of HMTs halts hepatic fibrosis progression in mice.[15-17]
Similarly, pharmacological inhibition of the H3K9 methyltransferase G9a, also known as
euchromatic histone-lysine methyltransferase 2 (EHMT2), has been recently shown to
reduce kidney and lung fibrosis, although the underlying mechanisms are not fully
understood.[18,19] Concerted action between DNMTs and HMTs appears a common
theme in physiological transcriptional control, of tissue homeostasis. However, when

dysregulated this crosstalk can cause disease, including tumorigenesis.[20,21] This has
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been demonstrated for G9a, which physically and functionally interacts with DNMT]1
driving tumor cell proliferation and adaptation to hypoxia, among other cancer
traits.[22,23] Therefore, the simultaneous targeting of G9a and DNMT methyltransferase
activities could be a more effective therapeutic strategy. With this in mind, we recently
developed a new series of potent first-in-class, selective and reversible dual small
molecule inhibitors against G9a and DNMT activity with an excellent in vivo safety
profile.[24,25] These compounds are very effective against hematological
malignancies,[24] and also in HCC models, particularly on HSC-driven HCC growth.[26]
Here we demonstrate the therapeutic potential of dual G9a/DNMT targeting in
experimental liver fibrosis and show how this epigenetic mechanism can control TGFp1-

mediated pro-fibrogenic metabolic reprogramming and HSC activation.
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MATERIALS AND METHODS

Human samples

Liver tissue samples and patients’ data were provided by the Biobank of the University
of Navarra (Pamplona, Spain) or by the Medical University of Warsaw (Warsaw, Poland).
Samples were from patients with hepatitis C virus (HCV) (n=10) and HBV (n=10)
infection and alcoholic cirrhosis (ALD) (n=10). All of them presented cirrhosis and
underwent liver transplantation. Control liver tissue samples (n=5) were obtained from
large-margin liver resections of colorectal metastases showing no pathologist-identified
microscopic changes of liver disease. Liver tissue specimens were paraffin embedded and
stored at —75°C until use. Written informed consent was obtained from each patient and
samples were processed following standard operating procedures approved by the Ethical
and Scientific Committees of the University of Navarra and the Medical University of
Warsaw.

Mouse models

C57BL/6J male mice 6-8 weeks old (n=6-8 mice per group) were used. For acute CCly
treatment mice received a 1:1 mixture of CCly and olive oil (1uL CCly/g body weight,
1.p), 24h later mice received one injection of CM272 (Smg/Kg, i.p.) or vehicle (PBS), and
24h later were humanely killed. For chronic CCl, treatment, mice received a 1:3 mixture
of CCly and olive oil (0.67uL. CCly/g body weight, i.p.) twice per week for 6 weeks to
induce fibrosis. For the last two weeks animals received daily injections of CM272
(5mg/Kg, i.p) or PBS. Mice were humanely killed at day 1 and 4 after the last CCly
injection. Bile duct ligation (BDL) was performed as described.[12] [27] From day 2 post-
surgery animals received daily injections of CM272 (2.5mg/Kg) or PBS (i.p.) and were

humanely killed after 11 days. Animal care and procedures were approved by the Animal
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Care Committee of the University of Navarra or the Newcastle Animal Welfare and
Ethical Review Board and performed under a UK Home Office license.

Precision cut liver slices (PCLSs) experiments

Human liver tissue was obtained from normal resection margins surrounding colorectal
metastases from adult patients undergoing surgical resection at the Freeman Hospital
(Newcastle-upon-Tyne, UK). Informed consent was obtained from all patients and study
was approved by the Newcastle & North Tyneside Research Ethics Committee. PCLSs
were obtained from agarose embedded tissues cut with a Leica VT1200S vibratome and
cultured in a rocking bioreactor platform as previously described.[28] PCLSs were rested
for 24h and were then treated with TGF1 (3ng/mL) and platelet-derived growth factor-
BB (PDGF-BB) (50ng/mL) from Peprotech (London, UK), activin receptor-like kinase-
5 inhibitor (Alk51) SB-525334 (2.5uM)(Sigma, St. Louis MO, USA) or CM272 (1uM).

Additional methods are provided in Supplementary Methods.

https://mc.manuscriptcentral.com/gut
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RESULTS

Expression of G9a and DNMT1 in activated HSC.

We performed immunohistochemical staining of liver tissue samples from patients with
viral cirrthosis and ALD. We detected the presence of G9a and DNMT]1 in activated
myofibroblasts (a-smooth muscle actin, a-SMA-expressing cells) (Fig. 1A, Supporting
Fig. S1 and S2). G9a and DNMT1 were also detected in mouse liver myofibroblasts after
chronic CCly injury or BDL (Fig. 1B, Supporting Fig. S3). Next, we examined the
expression of G9a and DNMT1 in quiescent and culture-activated mouse HSC. We found
that G9a and DNMTT protein levels were significantly induced between day 1 and day 4
of culture in parallel with a-SMA, a marker of HSC myofibroblastic transdifferentiation
(Fig. 2A).[3] The expression of ubiquitin-like with PHD and RING finger domains-1
(UHRF1), a key coordinator of DNA methylation during DNA replication and a
functional adaptor between DNMT 1 and G9a,[29] was also increased in culture-activated
HSC (Fig. 2A). The mRNA levels of these three genes also increased upon HSC
activation (Fig. 2A). Interestingly, in LX2 cells, a well-characterized model of human
HSC,[30] TGFB1 stimulation induced the rapid recruitment of the three proteins to the
nuclear chromatin subfraction, without significantly changing their expression (Fig. 2B).
Combined, these observations suggested a role for G9a and DNMTI, together with
UHRF1, in HSC activation. To directly address this point, we examined TGF1 responses
in LX2 cells after siRNA-mediated knockdown of these genes (Supporting Fig. S4). We
found an overall impairment of TGF1-activated profibrogenic gene expression, an effect

that was particularly strong upon G9a downregulation (Fig. 2C).
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Dual targeting of G9a and DNMT]1 inhibits hypoxia- and TGFB1-driven activation
of HSC.

These observations and our previous findings,[26] suggested that interference with
G9a/DNMT1 activities may counteract HSC activation. Therefore, we tested the effects
of CM272, our lead G9a/DNMT dual inhibitory compound,[24] on LX2 cells. We
demonstrated that CM272 decreased global DNA methylation (5-methyl-cytosine
[SmeC]) and H3K9me2 levels without affecting other histone marks (Supporting Fig.
S5A and B). Next we observed a marked impairment of TGF1 effects on key fibrogenic
genes expression, including COLIal and TGFpI itself (Fig. 3A and Supporting Fig.
S5C), while glial fibrillary acidic protein (GFAP), a marker of quiescent HSC,[3,31] was
upregulated (Fig. 3A). These effects were reproduced in primary human HSC (Supporting
Fig. S5D). Interestingly, culture-activation of primary mouse HSC was also reduced by
CM272 treatment, as indicated by the expression of Collal, Timpl and lecithin-retinol
acyltransferase (Lrat) (Supporting Fig. SSE). In agreement with the impaired response to
TGFB1 stimulation when G9a and DNMT1 were knocked-down in LX2 cells (Fig. 2C)
we found that combined treatment with the DNMT1 inhibitor decitabine and the G9a
inhibitor BIX01294 also dampened the pro-fibrogenic responses to this growth factor
(Supporting Fig. S5F). Together with TGFB1, hypoxia is considered a major driver of
liver fibrogenesis.[32,33] Consistently, we found that hypoxia stimulated LX2 cells
growth and that CM272 inhibited this response as well as basal cell growth under
normoxia (Fig. 3B). Moreover, fibrogenic gene expression induction by hypoxia was also
blunted by CM272 (Fig. 3B). To better understand the effects of CM272 on fibrogenic
cells activation, we performed a microarray analysis of gene expression in LX2 cells

treated with TGFB1 in the presence or absence of the drug. CM272 markedly affected

TGFP1-mediated gene expression regulation, with 1930 upregulated and 1442
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downregulated genes (P<0.01) compared to cells treated with TGFB1 alone (Fig. 3C).
Gene ontology (GO) functional classification fundamentally identified categories related
to cell growth, differentiation, signalling, metabolism, chromatin regulation and response
to hypoxia (Fig. 3C). Accordingly, when we applied gene set enrichment analysis
(GSEA), a significant positive enrichment in genes of the KEGG peroxisome proliferator-
activated receptor (PPAR) signaling pathway, as well as the reactome “metabolism of
steroid hormones and vitamins A and D”, was detected in cells treated with CM272 (Fig.
3D). Also consistent with our GO analyses and with the effects of CM272 on TGFB1 and
hypoxia-mediated fibrogenic activation, we found significant negative enrichments in
gene sets involved in TGFf1, platelet derived growth factor receptor-f§ (PDGFRp) and
hypoxia-inducible factor (HIF) pathways (Fig. 3D). Interestingly, a negative enrichment
was also observed in the KEGG glycolysis/gluconeogenesis gene set (Fig. 3D).
Collectively, these findings indicate that G9a/DNMT1 targeting with CM272 profoundly
affects the fibrogenic activation of liver myofibroblasts and the involved metabolic
adaptations.

Mechanisms of the inhibitory effects of CM272 on hepatic myofibroblasts activation.
In view of the antagonism of CM272 on TGF1 cellular responses we first checked
wether TGFB1 signaling could be affected. We found that CM272 treatment attenuated
SMAD3 phosphorylation in response to TGFB1 in LX2 cells (Supporting Fig. S6A).
Different mechanisms have been involved in the regulation of TGFB1 signaling, among
them is the expression of the TGF[} pseudoreceptor bone morphogenic protein and activin
membrane-bound inhibitor (BAMBI) in different cell types but also in liver
myofibroblasts.[34] Interestingly, we observed that CM272 treatment increased the
expression of this negative regulator of TGFB1 signaling in LX2 cells (Supporting Fig.

S6B). However, the antifibrogenic effects of CM272 may extend beyond the direct
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inhibition of TGFB1 signaling. As previosuly shown in Fig. 3A, the basal expression of
several genes including TGFpI, PDGFRp, PAIll, LOX and GFAP was regulated by
CM272 in LX2 cells in the absence of TGFB1. Interestingly, we found that these
responses were also observed in the presence of the TGFB1 receptor-1 inhibitor (AlkS51)
SB-525334 regardless of TGFB1 stimulation (Supporting Fig. S6C).

Metabolic reprogramming is emerging as a critical event in fibrogenic activation across
different tissue types.[4,5,35,36] Therefore, we examined the effects of CM272 on
oxygen consumption rate (OCR; a representation of mitochondrial activity) and the
extracellular acidification rate (ECAR; a surrogate for glycolytic rate) in LX2 cells treated
with TGFB1. As recently reported we found that TGFB1 reduced OCR and increased
ECAR,[36] however these effects were attenuated by CM272 (Fig. 4A). Consistently, the
relative contribution to ATP production of glycolysis vs oxidative phosphorylation, which
was increased by TGFB1, was mitigated by CM272 treatment (Fig. 4B). TGFB1-triggered
lactate production, a hallmark of the glycolytic phenotype contributing to fibrogenesis,[4]
was also attenuated by CM272 (Fig. 4C). Changes in the expression of key glycolytic and
gluconeogenic genes have been mechanistically linked to metabolic reprogramming and
activation of fibrogenic cells.[3,35,37,38] Consistently, when glycolysis was inhibited
using the glucose analog 2-deoxy-D-glucose (2DG) (Supporting Fig. S7A) we found that
TGFB1-mediated fibrogenic gene expression in LX2 cells was impaired (Supporting Fig.
S7B). Next, we tested the expression of the glycolytic genes hexokinase-1 (HK-I), 6-
phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (PFKFB3), aldolase-A (ALDOA),
phosphoglycerate kinase-I (PGK-I), pyruvate kinase M2 (PKM2) and lactate
dehydrogenase A (LDHA) in LX2 cells treated with TGFB1 and CM272. CM272 reduced
the basal expression of these genes and/or markedly counteracted the stimulatory effect

of TGFB1 on most of them (Fig. 4D). Recent studies in lung fibroblasts demonstrated that
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besides glycolytic activation TGFB1 also triggers the expression of enzymes of the serine-
glycine biosynthetic pathway, a key source of glycine critically needed for collagen
synthesis.[38—40] The serine-glycine biosynthetic pathway diverges from glycolysis via
3-phosphoglycerate, which in four consecutive steps is converted into glycine by the
action of phosphoglycerate dehydrogenase (PHGDH), phosphoserine aminotransferase-
1 (PSATI), phosphoserine phosphatase (PSPH) and finally serine hydroxymethyl
transferase-2 (SHMT2) (Fig. 4D).[38,40] TGFB1 induced the expression of the serine-
glycine pathway genes, and this effect was blunted by CM272 (Fig. 4D), which also
reduced the basal expression of PHGDH and the levels of H3K9 monomethylation (Fig.
4D and Supporting Fig. S7C), a transcriptional activating epigenetic modification
mediated by G9a.[41] Moreover, hypoxia-triggered expression of these genes in LX2
cells was also reduced by CM272 (Supporting Fig. S§A). Noteworthy, the serine-glycine
metabolic pathway is indeed important for the activation of LX2 cells, as indicated by the
inhibitory effects of NCT503, a PHGDH enzymatic inhibitor,[42] on hypoxia-elicited
growth and TGFB1-induced collagen synthesis in these cells (Supporting Fig. S§B). Very
interestingly, the expression of the rate-limiting gluconeogenic enzymes
phosphoenolpyruvate-carboxykinase (PEPCK) and fructose-1,6-bisphosphatase-1
(FBPI), repressed during fibrogenic activation,[4] was also inhibited by TGFf1, but
restored under CM272 treatment (Fig. 4D). Moreover, the expression of the transcription
factor and metabolic regulator peroxisome proliferator activated receptor gamma co-
activator-la. (PGC-1 ), recently identified as a key guardian of lung fibroblasts
quiescence,[19,37] was also repressed by TGFB1 and was potently reactivated upon
CM272 treatment (Fig. 4D). These responses to CM272 were reproduced in human
primary HSC (Supporting Fig. S9A). Importantly, the upregulation of FBP1 and PGC-

la expression by CM272 (Fig. 4E) was related to the on-target pharmacological actions
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of this molecule. By qChIP analyses we found that CM272 reduced the levels of the
repressive H3K9me2 mark in the proximal promoters of FBPI and PGC-1 « (Fig. 4F). At
the DNA level, FBPI promoter was found hypermethylated in a region previously
associated with its transcriptional repression in cancer,[26] and DNA methylation was
reduced upon CM272 or decitabine treatment (Fig. 4G). Regarding PGC-1 a, we did not
find significant levels of DNA methylation (Fig. 4G), suggesting that its transcriptional
repression could be mainly mediated by G9a-H3K9 dimethylation, which indeed was
reversed by CM272 treatment (Fig. 4F). In support of these notions we observed that
FBPI expression was upregulated by decitabine or BIX01294, and together both agents
had an additive effect, while PGC-/a expression was induced only by BIX01294
(Supporting Fig. S9B).

CM272 inhibits hepatic fibrogenesis in vivo.

Next, we examined the antifibrogenic potential of CM272 in different mouse models.
First, we tested the effects of CM272 on the acute activation of HSC upon single CCly
injection. We found that CM272 administration 24h after CCl4 markedly inhibited HSC
activation as indicated by a-SMA expression (Supporting Fig. SI0A). The antifibrogenic
activity of CM272 was also evident in chronic liver injury. Mice received CCly twice a
week for 6 weeks, and for the last two weeks were treated with CM272 or its vehicle (Fig.
5A). a-SMA and Sirius red staining for collagen deposition demonstrated reduced liver
fibrosis in CM272-treated mice (Fig. 5A), corroborated by decreased expression of
collagen-lal (Collal), a-Sma and Tgff! (Fig. 5B). Interestingly, expression of Pkm2,
previously identified as a marker of glycolytic activation in liver myofibroblasts and a
key regulator of glycolysis and the serine-glycine pathway,[4,43] was induced by CCly
administration. Noteworthy, Pkm2 expression was significantly attenuated by CM272

treatment, as was that of Phgdh (Fig. SA and 5B). The antifibrotic effects of CM272 were
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reproduced in a model of cholestatic liver injury induced by BDL, as demonstrated by
reduced a-SMA immunostaining, collagen deposition and expression of fibrogenesis-and
glycolysis-related genes (Fig. 5C and D). As in the CCly model, Pkm2 expression was
also increased in areas of active fibrosis and was downregulated by CM272 (Fig. 5C). No
significant differences in serum transaminases and creatinine levels nor body weight were
found between vehicle and CM272 treated mice in either model, while a decrease in the
hepatic expression of pro-inflammatory cytokines was noticed (Supporting Fig. S10B and
C). Together these findings demonstrate that in vivo targeting of G9a/DNMTI1 with
CM272 during ongoing liver injury has antifibrotic potential and is exempt of overt
toxicity.

CM272 has antifibrotic activity in human precision-cut liver slices (PCLSs).

To further validate the antifibrotic effects of CM272 we used human PCLSs cultured in
a newly designed bioreactor that allows modeling active fibrogenesis induced by
pathophysiological stimuli; TGFB1 and PDGF-BB.[28] First, we observed that GYa,
DNMT1 and UHRF I expression was significantly increased after 96h in culture compared
to freshly isolated tissues, and TGFB1+PDGF-BB enhanced this response (Fig. 6A).
Immunohistochemical analyses of PCLSs detected G9a and DNMT 1 proteins in regions
of the parenchyma enriched in a-SMA positive cells (Fig. 6B). Next, we tested the effects
of CM272 treatment on TGFB1+PDGF-BB-mediated fibrogenic activation of PCLSs
(Fig. 6A). PCLSs were incubated with TGFB1+PDGF-BB in the absence or presence of
CM272 or the TGFB1 receptor-1 inhibitor (Alk51) SB-525334.[28] As shown in Fig. 6C,
the upregulation of fibrogenic gene expression elicited by TGFB1+PDGF-BB was
significantly attenuated by CM272. Consistently, soluble collagen secretion into the
culture media, its deposition in the fibrotic matrix, and a-SMA staining were also

markedly inhibited (Fig. 6D and E). Interestingly, lactate accumulation in the culture
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medium, indicative of metabolic glycolytic reprogramming, was inhibited not only by
SB-525334 but also very efficiently by CM272 (Fig. 6F). Accordingly, FBPI expression
was downregulated by TGFB1+PDGF-BB treatment while that of PKM?2 and PHGDH
was induced (Fig. 6G). These changes were also reversed by SB-525334 and CM272
(Fig. 6G). Immunohistochemical staining of PCLSs detected PKM2 expression in
fibrogenic cells, validating the activation of glycolysis in human liver tissues by
fibrogenic stimuli, and its inhibition by CM272 (Fig. 6H). Our PCLSs model may also
provide valuable information on potential hepatotoxic effects of experimental therapies
in a human liver tissue environment.[28] We measured a series of parameters, including
albumin and urea levels, and lactate dehydrogenase (LDH), AST and ALT activities in
conditioned media from control and CM272 treated PCLSs. We found no significant
differences on these markers of hepatocellular function and injury in comparison with
controls (Fig. 7A), and no major histological alterations upon H&E staining were

observed either (Fig. 7B).
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DISCUSSION

Accumulating evidence shows the involvement of epigenetic mechanisms in the
activation of quiescent hepatic ECM-producing cells and the maintenance of their
fibrogenic phenotype.[9,11] Here we confirmed the overexpression of DNMT1 in human
and mouse fibrotic liver,[44] and report the concomitant upregulation of the HMT G9a.
Our novel findings indicate that these epigenetic effectors, together with their functional
adaptor UHRF1,[29] contribute to HSC fibrogenic activation. Besides their marked
induction during primary mouse HSC activation in culture, we observed that TGFf1
stimulation led to their fast recruitment to the chromatin-bound nuclear subfraction in
LX2 cells. This response has been observed for other transcriptional regulators involved
in TGFB1 control of gene expression such as activating transcription factor-4.[40] Here
we extend this dynamic effect of TGFB1 to epigenetic factors. However, compelling
evidence on the involvement of G9a, DNMT1 and UHRFI in liver fibrogenic cell
activation was obtained when their expression was inhibited (siRNAs) in LX2 cells and
we observed that the pro-fibrogenic transcriptomic response to TGF1 was abrogated.
This genetic evidence, together with the extensive functional crosstalk between different
chromatin regulatory mechanisms, such as DNA and H3K9 methylation,[21] prompted
us to characterize in detail the antifibrogenic potential of a novel dual G9a/DNMT
inhibitor CM272.[24] We observed that CM272 markedly inhibited TGF1-stimulated
pro-fibrogenic gene expression in LX2 and human primary HSC. Interestingly, these
effects of CM272 were not restricted to TGFB1 action, as they were also observed under
hypoxia, another key proliferative and fibrogenic stimulus for HSC.[32,33] To elucidate
the mechanisms underlying CM272 activity we performed transcriptomic studies in LX2

cells treated with TGFB1 in the absence or presence of the drug. Consistent with the

inhibition of TGFB1-triggered fibrogenic activation, our GSEA found negative
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enrichment in categories associated with TGFB1 and PDGFRB signaling pathways.
Interestingly, the HIF pathway, which critically participates in TGFp1-mediated kidney
fibrogenesis,[45] was also negatively affected by CM272. Notwithstanding the
mechanistic relevance of these responses, it was the effect of CM272 on the expression
of metabolism-related genes that captured our attention. Incipient, but nonetheless robust
evidence on the importance of metabolic reprogramming for fibrogenic cell activation is
steadily accumulating. Similar to the Warburg effect in cancer cells, glycolytic activation
along with mitochondrial dysfunction have been shown to contribute to fibrogenesis in
different tissues.[5,35-37] Early evidence obtained in liver myofibroblasts showed how
reciprocal changes in glycolytic and gluconeogenic enzymes triggered by hedgehog
signaling were mechanistically linked to HSC activation.[4] Here we found that TGFf1
elicited very similar responses, inducing the expression of most genes coding for
glycolytic enzymes and repressing that of the rate-limiting gluconeogenic genes FBPI
and PEPCK, as well as the metabolic regulator PGC-1 &, which downregulation in lung
fibroblasts markedly contributes to their activation.[37] These transcriptional effects of
TGFB1 translated into metabolic alterations, including enhanced glycolytic rate and
decreased mitochondrial activity. Consequently, ATP production shifted from a
preferentially mitochondrial origin (OXPHOS) to a glycolytic one. In agreement with
recent findings in lung myofibroblasts,[38] we found that in human HSC TGFp1
markedly stimulated the expression of genes in the serine-glycine pathway. This pathway
is not only essential for the supply of glycine for collagen synthesis,[38,39] it also
connects glycolysis with one-carbon metabolism and nucleotide synthesis, required for
cell proliferation.[42] We found that CM272 treatment effectively reversed the
transcriptional program triggered by TGFB1 and its impact on glycolytic activity and

mitochondrial function. The molecular mechanisms underlying these effects are likely
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complex, but to a great extent may be attributed to specific pharmacological activities of
CM272. We believe that one central target gene in the antifibrogenic effects of CM272
would be FBPI. As we showed, the expression of FBPI is downregulated in activated
liver myofibroblasts through epigenetic mechanisms involving increased DNA and H3K9
methylation in its promoter, modifications that were reversed by CM272. FBP1 is not
only a key gluconeogenic enzyme, it is also able to suppress HIF-1a activity by direct
binding and acting as a transcriptional corepressor of HIF-1a target genes, which include
most of glycolytic enzymes.[46] Moreover, FBP1-mediated suppression of HIF-l1a
activity may also be involved in the antagonistic effects of CM272 on TGFf1 responses,
as the HIF-1a pathway is co-opted by TGF1 for its pro-fibrogenic activity even under
normoxia.[45,47] Regarding the normalization of mitochondrial function, together with
FBP1 reactivation[48] the enhanced expression of PGC-1a by CM272 treatment may
also be relevant. PGC-1a is a master metabolic regulator, with roles including the
preservation of mitochondrial function and the regulation of gluconeogenic gene
expression (e.g. PEPCK).[49] Recently, transcriptional repression of PGC-/« has been
critically involved in lung myofibroblast metabolic reprogramming and activation.[37]
Interestingly, G9a-mediated H3K9 methylation was also shown to participate in PGC-1 «
repression during lung myofibroblast activation. [19] Concomitantly, CM272 inhibition
of G9a activity might also be involved in the repression of serine-glycine pathway genes,
as G9a-mediated H3K9 monomethylation has been reported to mediate the transcriptional
activation of these genes.[41]

Our in vitro observations were validated in two etiologically distinct mouse models of
liver fibrogenesis. Indeed, the expression of G9a and DNMT1 was detected in stromal
fibrogenic cells also stained with a-SMA, and CM272 reduced myofibroblast activation

and ECM accumulation. Mechanistically, the inhibitory effects of CM272 on fibrogenic
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metabolic reprogramming could also be taking place in vivo, as indicated by decreased
accumulation of PKM2-expressing stromal cells. Importantly, these findings were
extended to the human setting. Cirrhotic human liver tissues also showed increased levels
of G9a and DNMTT1 in areas of active fibrosis, and the expression of these epigenetic
effectors was induced in cultured PCLSs concomitantly with their fibrogenic activation.
PCLSs are a very useful tool to test antifibrotic drugs due to being a close surrogate of
the human liver microenvironment.[28] Here we reproduced the antifibrogenic effects of
CM272 observed in cultured cells and mouse models, including key aspects of HSC
activation and metabolic reprogramming. One fundamental feature of any drug candidate
is the absence of toxic reactions, particularly when intended to be administered to patients
with liver injury. Consistent with our previous reports,[24,26] we did not observe any
signs of hepatic or systemic toxicity in mice treated with CM272. Most importantly, this
lack of toxicity was also evident in human PCLS, where parameters of hepatocellular
function (e.g. albumin production) and cell integrity were not negatively affected by the
drug. Nevertheless, as some of us recently showed, there are emerging technologies
allowing myofibroblast-selective drug delivery in vivo which may further enhance drug
efficacy and safety in the context of liver injury.[16]

In summary, we have identified novel epigenetic targets involved in liver fibrosis and
demonstrated that their dual targeting with an innovative “epi-drug” can inhibit
progression of liver fibrosis even in the absence of treating the underlying disease. We
have also provided extended evidence on the role of metabolic reprogramming in liver
fibrogenesis, and how this can be manipulated at the epigenetic level to halt or reverse
the process. CM272 might be also considered for the treatment of fibrotic processes in

other organs like the lung and kidneys, in which this condition has devastating effects.
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Figure legends

Figure 1. G9a, DNMTI1 and a-SMA immunostaining on sections from normal and
diseased human and mouse liver tissues. (A) Representative immunostainings showing
G9a and DNMTT1 detection (arrows) in fibrotic lesions in livers from cirrhotic patients
with chronic hepatitis C virus (HCV) or hepatitis B virus (HVB) infection, or alcoholic
liver disease (ALD). a-SMA staining identifies myofibroblasts in association with
fibrotic lesions. Images are representative of at least ten patients per condition. (B)
Representative immunostainings showing G9a and DNMTT1 detection (arrows) in liver
sections from control mice and from animals chronically treated with CCly (six weeks)
or eleven days after bile duct ligation (BDL). a-SMA staining identifies myofibroblasts
in association with fibrotic lesions. Images are representative of at least six mice per
condition.

Figure 2. Expression and role of G9a, DNMT1 and UHRF1 in liver fibrogenic cells
activation. (A) Expression of G9a, DNMT1 and UHRF1 in primary mouse HSC during
culture activation. Left panel shows a representative western blot including a-SMA
protein levels denoting HSC activation kinetics and Ponceau staining to show equal
loading. Right panel shows qPCR analyses of mRNA levels for the indicated genes in the
early phase of HSC culture activation. (B) Representative western blot analyses of G9a,
DNMT1 and UHRFI proteins in the chromatin fraction from nuclear extracts, or total cell
lysates, obtained from LX2 cells treated with TGFB1 for 3h. Histone H3 and o-
TUBULIN levels are shown to demonstrate equal loading. (C) Influence of G9a, DNMT1
and UHRFI expression on TGFB1 mediated fibrosis-related gene expression in LX2
cells. Cells were transfected with G9a, DNMTI or UHRF I-specific siRNAs, or control
siRNAS (siC) and 24h later were treated with TGFB1 for another 24h. Graph shows the

qPCR analysis of mRNA levels for the indicated genes.
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Figure 3. Dual targeting of G9a and DNMT1 inhibits hypoxia- and TGFp1-driven
activation of HSC. (A) LX2 cells were treated with CM272 (400nM) for 24h and then
stimulated with TGFB1 (5ng/mL) for another 24h. Expression of fibrogenic activation-
related genes and GFAP was evaluated by qPCR. (B) Effect of CM272 on the growth
(left panel) and fibrogenic gene expression (right panel) elicited by hypoxia, including
transforming growth factor-B1 (TGFpI), platelet derived growth factor receptor [3
(PDGFRp), tissue inhibitor of metalloproteases 1 (7IMPI), lysyl oxidase (LOX) and
lactate dehydrogenase A (LDHA). LX2 cells were treated with CM272 (400nM) for 24h
and then grown under normoxic (20% O,) or hypoxic (1% O,) conditions for a further
24h. (C) Left panel shows the most relevant GO categories of genes undergoing changes
in expression identified by microarray analysis in LX2 cells treated or not with CM272
(400nM) and then stimulated with TGFB1 (5ng/mL) for another 24h. Right panel shows
a volcano plot displaying differentially expressed genes between LX2 cells treated with
TGFB1 in the presence or absence of CM272. Red dots represent upregulated transcripts
and green dots represent transcripts with downregulated expression. (D) GSEA of
microarray gene expression data revealed positive enrichment in gene expression by
CM272 in categories related to PPAR signaling and steroid hormone and liposoluble
vitamins metabolism, and negative enrichment of related to glucose metabolism, hypoxia

and fibrogenic activation (TGF1 and PDGFRJ3 pathways).

Figure 4. Dual targeting of G9a and DNMT1 counteracts the pro-fibrogenic metabolic
reprogramming of HSC elicited by TGFB1. (A) Left panel, oxygen consumption rate
(OCR) in LX2 cells treated or not with CM272 (400nM) for 24h and then stimulated or

not with TGFB1 (5ng/mL) for 3h. Right panel, extracellular acidification rate (ECAR) in
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LX2 cells treated as indicated above. (B) Relative ATP production from oxidative
phosphorylation (OXPHOS) and glycolysis in LX2 cells treated as indicated above. (C)
Lactate production (i.e. lactate release to culture medium) by LX2 cells pre-treated or not
with CM272 (400nM) for 24h and then stimulated with TGFB1 (5ng/mL) for up to 24h
more. (D) CM272 counteracts the reprogramming of metabolic gene expression elicited
by TGFBI in LX2 cells. Cells were treated with CM272 (400nM) for 24h and then
stimulated with TGFB1 (5ng/mL) for another 24h as indicated. The expression of genes
involved in glycolysis (red letters), the serine-glycine pathway (green letters) and
gluconeogenesis (blue letters) was measured by qPCR. (E) Western blot analysis of FBP1
and PGC-la protein levels in LX2 cells treated with CM272 (200nM) for 48h.
Representative blots are shown. (F) analysis of H3K9me2 levels by qChIP assay in the
proximal promoter regions of FBPI and PGC-1a genes in LX2 cells treated with CM272
(200nM) for 48h. (G) Methylation-specific PCR (MSP) assays of DNA methylation in
FBPI and PGC-Iapromoters in control and CM272 (100nM, 96h) treated LX2 cells.
Cells were also treated with decitabine (S5uM) as a control for a DNA demethylating
agent. Bands in lanes labeled “U” and “M” are PCR products amplified with
unmethylation- and methylation-specific primers. Images are representative of three
experiments performed in duplicates.

Figure 5. CM272 inhibits liver fibrogenesis in vivo. (A) As shown in the diagram, mice
received CCly or vehicle (oil) for six weeks, and for the last two weeks were treated with
CM272 (2.5mg/kg body weight) or PBS. Animals were humanely killed 24h or 4 days
after the last CCl, injection and liver tissues were immunostained for a-SMA and PKM?2,
or stained with Sirius Red for collagen detection. Representative images are shown. (B)
Expression of key genes involved in hepatic fibrogenesis and metabolic reprogramming

in the livers of mice treated as described in panel A. (C) Mice underwent BDL and were
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treated with CM272 (2.5mg/kg body weight) or PBS as indicated in the diagram. At day
11 after surgery animals were sacrificed and liver tissue sections were immunostained for
a-SMA and PKM2 or stained with Sirius Red for collagen detection. (D) Expression of
key genes involved in hepatic fibrogenesis and metabolic reprogramming in the livers of
mice treated as described in the graph. Liver samples from sham operated mice were used
as controls.

Figure 6. CM272 has antifibrotic effects in human PCLSs. (A) Human precision cut liver
slices were 1solated and placed in the bioreactor chambers. After 24h PCLSs were treated
with a fibrogenic stimulus (TGFB1+PDGF-BB), its vehicle, CM272 (1uM) or the activin
receptor-like kinase 5 inhibitor (Alk51) SB-525334 as shown in the graph. G9%a, DNMTI
and UHRFI expression levels were measured by qPCR (B) Immunohistochemical
analyses of G9a, DNMT]1 and a-SMA performed in tissue sections from PCLSs treated
as indicated. Representative images are shown. (C) qPCR analysis of the expression of
key genes involved in hepatic fibrogenesis in PCLSs treated as indicated. (D) Soluble
collagen (COLIA1) levels in media of bioreactor cultured PCLSs after 72 and 96h
incubation under the indicated conditions. Grey bars: vehicle; black bars: TGF1+PDGF-
BB. (E) Representative images of a-SMA and picrosirius-red-stained tissue sections
from PCLSs at t=0 and after 96h treatment as indicated. (F) Quantification of lactate
accumulation in media of bioreactor cultured PCLSs after 72 and 96h incubation under
the indicated conditions. Grey bars: vehicle; black bars: TGFB1+PDGF-BB. (G) qPCR
analysis of the expression of key genes associated with the reprogramming of glucose
metabolism in PCLSs. (H) Immunohistochemical analysis of PKM2 performed in tissue
sections from PCLSs at t=0 and after 96h of treatment as indicated. Representative
images are shown. PCLSs from four different patients were used in four independent

experiments. For each time-point and condition two PCLSs were used.
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Figure 7. CM272 does not cause toxicity in bioreactor cultured human PCLSs. (A)
Average levels of albumin, wurea, lactate dehydrogenase (LDH), aspartate
aminotransferase (AST) and alanine aminotransferase (ALT) released into the culture
media by PCLSs treated with vehicle (control) or CM272 (1uM) as indicated. (B)
Representative H&E images of tissue sections from PCLSs treated with vehicle (control)

or CM272 (1uM) for 96h.
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ABSTRACT

Objective. Hepatic stellate cells (HSC) transdifferentiation into myofibroblasts is central
to fibrogenesis. Epigenetic mechanisms, including histone and DNA methylation, play a
key role in this process. Concerted action between histone and DNA-mehyltransferases
like G9a and DNMT1 is a common theme in gene expression regulation. We aimed to
study the efficacy of CM272, a first-in-class dual and reversible G9a/DNMT]1 inhibitor,
in halting fibrogenesis.

Design. G9a and DNMT1 were analyzed in cirrhotic human livers, mouse models of liver
fibrosis and cultured mouse HSC. G9a and DNMT1 expression was knocked-down or
inhibited with CM272 in human HSC (hHSC), and transcriptomic responses to
transforming growth factor-f1 (TGFB1) were examined. Glycolytic metabolism and
mitochondrial function were analyzed with Seahorse-XF technology. Gene expression
regulation was analyzed by chromatin immunoprecipitation and methylation-specific
PCR. Antifibrogenic activity and safety of CM272 were studied in mouse chronic CCly
administration and bile duct ligation (BDL), and in human precision-cut liver slices
(PCLSs) in a new bioreactor technology.

Results. G92 and DNMT1 were detected in stromal cells in areas of active fibrosis in
human and mouse livers. G9a and DNMT1 expression was induced during mouse HSC
activation, and TGF1 triggered their chromatin recruitment in hHSC. G9a/DNMT1
knockdown and CM272 inhibited TGFB1 fibrogenic responses in hHSC. TGFp1-
mediated profibrogenic metabolic reprogramming was abrogated by CM272, which
restored gluconeogenic gene expression and mitochondrial function through on-target
epigenetic effects. CM272 inhibited fibrogenesis in mice and PCLSs without toxicity.
Conclusions. Dual G9a/DNMTT inhibition by compounds like CM272 may be a novel

therapeutic strategy for treating liver fibrosis.

Keywords. Fibrogenesis, glucose metabolism, gene regulation.
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What is already known on this subject?

e The progression of liver fibrosis depends on the activation and transdifferentiation
of hepatic stellate cells into a myofibroblastic phenotype.

e Epigenetic mechanisms have been shown to control many aspects of fibrogenesis
in the liver.

e Metabolic reprogramming is emerging as a key process in the activation of
fibrogenic cells in different organs.

What are the new findings?

e Together with DNMTI, the histone methyltransferase G9a is expressed in
fibrogenic cells in cirrhotic human liver, in chronically injured mouse liver and
upon activation of cultured mouse HSC.

e (9a and DNMT]1 expression is required for fibrogenic activation of HSC by
TGFp1.

e Pharmacological targeting of DNMT1 and G9a with the novel first-in-class dual
G9a/DNMT1 inhibitor CM272 counteracts the pro-fibrogenic responses and
metabolic reprogramming of HSC elicited by TGFp1.

e (CM272 administration shows antifibrogenic activity in clinically relevant mouse
models of liver fibrosis and in human precision-cut liver slices without causing
toxic effects.

How might it impact on clinical practice in the foreseeable future?
e The development of effective antifibrotic therapies is much needed not only for
chronic liver disease but also for other organs like the lung and kidney. Targeting

the complex epigenetic mechanisms involved in fibrogenesis with innovative
molecules like CM272 may pave the way for better therapies.

https://mc.manuscriptcentral.com/gut

Page 40 of 106



Page 41 of 106

oNOYTULT D WN =

Gut

INTRODUCTION

The fibrogenic response is part of the natural reparative reaction in different tissues and
organs. This process leads to the formation of a temporary extracellular matrix (ECM)
which after wound repair is degraded and tissue architecture is restored. However, when
damage persists, as occurs in liver chronic viral infection, alcohol abuse or in non-
alcoholic fatty liver disease, the equilibrium between ECM production and removal is
ultimately lost resulting in excessive accumulation of a dense ECM rich in fibrillar
collagens.[1] This ECM is a physical barrier that perturbs organ’s perfusion, contributes
to loss of liver function, progression to cirrhosis and hepatocellular carcinoma
development.[1,2] The pathological relevance of liver fibrogenesis has driven very active
research over the past decades. One major finding was the realization of the highly
dynamic nature of the process, including clinical findings showing fibrosis reversion
upon removal of the causative agent.[1] The major cellular source of collagen are the liver
myofibroblasts, mesenchymal cells mainly derived from hepatic stellate cells (HSC) and
periportal fibroblasts.[3] In the normal liver HSC show a quiescent and differentiated
phenotype which upon hepatic injury is substantially altered. A plethora of cytokines,
small molecules and growth factors, with transforming growth factor-f1 (TGFp1)
playing a central role, contribute to HSC activation and conversion into proliferative and
inflammatory  collagen-secreting  myofibroblasts.[3] A  profound metabolic
reprogramming, including a shift towards aerobic glycolysis, was recently identified as
an essential mechanism in HSC activation.[4,5] Earlier evidence indicated that during
fibrosis regression myofibroblasts were removed by apoptosis or entered a senescent pro-
fibrolytic state prone to immune-mediated clearance.[1] However, later studies
demonstrated that upon cessation of injury a significant proportion of myofibroblasts also

undergo reversion to a deactivated phenotype.[6,7] Together, these findings attest to the
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plasticity of HSC and provide valuable insights for the development of much needed
antifibrogenic strategies.[8]

Extensive changes in the HSC’s transcriptome occur during their transition into hepatic
myofibroblasts and upon cessation of injury their reversion to quiescence.[1,7] In this
context epigenetic mechanisms are increasingly recognized to play a central role.[9] DNA
hypomethylation has been associated with fibrogenic gene activation, while repression of
genes that maintain HSC differentiation and quiescence was linked to increased methyl-
CpGs abundance in their regulatory regions.[10][11] Mechanistically, to control gene
expression DNA methylation works in concert with other epigenetic modifications such
acetylation and methylation of lysine residues in histones H3 and H4.[9] The methyl-CpG
binding protein MeCP2 plays a key function in this process, orchestrating the activity of
the histone methyltransferases (HMTs) enhancer of zeste homolog-2 (EZH2) and absent,
small, or homeotic disc 1 (ASH1) during the reprogramming of HSC transcriptome to the
myofibroblast phenotype.[12,13] From a translational perspective, it is important to
consider that epigenetic modifications are reversible and amenable to pharmacological
intervention. Indeed, the antifibrogenic effects of histone deacetylase inhibitors were
already reported twenty years ago.[14] More recently it was demonstrated that targeting
DNA-methyltransferases (DNMTs) with 5-azadeoxycytidine prevents HSC fibrogenic
activation, while inhibition of HMTs halts hepatic fibrosis progression in mice.[15-17]
Similarly, pharmacological inhibition of the H3K9 methyltransferase G9a, also known as
euchromatic histone-lysine methyltransferase 2 (EHMT2), has been recently shown to
reduce kidney and lung fibrosis, although the underlying mechanisms are not fully
understood.[18,19] Concerted action between DNMTs and HMTs appears a common
theme in physiological transcriptional control, of tissue homeostasis. However, when

dysregulated this crosstalk can cause disease, including tumorigenesis.[20,21] This has
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been demonstrated for G9a, which physically and functionally interacts with DNMT]1
driving tumor cell proliferation and adaptation to hypoxia, among other cancer
traits.[22,23] Therefore, the simultaneous targeting of G9a and DNMT methyltransferase
activities could be a more effective therapeutic strategy. With this in mind, we recently
developed a new series of potent first-in-class, selective and reversible dual small
molecule inhibitors against G9a and DNMT activity with an excellent in vivo safety
profile.[24,25] These compounds are very effective against hematological
malignancies,[24] and also in HCC models, particularly on HSC-driven HCC growth.[26]
Here we demonstrate the therapeutic potential of dual G9a/DNMT targeting in
experimental liver fibrosis and show how this epigenetic mechanism can control TGFp1-

mediated pro-fibrogenic metabolic reprogramming and HSC activation.
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MATERIALS AND METHODS

Human samples

Liver tissue samples and patients’ data were provided by the Biobank of the University
of Navarra (Pamplona, Spain) or by the Medical University of Warsaw (Warsaw, Poland).
Samples were from patients with hepatitis C virus (HCV) (n=10) and HBV (n=10)
infection and alcoholic cirrhosis (ALD) (n=10). All of them presented cirrhosis and
underwent liver transplantation. Control liver tissue samples (n=5) were obtained from
large-margin liver resections of colorectal metastases showing no pathologist-identified
microscopic changes of liver disease. Liver tissue specimens were paraffin embedded and
stored at —75°C until use. Written informed consent was obtained from each patient and
samples were processed following standard operating procedures approved by the Ethical
and Scientific Committees of the University of Navarra and the Medical University of
Warsaw.

Mouse models

C57BL/6J male mice 6-8 weeks old (n=6-8 mice per group) were used. For acute CCly
treatment mice received a 1:1 mixture of CCly and olive oil (1uL CCly/g body weight,
1.p), 24h later mice received one injection of CM272 (Smg/Kg, i.p.) or vehicle (PBS), and
24h later were humanely killed. For chronic CCl, treatment, mice received a 1:3 mixture
of CCly and olive oil (0.67uL. CCly/g body weight, i.p.) twice per week for 6 weeks to
induce fibrosis. For the last two weeks animals received daily injections of CM272
(5mg/Kg, i.p) or PBS. Mice were humanely killed at day 1 and 4 after the last CCly
injection. Bile duct ligation (BDL) was performed as described.[12] [27] From day 2 post-
surgery animals received daily injections of CM272 (2.5mg/Kg) or PBS (i.p.) and were

humanely killed after 11 days. Animal care and procedures were approved by the Animal
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Care Committee of the University of Navarra or the Newcastle Animal Welfare and
Ethical Review Board and performed under a UK Home Office license.

Precision cut liver slices (PCLSs) experiments

Human liver tissue was obtained from normal resection margins surrounding colorectal
metastases from adult patients undergoing surgical resection at the Freeman Hospital
(Newcastle-upon-Tyne, UK). Informed consent was obtained from all patients and study
was approved by the Newcastle & North Tyneside Research Ethics Committee. PCLSs
were obtained from agarose embedded tissues cut with a Leica VT1200S vibratome and
cultured in a rocking bioreactor platform as previously described.[28] PCLSs were rested
for 24h and were then treated with TGF1 (3ng/mL) and platelet-derived growth factor-
BB (PDGF-BB) (50ng/mL) from Peprotech (London, UK), activin receptor-like kinase-
5 inhibitor (Alk51) SB-525334 (2.5uM)(Sigma, St. Louis MO, USA) or CM272 (1uM).

Additional methods are provided in Supplementary Methods.

https://mc.manuscriptcentral.com/gut



oNOYTULT D WN =

Gut

RESULTS

Expression of G9a and DNMT1 in activated HSC.

We performed immunohistochemical staining of liver tissue samples from patients with
viral cirrthosis and ALD. We detected the presence of G9a and DNMT]1 in activated
myofibroblasts (a-smooth muscle actin, a-SMA-expressing cells) (Fig. 1A, Supporting
Fig. S1 and S2). G9a and DNMT1 were also detected in mouse liver myofibroblasts after

chronic CCly injury or BDL (Fig. 1B, Supporting Fig. S3). Next, we examined the

expression of G9a and DNMT1 in quiescent and culture-activated mouse HSC. We found
that G9a and DNMTT protein levels were significantly induced between day 1 and day 4
of culture in parallel with a-SMA, a marker of HSC myofibroblastic transdifferentiation
(Fig. 2A).[3] The expression of ubiquitin-like with PHD and RING finger domains-1
(UHRF1), a key coordinator of DNA methylation during DNA replication and a
functional adaptor between DNMT 1 and G9a,[29] was also increased in culture-activated
HSC (Fig. 2A). The mRNA levels of these three genes also increased upon HSC
activation (Fig. 2A). Interestingly, in LX2 cells, a well-characterized model of human
HSC,[30] TGFB1 stimulation induced the rapid recruitment of the three proteins to the
nuclear chromatin subfraction, without significantly changing their expression (Fig. 2B).
Combined, these observations suggested a role for G9a and DNMTI, together with
UHRF1, in HSC activation. To directly address this point, we examined TGF1 responses
in LX2 cells after siRNA-mediated knockdown of these genes (Supporting Fig. S4). We
found an overall impairment of TGF1-activated profibrogenic gene expression, an effect

that was particularly strong upon G9a downregulation (Fig. 2C).
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Dual targeting of G9a and DNMT]1 inhibits hypoxia- and TGFB1-driven activation
of HSC.

These observations and our previous findings,[26] suggested that interference with
G9a/DNMT1 activities may counteract HSC activation. Therefore, we tested the effects
of CM272, our lead G9a/DNMT dual inhibitory compound,[24] on LX2 cells. We
demonstrated that CM272 decreased global DNA methylation (5-methyl-cytosine
[SmeC]) and H3K9me2 levels without affecting other histone marks (Supporting Fig.

S5A and B). Next we observed a marked impairment of TGF1 effects on key fibrogenic

genes expression, including COLIal and TGFpI itself (Fig. 3A and Supporting Fig.

S5C), while glial fibrillary acidic protein (GFAP), a marker of quiescent HSC,[3,31] was
upregulated (Fig. 3A). These effects were reproduced in primary human HSC (Supporting

Fig. S5D). Interestingly, culture-activation of primary mouse HSC was also reduced by

CM272 treatment, as indicated by the expression of Collal, Timpl and lecithin-retinol

acyltransferase (Lrat) (Supporting Fig. S5E). In agreement with the impaired response to

TGFB1 stimulation when G9a and DNMTI were knocked-down in LX2 cells (Fig. 2C)

we found that combined treatment with the DNMT1 inhibitor decitabine and the G9a

inhibitor BIX01294 also dampened the pro-fibrogenic responses to this growth factor

(Supporting Fig. S5F). Together with TGFB1, hypoxia is considered a major driver of

liver fibrogenesis.[32,33] Consistently, we found that hypoxia stimulated LX2 cells
growth and that CM272 inhibited this response as well as basal cell growth under
normoxia (Fig. 3B). Moreover, fibrogenic gene expression induction by hypoxia was also
blunted by CM272 (Fig. 3B). To better understand the effects of CM272 on fibrogenic
cells activation, we performed a microarray analysis of gene expression in LX2 cells

treated with TGFB1 in the presence or absence of the drug. CM272 markedly affected

TGFP1-mediated gene expression regulation, with 1930 upregulated and 1442
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downregulated genes (P<0.01) compared to cells treated with TGFB1 alone (Fig. 3C).
Gene ontology (GO) functional classification fundamentally identified categories related
to cell growth, differentiation, signalling, metabolism, chromatin regulation and response
to hypoxia (Fig. 3C). Accordingly, when we applied gene set enrichment analysis
(GSEA), a significant positive enrichment in genes of the KEGG peroxisome proliferator-
activated receptor (PPAR) signaling pathway, as well as the reactome “metabolism of
steroid hormones and vitamins A and D”, was detected in cells treated with CM272 (Fig.
3D). Also consistent with our GO analyses and with the effects of CM272 on TGFB1 and
hypoxia-mediated fibrogenic activation, we found significant negative enrichments in
gene sets involved in TGFf1, platelet derived growth factor receptor-f§ (PDGFRp) and
hypoxia-inducible factor (HIF) pathways (Fig. 3D). Interestingly, a negative enrichment
was also observed in the KEGG glycolysis/gluconeogenesis gene set (Fig. 3D).
Collectively, these findings indicate that G9a/DNMT1 targeting with CM272 profoundly
affects the fibrogenic activation of liver myofibroblasts and the involved metabolic
adaptations.

Mechanisms of the inhibitory effects of CM272 on hepatic myofibroblasts activation.

In view of the antagonism of CM272 on TGFB1 cellular responses we first checked

wether TGFB1 signaling could be affected. We found that CM272 treatment attenuated

SMAD3 phosphorylation in response to TGFB1 in LX2 cells (Supporting Fig. S6A).

Different mechanisms have been involved in the regulation of TGFB1 signaling, among

them is the expression of the TGF pseudoreceptor bone morphogenic protein and activin

membrane-bound inhibitor (BAMBI) in different cell types but also in liver

myofibroblasts.[34] Interestingly, we observed that CM272 treatment increased the

expression of this negative regulator of TGFB1 signaling in LX2 cells (Supporting Fig.

S6B). However, the antifibrogenic effects of CM272 may extend beyvond the direct
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inhibition of TGFB1 signaling. As previosuly shown in Fig. 3A. the basal expression of

several genes including TGFSl, PDGFRp, PAll, LOX and GFAP was regulated by

CM272 in LX2 cells in the absence of TGFB1. Interestingly. we found that these

responses were also observed in the presence of the TGFB1 receptor-1 inhibitor (Alk51)

SB-525334 regardless of TGFB1 stimulation (Supporting Fig. S6C).

Metabolic reprogramming is emerging as a critical event in fibrogenic activation across
different tissue types.[4,5,35,36] Therefore, we examined the effects of CM272 on
oxygen consumption rate (OCR; a representation of mitochondrial activity) and the
extracellular acidification rate (ECAR; a surrogate for glycolytic rate) in LX2 cells treated
with TGFB1. As recently reported we found that TGFB1 reduced OCR and increased
ECAR,[36] however these effects were attenuated by CM272 (Fig. 4A). Consistently, the
relative contribution to ATP production of glycolysis vs oxidative phosphorylation, which
was increased by TGFB1, was mitigated by CM272 treatment (Fig. 4B). TGFB1-triggered
lactate production, a hallmark of the glycolytic phenotype contributing to fibrogenesis,[4]
was also attenuated by CM272 (Fig. 4C). Changes in the expression of key glycolytic and
gluconeogenic genes have been mechanistically linked to metabolic reprogramming and

activation of fibrogenic cells.[3,35,37,38] Consistently, when glycolysis was inhibited

using the glucose analog 2-deoxy-D-glucose (2DG) (Supporting Fig. S7A) we found that

TGFB1-mediated fibrogenic gene expression in L.X2 cells was impaired (Supporting Fig.

S7B). Next, we tested the expression of the glycolytic genes hexokinase-1 (HK-I), 6-
phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (PFKFB3), aldolase-A (ALDOA),
phosphoglycerate kinase-I (PGK-I), pyruvate kinase M2 (PKM2) and lactate
dehydrogenase A (LDHA) in LX2 cells treated with TGFB1 and CM272. CM272 reduced
the basal expression of these genes and/or markedly counteracted the stimulatory effect

of TGFB1 on most of them (Fig. 4D). Recent studies in lung fibroblasts demonstrated that
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besides glycolytic activation TGFB1 also triggers the expression of enzymes of the serine-
glycine biosynthetic pathway, a key source of glycine critically needed for collagen
synthesis.[38—40] The serine-glycine biosynthetic pathway diverges from glycolysis via
3-phosphoglycerate, which in four consecutive steps is converted into glycine by the
action of phosphoglycerate dehydrogenase (PHGDH), phosphoserine aminotransferase-
1 (PSATI), phosphoserine phosphatase (PSPH) and finally serine hydroxymethyl
transferase-2 (SHMT2) (Fig. 4D).[38,40] TGFB1 induced the expression of the serine-
glycine pathway genes, and this effect was blunted by CM272 (Fig. 4D), which also

reduced the basal expression of PHGDH and the levels of H3K9 monomethylation (Fig.

4D and Supporting Fig. S7C). a transcriptional activating epigenetic modification

mediated by G9a.[41] Moreover, hypoxia-triggered expression of these genes in LX2

cells was also reduced by CM?272 (Supporting Fig. S8A). Noteworthy, the serine-glycine

metabolic pathway is indeed important for the activation of LX2 cells, as indicated by the

inhibitory effects of NCT503. a PHGDH enzymatic inhibitor.[42] on hypoxia-elicited

growth and TGFB1-induced collagen synthesis in these cells (Supporting Fig. S8B). Very

interestingly, the expression of the rate-limiting gluconeogenic enzymes
phosphoenolpyruvate-carboxykinase (PEPCK) and fructose-1,6-bisphosphatase-1
(FBPI), repressed during fibrogenic activation,[4] was also inhibited by TGFf1, but
restored under CM272 treatment (Fig. 4D). Moreover, the expression of the transcription
factor and metabolic regulator peroxisome proliferator activated receptor gamma co-
activator-la. (PGC-1a), recently identified as a key guardian of lung fibroblasts
quiescence,[19,37] was also repressed by TGFB1 and was potently reactivated upon
CM272 treatment (Fig. 4D). These responses to CM272 were reproduced in human

primary HSC (Supporting Fig. S9A). Importantly, the upregulation of FBP1 and PGC-

la expression by CM272 (Fig. 4E) was related to the on-target pharmacological actions
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of this molecule. By qChIP analyses we found that CM272 reduced the levels of the
repressive H3K9me2 mark in the proximal promoters of FBPI and PGC-1 « (Fig. 4F). At
the DNA level, FBPI promoter was found hypermethylated in a region previously
associated with its transcriptional repression in cancer,[26] and DNA methylation was
reduced upon CM272 or decitabine treatment (Fig. 4G). Regarding PGC-1 a, we did not
find significant levels of DNA methylation (Fig. 4G), suggesting that its transcriptional
repression could be mainly mediated by G9a-H3K9 dimethylation, which indeed was
reversed by CM272 treatment (Fig. 4F). In support of these notions we observed that

FBPI expression was upregulated by decitabine or BIX01294, and together both agents

had an additive effect, while PGC-/a expression was induced only by BIX01294

(Supporting Fig. S9B).

CM272 inhibits hepatic fibrogenesis in vivo.
Next, we examined the antifibrogenic potential of CM272 in different mouse models.
First, we tested the effects of CM272 on the acute activation of HSC upon single CCly

injection. We found that CM272 administration 24h after CCl4 markedly inhibited HSC

activation as indicated by a-SMA expression (Supporting Fig. SI0A). The antifibrogenic

activity of CM272 was also evident in chronic liver injury. Mice received CCly twice a
week for 6 weeks, and for the last two weeks were treated with CM272 or its vehicle (Fig.
5A). a-SMA and Sirius red staining for collagen deposition demonstrated reduced liver
fibrosis in CM272-treated mice (Fig. 5A), corroborated by decreased expression of
collagen-lal (Collal), a-Sma and Tgff! (Fig. 5B). Interestingly, expression of Pkm2,
previously identified as a marker of glycolytic activation in liver myofibroblasts and a
key regulator of glycolysis and the serine-glycine pathway,[4,43] was induced by CCly
administration. Noteworthy, Pkm2 expression was significantly attenuated by CM272

treatment, as was that of Phgdh (Fig. SA and 5B). The antifibrotic effects of CM272 were

https://mc.manuscriptcentral.com/gut



oNOYTULT D WN =

Gut

reproduced in a model of cholestatic liver injury induced by BDL, as demonstrated by
reduced a-SMA immunostaining, collagen deposition and expression of fibrogenesis-and
glycolysis-related genes (Fig. 5C and D). As in the CCly model, Pkm2 expression was
also increased in areas of active fibrosis and was downregulated by CM272 (Fig. 5C). No

significant differences in serum transaminases and creatinine levels nor body weight were

found between vehicle and CM272 treated mice in either model, while a decrease in the

hepatic expression of pro-inflammatory cytokines was noticed (Supporting Fig. S10B and

C). Together these findings demonstrate that in vivo targeting of G9a/DNMT1 with
CM272 during ongoing liver injury has antifibrotic potential and is exempt of overt
toxicity.

CM272 has antifibrotic activity in human precision-cut liver slices (PCLSs).

To further validate the antifibrotic effects of CM272 we used human PCLSs cultured in
a newly designed bioreactor that allows modeling active fibrogenesis induced by
pathophysiological stimuli; TGFB1 and PDGF-BB.[28] First, we observed that GYa,
DNMTI and UHRF I expression was significantly increased after 96h in culture compared
to freshly isolated tissues, and TGFB1+PDGF-BB enhanced this response (Fig. 6A).
Immunohistochemical analyses of PCLSs detected G9a and DNMT 1 proteins in regions
of the parenchyma enriched in a-SMA positive cells (Fig. 6B). Next, we tested the effects
of CM272 treatment on TGFB1+PDGF-BB-mediated fibrogenic activation of PCLSs
(Fig. 6A). PCLSs were incubated with TGFB1+PDGF-BB in the absence or presence of
CM272 or the TGFB1 receptor-1 inhibitor (Alk51) SB-525334.[28] As shown in Fig. 6C,
the upregulation of fibrogenic gene expression elicited by TGFB1+PDGF-BB was
significantly attenuated by CM272. Consistently, soluble collagen secretion into the
culture media, its deposition in the fibrotic matrix, and a-SMA staining were also

markedly inhibited (Fig. 6D and E). Interestingly, lactate accumulation in the culture
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medium, indicative of metabolic glycolytic reprogramming, was inhibited not only by
SB-525334 but also very efficiently by CM272 (Fig. 6F). Accordingly, FBPI expression
was downregulated by TGFB1+PDGF-BB treatment while that of PKM?2 and PHGDH
was induced (Fig. 6G). These changes were also reversed by SB-525334 and CM272
(Fig. 6G). Immunohistochemical staining of PCLSs detected PKM2 expression in
fibrogenic cells, validating the activation of glycolysis in human liver tissues by
fibrogenic stimuli, and its inhibition by CM272 (Fig. 6H). Our PCLSs model may also
provide valuable information on potential hepatotoxic effects of experimental therapies
in a human liver tissue environment.[28] We measured a series of parameters, including
albumin and urea levels, and lactate dehydrogenase (LDH), AST and ALT activities in
conditioned media from control and CM272 treated PCLSs. We found no significant
differences on these markers of hepatocellular function and injury in comparison with
controls (Fig. 7A), and no major histological alterations upon H&E staining were

observed either (Fig. 7B).
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DISCUSSION

Accumulating evidence shows the involvement of epigenetic mechanisms in the
activation of quiescent hepatic ECM-producing cells and the maintenance of their
fibrogenic phenotype.[9,11] Here we confirmed the overexpression of DNMT1 in human
and mouse fibrotic liver,[44] and report the concomitant upregulation of the HMT G9a.
Our novel findings indicate that these epigenetic effectors, together with their functional
adaptor UHRF1,[29] contribute to HSC fibrogenic activation. Besides their marked
induction during primary mouse HSC activation in culture, we observed that TGFf1
stimulation led to their fast recruitment to the chromatin-bound nuclear subfraction in
LX2 cells. This response has been observed for other transcriptional regulators involved
in TGFB1 control of gene expression such as activating transcription factor-4.[40] Here
we extend this dynamic effect of TGFB1 to epigenetic factors. However, compelling
evidence on the involvement of G9a, DNMT1 and UHRFI in liver fibrogenic cell
activation was obtained when their expression was inhibited (siRNAs) in LX2 cells and
we observed that the pro-fibrogenic transcriptomic response to TGF1 was abrogated.
This genetic evidence, together with the extensive functional crosstalk between different
chromatin regulatory mechanisms, such as DNA and H3K9 methylation,[21] prompted
us to characterize in detail the antifibrogenic potential of a novel dual G9a/DNMT
inhibitor CM272.[24] We observed that CM272 markedly inhibited TGF1-stimulated
pro-fibrogenic gene expression in LX2 and human primary HSC. Interestingly, these
effects of CM272 were not restricted to TGFB1 action, as they were also observed under
hypoxia, another key proliferative and fibrogenic stimulus for HSC.[32,33] To elucidate
the mechanisms underlying CM272 activity we performed transcriptomic studies in LX2

cells treated with TGFB1 in the absence or presence of the drug. Consistent with the

inhibition of TGFB1-triggered fibrogenic activation, our GSEA found negative
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enrichment in categories associated with TGFB1 and PDGFRB signaling pathways.
Interestingly, the HIF pathway, which critically participates in TGFp1-mediated kidney
fibrogenesis,[45] was also negatively affected by CM272. Notwithstanding the
mechanistic relevance of these responses, it was the effect of CM272 on the expression
of metabolism-related genes that captured our attention. Incipient, but nonetheless robust
evidence on the importance of metabolic reprogramming for fibrogenic cell activation is
steadily accumulating. Similar to the Warburg effect in cancer cells, glycolytic activation
along with mitochondrial dysfunction have been shown to contribute to fibrogenesis in
different tissues.[5,35-37] Early evidence obtained in liver myofibroblasts showed how
reciprocal changes in glycolytic and gluconeogenic enzymes triggered by hedgehog
signaling were mechanistically linked to HSC activation.[4] Here we found that TGFf1
elicited very similar responses, inducing the expression of most genes coding for
glycolytic enzymes and repressing that of the rate-limiting gluconeogenic genes FBPI
and PEPCK, as well as the metabolic regulator PGC-1 &, which downregulation in lung
fibroblasts markedly contributes to their activation.[37] These transcriptional effects of
TGFB1 translated into metabolic alterations, including enhanced glycolytic rate and
decreased mitochondrial activity. Consequently, ATP production shifted from a
preferentially mitochondrial origin (OXPHOS) to a glycolytic one. In agreement with
recent findings in lung myofibroblasts,[38] we found that in human HSC TGFp1
markedly stimulated the expression of genes in the serine-glycine pathway. This pathway
is not only essential for the supply of glycine for collagen synthesis,[38,39] it also
connects glycolysis with one-carbon metabolism and nucleotide synthesis, required for
cell proliferation.[42] We found that CM272 treatment effectively reversed the
transcriptional program triggered by TGFB1 and its impact on glycolytic activity and

mitochondrial function. The molecular mechanisms underlying these effects are likely
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complex, but to a great extent may be attributed to specific pharmacological activities of
CM272. We believe that one central target gene in the antifibrogenic effects of CM272
would be FBPI. As we showed, the expression of FBPI is downregulated in activated
liver myofibroblasts through epigenetic mechanisms involving increased DNA and H3K9
methylation in its promoter, modifications that were reversed by CM272. FBP1 is not
only a key gluconeogenic enzyme, it is also able to suppress HIF-1a activity by direct
binding and acting as a transcriptional corepressor of HIF-1a target genes, which include
most of glycolytic enzymes.[46] Moreover, FBP1-mediated suppression of HIF-l1a
activity may also be involved in the antagonistic effects of CM272 on TGFf1 responses,
as the HIF-1a pathway is co-opted by TGF1 for its pro-fibrogenic activity even under
normoxia.[45,47] Regarding the normalization of mitochondrial function, together with
FBP1 reactivation[48] the enhanced expression of PGC-1a by CM272 treatment may
also be relevant. PGC-1a is a master metabolic regulator, with roles including the
preservation of mitochondrial function and the regulation of gluconeogenic gene
expression (e.g. PEPCK).[49] Recently, transcriptional repression of PGC-/« has been
critically involved in lung myofibroblast metabolic reprogramming and activation.[37]
Interestingly, G9a-mediated H3K9 methylation was also shown to participate in PGC-1 «
repression during lung myofibroblast activation. [19] Concomitantly, CM272 inhibition
of G9a activity might also be involved in the repression of serine-glycine pathway genes,
as G9a-mediated H3K9 monomethylation has been reported to mediate the transcriptional
activation of these genes.[41]

Our in vitro observations were validated in two etiologically distinct mouse models of
liver fibrogenesis. Indeed, the expression of G9a and DNMT1 was detected in stromal
fibrogenic cells also stained with a-SMA, and CM272 reduced myofibroblast activation

and ECM accumulation. Mechanistically, the inhibitory effects of CM272 on fibrogenic
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metabolic reprogramming could also be taking place in vivo, as indicated by decreased
accumulation of PKM2-expressing stromal cells. Importantly, these findings were
extended to the human setting. Cirrhotic human liver tissues also showed increased levels
of G9a and DNMTT1 in areas of active fibrosis, and the expression of these epigenetic
effectors was induced in cultured PCLSs concomitantly with their fibrogenic activation.
PCLSs are a very useful tool to test antifibrotic drugs due to being a close surrogate of
the human liver microenvironment.[28] Here we reproduced the antifibrogenic effects of
CM272 observed in cultured cells and mouse models, including key aspects of HSC
activation and metabolic reprogramming. One fundamental feature of any drug candidate
is the absence of toxic reactions, particularly when intended to be administered to patients
with liver injury. Consistent with our previous reports,[24,26] we did not observe any
signs of hepatic or systemic toxicity in mice treated with CM272. Most importantly, this
lack of toxicity was also evident in human PCLS, where parameters of hepatocellular
function (e.g. albumin production) and cell integrity were not negatively affected by the
drug. Nevertheless, as some of us recently showed, there are emerging technologies
allowing myofibroblast-selective drug delivery in vivo which may further enhance drug
efficacy and safety in the context of liver injury.[16]

In summary, we have identified novel epigenetic targets involved in liver fibrosis and
demonstrated that their dual targeting with an innovative “epi-drug” can inhibit
progression of liver fibrosis even in the absence of treating the underlying disease. We
have also provided extended evidence on the role of metabolic reprogramming in liver
fibrogenesis, and how this can be manipulated at the epigenetic level to halt or reverse
the process. CM272 might be also considered for the treatment of fibrotic processes in

other organs like the lung and kidneys, in which this condition has devastating effects.
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Figure legends

Figure 1. G9a, DNMTI1 and a-SMA immunostaining on sections from normal and
diseased human and mouse liver tissues. (A) Representative immunostainings showing
G9a and DNMTT1 detection (arrows) in fibrotic lesions in livers from cirrhotic patients
with chronic hepatitis C virus (HCV) or hepatitis B virus (HVB) infection, or alcoholic
liver disease (ALD). a-SMA staining identifies myofibroblasts in association with
fibrotic lesions. Images are representative of at least ten patients per condition. (B)
Representative immunostainings showing G9a and DNMTT1 detection (arrows) in liver
sections from control mice and from animals chronically treated with CCly (six weeks)
or eleven days after bile duct ligation (BDL). a-SMA staining identifies myofibroblasts
in association with fibrotic lesions. Images are representative of at least six mice per
condition.

Figure 2. Expression and role of G9a, DNMT1 and UHRF1 in liver fibrogenic cells
activation. (A) Expression of G9a, DNMT1 and UHRF1 in primary mouse HSC during
culture activation. Left panel shows a representative western blot including a-SMA
protein levels denoting HSC activation kinetics and Ponceau staining to show equal
loading. Right panel shows qPCR analyses of mRNA levels for the indicated genes in the
early phase of HSC culture activation. (B) Representative western blot analyses of G9a,
DNMT1 and UHRFI1 proteins in the chromatin fraction from nuclear extracts, or total cell
lysates, obtained from LX2 cells treated with TGFB1 for 3h. Histone H3 and o-
TUBULIN levels are shown to demonstrate equal loading. (C) Influence of G9a, DNMT1
and UHRFI expression on TGFB1 mediated fibrosis-related gene expression in LX2
cells. Cells were transfected with G9a, DNMTI or UHRF I-specific siRNAs, or control
siRNAS (s1C) and 24h later were treated with TGFB1 for another 24h. Graph shows the

qPCR analysis of mRNA levels for the indicated genes.
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Figure 3. Dual targeting of G9a and DNMT1 inhibits hypoxia- and TGFp1-driven
activation of HSC. (A) LX2 cells were treated with CM272 (400nM) for 24h and then
stimulated with TGFB1 (5ng/mL) for another 24h. Expression of fibrogenic activation-
related genes and GFAP was evaluated by qPCR. (B) Effect of CM272 on the growth
(left panel) and fibrogenic gene expression (right panel) elicited by hypoxia, including
transforming growth factor-B1 (TGFpI), platelet derived growth factor receptor [3
(PDGFRp), tissue inhibitor of metalloproteases 1 (7IMPI), lysyl oxidase (LOX) and
lactate dehydrogenase A (LDHA). LX2 cells were treated with CM272 (400nM) for 24h
and then grown under normoxic (20% O,) or hypoxic (1% O,) conditions for a further
24h. (C) Left panel shows the most relevant GO categories of genes undergoing changes
in expression identified by microarray analysis in LX2 cells treated or not with CM272
(400nM) and then stimulated with TGFB1 (5ng/mL) for another 24h. Right panel shows
a volcano plot displaying differentially expressed genes between LX2 cells treated with
TGFB1 in the presence or absence of CM272. Red dots represent upregulated transcripts
and green dots represent transcripts with downregulated expression. (D) GSEA of
microarray gene expression data revealed positive enrichment in gene expression by
CM272 in categories related to PPAR signaling and steroid hormone and liposoluble
vitamins metabolism, and negative enrichment of related to glucose metabolism, hypoxia

and fibrogenic activation (TGF1 and PDGFRJ3 pathways).

Figure 4. Dual targeting of G9a and DNMT1 counteracts the pro-fibrogenic metabolic
reprogramming of HSC elicited by TGFB1. (A) Left panel, oxygen consumption rate
(OCR) in LX2 cells treated or not with CM272 (400nM) for 24h and then stimulated or

not with TGFB1 (5ng/mL) for 3h. Right panel, extracellular acidification rate (ECAR) in
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LX2 cells treated as indicated above. (B) Relative ATP production from oxidative
phosphorylation (OXPHOS) and glycolysis in LX2 cells treated as indicated above. (C)
Lactate production (i.e. lactate release to culture medium) by LX2 cells pre-treated or not
with CM272 (400nM) for 24h and then stimulated with TGFB1 (5ng/mL) for up to 24h
more. (D) CM272 counteracts the reprogramming of metabolic gene expression elicited
by TGFBI in LX2 cells. Cells were treated with CM272 (400nM) for 24h and then
stimulated with TGFB1 (5ng/mL) for another 24h as indicated. The expression of genes
involved in glycolysis (red letters), the serine-glycine pathway (green letters) and
gluconeogenesis (blue letters) was measured by qPCR. (E) Western blot analysis of FBP1
and PGC-la protein levels in LX2 cells treated with CM272 (200nM) for 48h.
Representative blots are shown. (F) analysis of H3K9me2 levels by qChIP assay in the
proximal promoter regions of FBPI and PGC-1a genes in LX2 cells treated with CM272
(200nM) for 48h. (G) Methylation-specific PCR (MSP) assays of DNA methylation in
FBPI and PGC-Iapromoters in control and CM272 (100nM, 96h) treated LX2 cells.
Cells were also treated with decitabine (S5uM) as a control for a DNA demethylating
agent. Bands in lanes labeled “U” and “M” are PCR products amplified with
unmethylation- and methylation-specific primers. Images are representative of three
experiments performed in duplicates.

Figure 5. CM272 inhibits liver fibrogenesis in vivo. (A) As shown in the diagram, mice
received CCly or vehicle (oil) for six weeks, and for the last two weeks were treated with
CM272 (2.5mg/kg body weight) or PBS. Animals were humanely killed 24h or 4 days
after the last CCl, injection and liver tissues were immunostained for a-SMA and PKM?2,
or stained with Sirius Red for collagen detection. Representative images are shown. (B)
Expression of key genes involved in hepatic fibrogenesis and metabolic reprogramming

in the livers of mice treated as described in panel A. (C) Mice underwent BDL and were
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treated with CM272 (2.5mg/kg body weight) or PBS as indicated in the diagram. At day
11 after surgery animals were sacrificed and liver tissue sections were immunostained for
a-SMA and PKM2 or stained with Sirius Red for collagen detection. (D) Expression of
key genes involved in hepatic fibrogenesis and metabolic reprogramming in the livers of
mice treated as described in the graph. Liver samples from sham operated mice were used
as controls.

Figure 6. CM272 has antifibrotic effects in human PCLSs. (A) Human precision cut liver
slices were i1solated and placed in the bioreactor chambers. After 24h PCLSs were treated
with a fibrogenic stimulus (TGFB1+PDGF-BB), its vehicle, CM272 (1uM) or the activin
receptor-like kinase 5 inhibitor (Alk51) SB-525334 as shown in the graph. G9%a, DNMTI
and UHRFI expression levels were measured by qPCR (B) Immunohistochemical
analyses of G9a, DNMT]1 and a-SMA performed in tissue sections from PCLSs treated
as indicated. Representative images are shown. (C) qPCR analysis of the expression of
key genes involved in hepatic fibrogenesis in PCLSs treated as indicated. (D) Soluble
collagen (COLIA1) levels in media of bioreactor cultured PCLSs after 72 and 96h
incubation under the indicated conditions. Grey bars: vehicle; black bars: TGF1+PDGF-
BB. (E) Representative images of a-SMA and picrosirius-red-stained tissue sections
from PCLSs at t=0 and after 96h treatment as indicated. (F) Quantification of lactate
accumulation in media of bioreactor cultured PCLSs after 72 and 96h incubation under
the indicated conditions. Grey bars: vehicle; black bars: TGFB1+PDGF-BB. (G) gPCR
analysis of the expression of key genes associated with the reprogramming of glucose
metabolism in PCLSs. (H) Immunohistochemical analysis of PKM2 performed in tissue
sections from PCLSs at t=0 and after 96h of treatment as indicated. Representative
images are shown. PCLSs from four different patients were used in four independent

experiments. For each time-point and condition two PCLSs were used.
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Figure 7. CM272 does not cause toxicity in bioreactor cultured human PCLSs. (A)
Average levels of albumin, wurea, lactate dehydrogenase (LDH), aspartate
aminotransferase (AST) and alanine aminotransferase (ALT) released into the culture
media by PCLSs treated with vehicle (control) or CM272 (1uM) as indicated. (B)
Representative H&E images of tissue sections from PCLSs treated with vehicle (control)

or CM272 (1uM) for 96h.
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SUPPLEMENTARY MATERIALS AND METHODS

Immunohistochemistry, immunofluorescence and tissue staining

Immunohistochemical detection of G9a (antibody ab185050, Abcam, Cambridge, UK),
DNMT1 (antibody ab188453, Abcam), a-SMA (antibody A2547, Sigma Aldrich, St. Louis,
MO, USA), and PKM2 (antibody 3198S, Cell Signaling Technology, Beverly, MA, USA) was
performed on 3um thick formalin-fixed paraffin embedded mouse or human liver
tissues following standard protocols as we described before.[1] Paraffin was removed
and the tissues rehydrated using a slide wash/incubation sequence with Histo-Clear I
(National Diagnostics, Nottingham, UK), ethanol 10%, 90%, 70% and ddH,0. Antigen
retrieval was performed with Tris-EDTA Buffer (Dako, Glostrup, Denmark) and sections
were incubated with primary antibodies diluted in blocking solution (1% BSA in PBS)
overnight at 4°C. After washing, sections were incubated with secondary antibodies
diluted in 1% BSA in PBS for another 1h at room temperature and then washed and
visualized with 3,3’-diaminobenzidine tetrahydrochloride (DAB) (Dako) counterstained
with haematoxylin. The primary antibody for G9a detection was diluted 1:500, DNMT1
1:100, a-SMA 1:100, PKM2 1:100 and the secondary antibody was anti-rabbit Envision +

System-HRP (Dako). For immunofluorescent stainings, tissue preparation and

immunofluorescence detection have been described previously [2]. The following

antibodies were used: rabbit-anti-G9a (ab185050, Abcam, 1:100), rabbit-anti-DNMT1

(ab188453, Abcam, 1:100), mouse anti-a-SMA (ab7817, Abcam, 1:100). Appropriate

secondary antibodies used were from Life Technologies’ Alexa Fluor series (488; A21202,

594: A21207, 1:300). For microscopy and image analyses tissues were viewed under a
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Zeiss LSM 800 confocal microscope (Zeiss). Images were processed and analyzed using

ImageJ (NIH) and Adobe Photoshop Creative Suite 5 (Adobe).

Cell culture and treatments

The human HSC line LX2,[3] obtained from Millipore-Merck (Darmstadt, Germany), was
cultured in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 2% FBS and
100U/ml penicillin-streptomycin. Primary hHSCs were isolated from resected livers
wedges obtained from patients undergoing surgery at the Royal Free Hospital (London,
UK) after giving informed consent. The study was approved by the ethics committee the
Royal Free Hospital (protocol #NC2015.020-RF). Cells were isolated and their purity was
assessed as published,[4] with modifications for human liver,[5]. hHSCs were cultured in
Iscove's Modified DMEM (IMDM), supplemented with 20% FBS, 2.0 mM glutamine,
nonessential amino acids, 1.0 mM sodium pyruvate, antibiotic-antimycotic mix (Life
Technologies, Paisley, UK). Experiments described herein were performed on hHSCs
from at least three independent cell preparations, used between passage 3 and 8.
Primary mouse hepatic stellate cells (mHSCs) were isolated from 12 to 14 weeks-old
C57BL/6 male mice using sequential pronase (Roche, Barcelona, Spain) and collagenase
(Life Technologies, Carlsbad, CA, USA) digestion followed by density-gradient
centrifugation with Nycodenz AG (Accurate Chemical, Westbury, NY, USA) as previously
described.[6] Six livers were pooled for each HSC isolation and cell viability was
measured by trypan blue exclusion and exceeded 90%. Purity of mHSC preparations was
assessed by autofluorescence of retinoid-containing vacuoles 1 day after isolation and
was found to be >99%. mHSCs were cultured on plastic in Gibco Dulbecco's Modified

Eagle Medium Nutrient Mixture F-12 (DMEM/F-12) supplemented with 10% FBS and

https://mc.manuscriptcentral.com/gut



oNOYTULT D WN =

Gut

100U/ml penicillin-streptomycin. Freshly isolated HSCs (day 0) were considered
quiescent and were cultured in plastic dishes to transdifferentiate into activated HSC

(from day 4 onwards).

All cell cultures were maintained under standard conditions in a humidified incubator
under 5% CO; in air at 37°C. For hypoxic culture conditions cells were incubated under
1% 0O, atmosphere in the H35 Hypoxystation incubator (Don Whitley Scientific Ltd.,
Shipley, UK). TGFB1 stimulation of LX2 and hHSC cells was performed at 5ng/mL at
indicated times using recombinant human TGFB1 protein from R&D Systems
(Minneapolis, MN, USA). CM272 was prepared according to the synthetic protocol
recently reported,[7]. Purity for the used compound was >95%. Decitabine and
BIX01294 were both from Sigma and were resuspended in dimethyl sulfoxide (DMSO).

The PHGDH inhibitor NCT503 and the glucose analog 2-deoxy-D-glucose (2DG) were

both from Sigma Aldrich. In vitro treatments were performed at indicated times and

doses, and controls received the same concentrations of DMSO (always <0.1% of final

volume).

Cells transfection with siRNAs

Human G9a, DNMT1 and UHRF1-specific siRNAs and control siRNA (siC) were from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). Transfections were performed with 75 nM of
each siRNA using Lipofectamine RNAIMAX reagent (Invitrogen, Grand Island, NY, USA)
as we previously described,[8] and following the manufacturer’s instructions. Cells were
harvested 48h after transfection. Gene expression was confirmed by qPCR and western

blotting after transfections.
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Western blotting

Cells and tissues were lysed in RIPA buffer. Histones were extracted as described below.
Samples were subjected to western blot analysis as reported,[9,10]. Antibodies used are

listed in supplementary table 1. The densitometric analysis of all Western blot signals

are shown in Supporting Fig. S11.

Subcellular protein extraction

Subcellular cell fractionation and separation of nuclear chromatin-bound protein
extracts from LX2 cells was done with the Subcellular Protein Fractionation Kit for
Cultured Cells from Thermo Fisher Scientific (Waltham, MA, USA) following
manufacturer’s instructions. LX2 cells (10°) were stimulated either with vehicle or TGF31

(5ng/mL) during 3h prior to protein fractionation.

Gene expression and microarray analyses

RNA was extracted using the automated Maxwell system from Promega (Madison, W],
USA) according to the manufacturer's instructions. For retro-transcription RNA samples
were exposed for 1min at 90°C for denaturalization followed by 1h at 37°C using a mix
containing: 50 mM Tris-HCI pH 8.3, 75 mM KCl and 3 mM MgCl,, 10 ng/ulL of random
primers, 0.5 mM of each deoxyribonucleic triphosphate (dNTP), 5 mM of dithiothreitol
(DTT), 1.2 U/uL RNase inhibitors (RNase out) and 6 U/uL of M-MLV inverse transcriptase
enzyme. All reagents from Invitrogen (Carlsbad, CA, USA), except dNTPs that were from

Roche Diagnostics (Mannheim, Germany). Resulting complementary DNA (cDNA) were
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used to measure differences among genic expression levels. With the resulting cDNAs
gPCR reactions were performed in a Bio-Rad CFX96 Real-Time System thermal cycler
using iQ SYBR Green Supermix reagent from Bio-Rad (Hercules, CA, USA) following
manufacturer’s instructions. Primers are described in supplementary table 2. Relative
guantification of mMRNA was calculated with the -AACT method using the reference gene

of constitutive expression H3F3A as we described,[9].

For microarray analyses, RNA integrity from each sample was confirmed prior to cDNA
synthesis on Agilent RNA Nano LabChips (Agilent Technologies, Santa Clara, CA, USA).
The sense cDNA was prepared from 200 ng of total RNA and then fragmented and
biotinylated using Affymetrix GeneChip® WT PLUS Reagent Kit. Labeled sense cDNA was
hybridized to the Affymetrix Human Gene 2.0 ST microarray according to the
manufacturer protocols and using GeneChip® Hybridization, Wash and Stain Kit.
Genechips were scanned with the Affymetrix GeneChip® Scanner 3000. Both
background correction and normalization were done using RMA (Robust Multichip
Average) algorithm. After quality assessment, a filtering process was performed to
eliminate low expression probe sets. Applying the criterion of an expression value
greater than 16 in 2 samples for each experimental condition (TGFB1+Control and
TGFBR1+CM-272 treatment), 29762 probe sets were selected for statistical analysis. R
and Bioconductor,[11] were used for preprocessing and statistical analysis. LIMMA
(Linear Models for Microarray Data) was used to find out the probe sets that showed
significant differential expression between experimental conditions.[12] Genes were

selected as significant using a criterion of B>0 and |logFC|>1.
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Functional enrichment analysis of Gene Ontology (GO) categories,[13] was carried out
using standard hypergeometric test and the gene list ranked by logFC was also analyzed
with Gene Set Enrichment Analysis (GSEA),[14]. Microarray data can be downloaded
from Gene Expression Omnibus (GEO) public functional genomics data repository under

the accession number GSE139504.

Metabolic flux analysis

The oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were
measured in LX2 cells using a Seahorse XFp extracellular flux analyzer (Seahorse
Bioscience, Billerica, MA, USA). In brief, LX2 were seeded on Seahorse XFp plates at a
final confluence of 85-90% in Gibco DMEM 10% medium. Cells were pre-treated with
CM272 (200nM) during 24h. The medium was then replaced with Seahorse XF DMEM
medium pH 7.4 supplemented with 10mM glucose (Sigma), 2 mM glutamine (Gibco,
Fisher Scientific) and 1 mM pyruvate (Sigma) and stimulated with TGFB1 (5ng/ulL) during
3h. Cells were then incubated for 45min (in the case of no TGFB1 stimulation) or 3h
(when TGFB1 stimulation) at 37°C and 0% CO.. Basal levels of OCR and ECAR were then
recorded. ATP production rate was measured according to the manufacturer’s
instructions, using 1.5 uM oligomycin and 0.5uM rotenone/antimycin A, all from Sigma.
OCR and ECAR data were normalized to the protein content as assessed by Bradford

assay from Bio-Rad.

Global and gene-specific DNA methylation analyses
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Genomic DNA was extracted using a DNA kit (Maxwell 16 LEV Blood DNA Kit, Promega)
following the manufacturer’s instructions. DNA purity and concentration were
measured using a NanoDrop spectrophotometer (Thermo Fisher Scientific). LX2 cells
were treated with vehicle (DMSO) or CM272 (400nM) during 48h for global DNA
methylation studies. This was measured using the MethylFlash Global DNA Methylation
(5-mC) ELISA Easy kit from EpiGentek (Farmingdale, NY, USA) following the

manufacturer’s instructions.

LX2 cells were also treated with vehicle (DMSO), decitabine (5 uM) or CM272 (100nM)
for 4 days, with daily medium change. DNA methylation status of the FBP1 and PGC-1«
promoters were analyzed by methylation-specific PCR (MSP). To this end 1 pg of
genomic DNA was treated and modified using the EZ DNA methylation gold kit from
Zymo Research (Irvine, CA, USA) following the manufacturer’s instructions. MSP was
performed on bisulfite-modified DNA using a set of primers for FBP1 and PGC-1cx

designed using MethPrimer software (The Li Lab, www.urogene.org) and are listed in

supplementary table 2. MSP reaction was performed using Phusion U Hot Start DNA
Polymerase kit (F-555S, Thermo Fisher Scientific) and PCR products were
electrophoresed and visualized in GelRed Nucleic Acid (41003, Biotium, Fremont, CA,

USA)-stained 2% agarose gels under UV light.

Histone extraction

Histones were isolated as previously described,[15]. Briefly, cells were lysed in a buffer
containing 10mM Tris-HCI pH 7.4, 10mM NaCl and 3mM MgCl.. After centrifugation at

2500 rpm for 10 min at 4°C supernatants were removed, and pellets were lysed in the
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previous buffer but containing 0.5% NP40 on ice for 10 min with gentle stirring. Nuclei
were pelleted by centrifugation at 2500 rpm for 10 min at 4°C and resuspended in 5mM
MgCl, and 0.8M HCI. Nuclei were incubated in this buffer during 30min at 42C to extract
the histones. Samples were then centrifuged at 14000 rpm for 10min at 4°C to pellet
debris and supernatants were transferred to a clean tube where TCA 50% was added to
precipitate the histones. After washing the pellets with acetone they were air-dried and
resuspended in 100mM Tris-HCl pH 7.5, 1mM EDTA and 1% SDS. The histone
concentration in the extract was measured using the BCA assay (Pierce Technologies,

Rockford, IL, USA) according to manufacturer’s specifications.

Quantitative chromatin immunoprecipitation (Q-ChiP)

Q-ChlIP assays were performed in LX2 cells treated with vehicle or CM272 (48h, 200 nM),
as previously described,[16]. Briefly, for crosslinking of DNA and proteins cells were
treated with 1% formaldehyde for 10 min before quenching with 0.125 M glycine. Cells
were harvested in ice-cold PBS with proteases inhibitors. Samples were incubated with
lysis buffer (10 mM EDTA, 50 mM Tris-HCI pH 8.1, 1 % SDS and proteases inhibitor
mixture) and sonicated on ice to yield 200-800 bp DNA fragments. After centrifugation
at 14000 rpm for 10min, supernatant was collected and frozen at -80°C to obtain the
chromatin. 100 pg of DNA was used per immunoprecipitation (IP). Chromatin was pre-
cleared with protein A-agarose/salmon sperm DNA (Upstate Biotechnology, Merck,
Darmstadt, Germany), then diluted 1/4 in IP dilution buffer (0.01 % SDS, 1.1 % Triton-
X100, 1.2 mM EDTA, 16.7 mM Tris-HCl pH 8.1, 167 mM NacCl) and incubated overnight

at 4°C with 5 pg of ab1220 anti-H3K9me2 antibody (Abcam, UK), 17-680 anti-H3K9me

antibody (Millipore-Merck, Germany) or 07-690 anti-total H3 total antibody (Millipore-
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Merck, Germany) or nonspecific 2729 IgG (Cell Signalling Technology, The Netherlands).
Immuno-complexes were precipitated by incubation for 1h with protein A-
agarose/salmon sperm DNA. Bound DNA-protein complexes were eluted and cross-links
were reversed after a series of washes. Purified DNA was resuspended in TE buffer for
PCR. The specific PCR primers used were described previously for FBP1,[17], for PGC1-

2,[18] and for PHGDH,[19] and are listed in supplementary table 2. Independent Q-ChIP

assays were performed at least twice in duplicates. The proportion of H3K9me2 of each
gene was normalized with total H3 and quantified calculating [(2(-AACt) CM-272 sample

/ 2(-AACt) control)*100] as described.[20]

Serum and conditioned media biochemical determinations

Blood obtained from mice was preserved at 4°C overnight to allow complete formation
of the blood clot. Supernatants were then centrifuged at 2500 rpm for 10min at 4°C to
obtain serum. Alanine aminotransferase (ALT), Aspartate aminotransferase (AST), urea,
creatinine and bilirubin levels were measured where indicated in serum and conditioned
media from PCLSs using a C311 Cobas Analyzer (Roche Diagnostics) following
manufacturer’s instructions. Lactate levels in conditioned media from LX2 cells were
also measured with the C311 Cobas Analyzer. Albumin and collagen levels in PCLSs
conditioned media were measured using the human (E88-129) albumin ELISA kit (Bethyl
laboratories, Cambridge, UK) and the human collagen Ial ELISA kit (DY6220-05, R&D
systems, Abingdon, UK) respectively as per manufacturer’s instructions. Lactate
dehydrogenase (LDH) assay was performed on culture media from PCLSs using the
Pierce LDH cytotoxicity Assay Kit (Thermo Scientific) following manufacturer’s

instructions.
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RNA isolation from PCLSs

Between 2 to 4 PCLSs per condition were placed in QlAzol, disrupted in a Qiagen Tissue
Lyser Il and passed through a Qiashredder (Qiagen, Manchester, UK). Chloroform was
added, the sample vortexed and centrifuged at 12,000g for 15 min. The aqueous layer
was collected and added to 70% ethanol. Total RNA was purified using the RNeasy Micro

Kit (Qiagen, Manchester, UK).

Picrosirius red staining and immunohistochemical analyses in PCLSs

5-um-thick formalin-fixed paraffin-embedded PCLSs sections were processed for
Picrosirius Red staining as previously reported,[21]. Immunohistochemical staining for
G9a (ab185050, Abcam) DNMT1 (ab188453, Abcam), aSMA (A2547, Sigma) and PKM2

(3198s, Cell Signaling Technology) were performed as described above for liver tissues.

Statistical analyses

If not stated in the legend, each result shown represents the mean + SEM of at least n=3

independent experiments. Data were compared using the Student t test. A P value of

<0.05 was considered significant. Data analyses were performed using GraphPad Prism

software version 7.0 (GraphPad Software Inc., San Diego, CA).

10
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Supplementary Table 1.

Antibodies used for western blotting.

Antibodies

Reference & Supplier

Primary antibodies

anti-a-SMA

A2547, Sigma Aldrich, St. Louis, MO, USA.

anti-a-TUBULIN

2144S, Cell Signalling Technology, Leiden, The Netherlands.

anti-DNMT1 50325, Cell Signalling Technology, Leiden, The Netherlands.
anti-FBP1 HPA005857, Sigma Aldrich, St. Louis, MO, USA.
anti-G9a 33065, Cell Signalling Technology, Leiden, The Netherlands.
anti-total H3 07-690, Millipore-Merck, Darmstadt, Germany.

anti-H3K9me2

07-212, Millipore-Merck, Darmstadt, Germany.

anti-PGC-1a

sc-13067, Santa Cruz Biotechnology, CA, USA.

anti-UHRF1

ab57083, Abcam, Cambridge, UK.

anti-collagen

ab138492, Abcam, Cambridge, UK.

anti-BAMBI

sc-100681, Santa Cruz Biotechnology, CA, USA.

anti-SMAD3

95238, Cell Signalling Technology, Leiden, The Netherlands.

anti-pSMAD3, Ser423/425

95208, Cell Signalling Technology, Leiden, The Netherlands.

anti-B-actin

ab6276, Abcam, Cambridge, UK.

Secondary antibodies

anti-rabbit 1gG HRP-linked

antibody

7074S, Cell Signalling Technology, Leiden, The Netherlands.

Goat anti-mouse

IgG:HRPO

M15345, Transduction Laboratories, USA.
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i Supplementary Table 2.

5 List of primers sequences

6

7 Primers used for gRT-PCR
8

9 Gene Sequence

10 , ,

- SMA, asma | W 5'- CCAGGGCTGTTTTCCCATCC -3

12 (human, mouse) | Rey | 5°- GTCATTTTCTCCCGGTTGGCC -3
13 . .
ot m.ey, Fw 5'- AGTCCATTGGCACCGAGAAC -3
15 (human) Rev | 5- AACATTGGCATTTTCCATGA -3’
16 ; ,

17 BAMBI Fw 5'- TGGATCGCCACTCCAGCTA -3

18 (human) Rev | 5- TGTCTTCATGACAGCATTCCA -3’
19

20 COLIAT Fw 5'- GGCTCCTGCTCCTCTTAGCGG -3
;; (human) Rev | 5'- CGGGACAGCACTCGCCCTCGG -3°
23 Collal Fw 5'- CAGATTGAGAACATCCGCAG -3’
;g (mouse) Rev | 5- GAATCCATCGGTCATGCTCTC -3’
;g DNMT1 Fw 5'- GAGGCCCGAAGAAAAAGAAC -3’
28 (human) | Rev | 5'- TGAAGCAGGTCAGTTTGTGC -3’
;g Dnmtl Fw | 5- CTTCGACGTCACACCAGAGA -3’
31 (mouse) Rev 5'- CGGGATCACACTTTTGCTTT -3
32 FBP1 Fw 5'- ACATCGATTGCCTTGTGTCC -3’

33

34 (human) Rev | 5- CATGAAGCAGTTGACCCCAC -3
35 . ;
3 69 Fw 5'- GCAGCACTGCACGTGTGTGGA -3
37 (human) Rev | 5- ACATCAGCCTCAGCATCAGA -3’
38

39 69 Fw 5'- GCAGCACTGCACGTGTGTGGA -3
40 (mouse) Rev 5- ACATCAGCCTCGGCATCAGA -3’
41

42 GFAP Fw 5'- GAGATGATGGAGCTCAATGAC -3’
ji (human) Rev | 5- TCCAGCCTCAGGTTGGTTTC -3’
22 H3F3A, H3f3a | FW 5'- AAAGCCGCTCGCAAGAGTGCG -3°
47 (human, mouse) | Rey | 5°- ACTTGCCTCCTGCAAAGCAC -3
48 HK1 Fw 5'- GAGATGAAGAATGGCCTCTCCCG -3°
49

50 (human) Rev | 5- TCTTGTCCTTGATCTTCCTTTTCTCC -3°
51 IL-1b Fw 5'- CATTGTGGCTGTGGAGAAGC -3’
52

53 (mouse) Rev | 5- CCTTGTACAAAGCTCATGGAG -3’
54 . .
- 1 DHA Fw 5. GTTGGTGCTGTTGGCATGGC -3
56 (human) Rev | 5- GTGATAATGACCAGCTTGGAG -3’
57

=8 LOX Fw 5'- CCCCAAAGAGTGAAAAACCA -3
59 (human) Rev | 5- CCAGGACTCAATCCCTGTGT -3’
60
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irat Fw | 5'- CAGAAGGTGGTCTCCAACAA -3’
(mouse) Rev | 5- TAATCCCAAGACAGCCGAAG -3°
Mcp-1 Fw | 5- CAGCGCAACCACGAGAC -3’
(mouse) Rev | 5- AGAACTCCACAAACCCATC -3’
PAIT Fw | 5- CTTCATGCCCCACTTCTTCA -3°
(human) Rev | 5'- GGGCGTGGTGAACTCAGTAT -3’
PDGFRB Fw | 5- GTGGTGTGGGAACGGATGTCC -3°
(human) Rev | 5'- GAGGAAGCCCACGGTGGGATC -3°
PEPCK Fw | 5- CAAGTGTTCCCAAATTGACGCCACC -3°
(human) Rev | 5- GCCTGAGTAACCTTAAATTTGAAC -3'
PEKBP3 Fw | 5'- GAGAGATGTCAAAAGCTACCTG -3’
(human) Rev | 5- CAGTCTTTGTAATCCGGGCTGG -3°
PGC-1a Fw | 5'- GCTGACAGATGGAGACGTGA -3’
(human) Rev | 5- GTGTGAGGAGGGTCATCGTT -3’
— Fw | 5-GTTCCTATGAAGAACAACCAG-3’
(human) Rev | 5'-CATCTTTTCCCTTCCCTTCTTCC-3'
PHGDH, Phgdh | FW | 5'- GAGGAGATCTGGCCTCTCTGTG -3'
(human, mouse) | gey | 5°- GATTTCCCCTTCACCATGTC -3°
PKM2, Pkm2 | FW | 5'- GAACATCCTGTGGCTGGACTA -3
(human, mouse) | pey | 5°- CCTTCTTGCTGCCCAAGG -3°
PSATI Fw | 5'- CCAAGCACCTGGAACCTCA -3’
(human) Rev | 5- CCCATGACGTAGATGCTGAA -3°
PSPH Fw | 5- GTCATCAGAGAAGAAGGAATCG -3’
(human) Rev | 5- GTTGCTGGGATATTGAGCTTTG -3°
SHMT2 Fw | 5- CTGCAGAGGGAGAAGGACAG -3’
(human) Rev | 5- GATCCAGGTCAAAGGCTTCC -3’
TGFp1 Fw | 5- TGGTGGAAACCCACAACGAA -3°
(human) Rev | 5- GGCCATGAGAAGCAGGAAAG -3’
Tof Fw | 5- TGGTGGACCGCAACAACGCC -3’
(mouse) Rev | 5- GGCCATGAGGAGCAGGAAGG -3’
TIMPL, Timp1 | FW | 5~ AGACCACCTTATACCAGCG -3°
(human, mouse) | gey | 5°- AACAGGGAAACACTGTGCA -3’
UHRF1 Fw | 5- CAAGAAGAAGGCGAAGATGG -3’
(human) Rev | 5- AAAAATTCCCATGGTCCACA -3°
Tnfa Fw | 5- GAGTGACAAGCCTGTAGCCC -3°
(mouse) Rev | 5- CCCTTCTCCAGCTGGAAGAC -3’
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Uhrf1
(mouse)

Fw

5- CGAACTATGGATGGGAAGGA -3’

Rev

5°- ATTCACTGTGACCCACACCA -3’

MSP primer sequences

oNOYTULT D WN =

Gene

Sequence

10 M-FBP1
11 (human)

Fw

5- GTTAGTTTTTTCGTTAGGTTTCGC -3’

Rev

5- AATCAAAATATTAACGTCCGTATCG -3’

Fw

5-TTAGTTTTTTTGTTAGGTTTTGTGG -3’

Rev

5- TCAAAATATTAACATCCATATCAAA -3°

M-PGC-1cx
(human)

Fw

5- ATTTTAAGGTAGTTAGGGAGGAAAC -3’

Rev

5- AACAAATATTAATAAATACAATCGCT -3°

U-PGC-1x
(human)

Fw

5- TTTAAGGTAGTTAGGGAGGAAATGT -3’

Rev

5°- CCAAAAAACAAATATTAATAAATACAATCA -3°

ChIP primer sequences

24 Gene

Sequence

26 FBP1
27 (human)

Fw

5’- GACAGAAGGGCCAGGTGA -3’

Rev

5’- GCCAGAGAGAAAGCTATGACTG -3’

29 PGC-1a
30 (human)

Fw

5- GGGCACTAGGGTTGGAATTCAATG -3’

Rev

5’- CAGATCAGCTTTGATTCCCGGCTCC -3’

32 PHGDH
33 (human)

Fw

5- GAGCTTTGGCTGAGATGGAGA-3’

Rev

5’- CTCAAACTCTCCGCGACTCC-3
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Supporting Figure S1. G9a, DNMT1 and a-SMA immunostainings on sections from

normal and diseased human liver tissues. Higher magnification images of the

immunostainings showing G9a and DNMT1 detection in myofibroblasts (arrows) in

human liver tissues presented in Fig. 1 A.

Supporting Figure S2. Co-immunofluorescent stainings of G9a (green) and a.-SMA (red),

and of DNMT1 (green) and a-SMA (red) in fibrotic lesions from diseased human livers.

White arrowheads point to positive myofibroblasts.

Supporting Figure S3. G9a, DNMT1 and a-SMA immunostainings on sections from

normal and diseased mouse liver tissues. Higher magnification images of the

immunostainings showing G9a and DNMT1 detection (arrows) in mouse liver tissues

presented in Fig. 1 B. Representative images are shown.

Supporting Figure S4. Validation of G9a, DNMT1 and UHRF1 gene expression

knockdown in LX2 cells transfected with the respective siRNAs or a control siRNA (siC).
The expression of each gene was measured by qPCR and western blotting 48h after
siRNA transfection. Representative blots are shown. Blots were probed for a-tubulin (o-
TUB) to show specificity of siRNAs and equal loading of the gels.

Supporting Figure S5. (A) Analysis of total DNA methylation (5meC levels) in LX2 and

hHSCs treated with CM272 (400 nM) for 48h and 72h respectively. Values in CM272
treated cells are compared to controls (normalized to 100%). (B) Western blot analysis
of H3K9me?2 levels in control and CM272 treated (400 nM, 48h) LX2 and human primary
hepatic stellate cells (hHSCs). Ponceau staining of total histones isolated from both cell

types are shown to demonstrate equal loading. (C) Effect of CM272 on basal and TGF[31

stimulated collagen protein levels. LX2 cells were pre-treated or not with CM272 (400

nM) for 24h and then stimulated with TGFB1 (5 ng/mL) for another 24 h. Collagen

https://mc.manuscriptcentral.com/gut

Page 94 of 106



Page 95 of 106

oNOYTULT D WN =

Gut

protein levels were analyzed by western blotting. Representative blots are shown. (D)

Effect of CM272 on the TGFB1-induced expression of fibrogenesis-related genes in
hHSCs cells. Cells were treated with CM272 (400 nM) or vehicle (control) for 24h and
then stimulated with TGF1 (5 ng/mL) for another 24h. Gene expression was analyzed

by qPCR. (E) Effect of CM272 on culture activation in primary mouse HSC. Cells were

isolated and after 4 days in culture were treated or not with CM272 (400 nM) for another

3 days. The expression of the indicated genes was analyzed by qPCR. (F) Expression of

the indicated fibrogenesis-related genes in LX2 cells treated with the G9a inhibitor

BIX01294 (BIX) and/or the DNMT inhibitor decitabine (Dec) and TGFB1. Cells were

treated with Dec (5 uM) for 72h, and where indicated BIX01294 (5 uM) was added for

the last 24h. Treatments with BIX01294 alone were performed for 24h. Where indicated

cells were also stimulated with TGFB1 (5 ng/mL) for the last 24h of Dec treatment or

together with BIX. Gene expression was measured by gPCR.

Supporting Figure S6. (A) Western blot analysis of SMAD3 phosphorylation (pSMAD3,

Ser423/425) levels in control LX2 cells and in cells pretreated with or not with CM272

(200 nM, 48h) and then stimulated with TGF1 (5 ng/mL) for 30 min. (B) Expression of

BAMBI in control and CM272 treated (200 nM, 48h) LX2 cells analyzed by gPCR and

western blot. Representative blots are shown. (C) LX2 cells were treated as indicated

with CM272 (400 nM) and/or the TGFB1R inhibitor (Alk5i) (2.5 uM) fro 24h and then

stimulated or not with TGFB1 (5 ng/mL) for another 24h. The expression of the indicated

genes was measured at the end of treatments by pPCR.

Supporting Figure S7. (A) Effect of 2-deoxy-D-glucose (2DG) on glycolytic metabolism in

control and TGFP1 treated LX2 cells. Cells were incubated or not with 2DG (5 mM) for

24h and then where indicated were treated with TGFB1 (5 ng/mL) for another 24h.
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Lactate concentrations were measured in culture media at the end of treatments. (B)

Expression of COL1a1 and a-SMA in LX2 cells treated as described above. Gene

expression was analyzed by gPCR. (C) Analysis of H3K9me levels by qChlP assay in the

proximal promoter region of PHGDH gene in LX2 cells treated with CM272 (200nM) for

48h.

Supportting Figure S8. (A) Effect of CM272 on hypoxia-stimulated serine-glycine

pathway genes expression. LX2 cells were treated or not with CM272 (400 nM) for 24 h

and then grown under normoxic (20% O3) or hypoxic (1% O,) conditions for a further 24

h. Gene expression was analyzed by gPCR. (B) Left panel: effect of PHGDH enzymatic

inhibition with NTC503 on basal and hypoxia-stimulated growth of LX2 cells. Cells were

pre-treated or not with the indicated concentrations of NTC503 for 2 h and then were

grown for 24 h under normoxic or hypoxic conditions. Right panel: Effect of PHGDH

enzymatic inhibition with NTC503 on basal and TGFf1 stimulated collagen protein

levels. LX2 cells were pre-treated or not with NTC503 (30 uM ) for 2h and then stimulated

with TGFB1 (5 ng/mL) for 24 h. Collagen protein levels were analyzed by western

blotting. Representative blots are shown.

Supporting Figure S9. (A) Expression of metabolic genes in primary hHSCs. Cells were

treated with CM272 (400 nM) or vehicle (control) for 24h and then stimulated with
TGFB1 (5 ng/mL) for another 24h. Gene expression was analyzed by gPCR. (B) Expression
of FBP1 and PGC-1« in LX2 cells treated with the G9a inhibitor BIX01294 and/or the
DNMT inhibitor decitabine. Cells were treated with decitabine (5 uM) for 72h, and
where indicated BIX01294 (5 uM) was added for another 24h. Treatments with

BIX01294 alone were performed for 24h. Gene expression was analyzed by qPCR.
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Supporting Figure S10. (A) Effect of CM272 on the acute liver fibrogenic response

elicited by CCls in mice. As shown in the diagram, mice received a single CCls injection
(i.p.), orits vehicle (oil) and 24h later were treated with CM272 (2.5 mg/kg body weight,
i.p.) or vehicle and were humanely killed 24h later. Representative
immunohistochemical staining of a-SMA in vehicle and CM272 treated animals are
shown. a-SMA protein levels were also determined by western blotting in liver tissue

extracts. A representative western blot is shown. (B) Body weights and serum levels of

creatinine, ALT and AST in mice from the chronic CCls administration and BDL models.

(C) Analysis of cytokine gene expression in liver tissues from the chronic CCly

administration and BDL models. Gene expression was analyzed by gPCR.

Supporting Figure S11. Quantification of western blots shown in main and supporting

figures after densitometric analysis of images.
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