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Abstract

Hepatic Stellate Cells (HSCs) are the major source of the excessive extracellular matrix (ECM)
production that replaces liver parenchyma with fibrous tissue during liver fibrosis. The signal
transducer and activator of transcription 3 (STAT3) promotes HCSs survival, proliferation, and
activation contributing to fibrogenesis. We have previously used a fragment-based drug design
approach and have discovered a novel STAT3 inhibitor, HIC0123. Here, we explored the
biological effects of HIC0123 on the fibrogenic properties of HSCs. HIC0123 treatment resulted
in the inhibition of HSCs proliferation at submicromolar concentrations. HIC0123 reduced the
phosphorylation, nuclear translocation, and transcriptional activity of STAT3. It decreased the
expression of STAT3-regulated proteins, induced cell cycle arrest, promoted apoptosis and
downregulated SOCS3. HIC0123 treatment inhibited HSCs activation and downregulated ECM
protein fibronectin and type I collagen expression. In addition, HIC0123 increased IL-6
production and decreased TGF-B induced Smad2/3 phosphorylation. These results demonstrate
that HIC0123 represents a novel STAT3 inhibitor that suppresses the fibrogenic properties of
HSCs, suggesting its therapeutic potential in liver fibrosis.
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1. Introduction

Liver fibrogenesis is a wound-healing response to a variety of injuries, including toxic,
metabolic and viral insults. In acute or self-limited injury, fibrotic changes are transient and
the normal hepatic architecture is typically restored. However, in chronic or recurrent injury,
prolonged inflammation and accumulation of extracellular matrix (ECM) proteins result in a
progressive replacement of liver parenchyma by fibrotic tissue. Fibrosis can then progress to
liver cirrhosis and eventually lead to organ failure and death.1

Liver fibrosis is the result of excessive production and decreased turnover of ECM due to the
accumulation of myofibroblasts in response to repetitive liver damage. Myofibroblasts can
originate from different cells; however, hepatic stellate cells (HSCs) are identified as their
major source.1>8 Following injury, HSCs undergo activation, an orchestrated transformation
process from a quiescent state to a myofibroblast-like phenotype with simultaneous changes
in cell behavior.27 The signal transducer and activator of transcription 3 (STAT3) is a
transcription factor that regulates cell growth and survival. STAT3 is associated with liver
injury, inflammation and regeneration.8:9 STAT3 activation in HSCs promotes their survival,
proliferation, and activation, contributing to liver fibrogenesis.10-12

Emerging data suggest that fragment-based drug design (FBDD) is a successful approach for
the generation of molecules against therapeutic targets.1® This method allows for synthesis
of new molecules with enhanced drug-likeness by chemically merging privileged fragments
from small molecule libraries.24-17 Using FBDD, our team previously designed, synthesized
and characterized a new STAT3 inhibitor, compound HJC0123 (Figure 1A). This small
molecule induces growth arrest and apoptosis in MDA-MB-231 breast cancer cells. Its
antitumor properties have been successfully tested in a murine model, demonstrating that
HJC0123 is a potent, efficacious, and orally bioavailable drug candidate.18

We hypothesized that the novel small molecule HIC0123 will inhibit STAT3 activation in
human HSCs resulting in decreased fibrogenesis, unveiling a potential role for its use as a
therapeutic agent for the treatment of liver fibrosis.

2. MATERIALS AND METHODS

2.1. Cell Lines and Culture and Reagents

The immortalized human HSC line LX-2 and rat HSC line HSC-T6 were used (American
Type Cell Culture, Manassas, VA). Both cell lines were cultured in Dulbecco's modified
Eagle's medium (DMEM) (Life Technologies Corporation, Grand Island, NY) with a high
glucose concentration (4.5 g/L) supplemented with 5% fetal bovine serum (FBS), 100U/ml
penicillin G and 100 pg/ml streptomycin (Gibco BRL, Gaithersburg, MD). Human hepatic
hepatocytes C3A were also used and cultured in Eagle's Minimum Essential Medium
(American Type Cell Culture, Manassas, VA) supplemented with 10% FBS. All cells were
incubated at 37°C in a humidified atmosphere containing 5% CQO,. The following antibodies
were used: Alpha-smooth muscle actin (a-SMA) (A5228) and SAA2 (SAB1401350)
(Sigma-Aldrich, St. Louis, MO); Fibronectin (sc-6952), STAT3 (sc-482), SOCS3 (sc-9023),
Lamin-B (sc-6216), and alpha-Tubulin (sc-8035)(Santa Cruz Biotechnology, Santa Cruz,
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CA); phospho-STAT3 (Y705) (ab34716)(Abcam, Cambridge, MA); Collagen Type |
(600-401-103) (Rockland Immunochemicals, Gilbertsville, PA); GAPDH (5174), Smad2/3
(8685) and phospho-Smad2/3 (8828) (Cell Signaling Technology, Danvers, MA; 5174); and
Topoisomerase i (611492) (BD Biosciences, Franklin Lakes, NJ). The STAT3 inhibitors
S31-201 (CAS501919-59-1) (Santa Cruz Biotechnology, Santa Cruz, CA) and FLLL32
(530153) (Millipore, Darmstadt, Germany) were used.

2.2. Alamar Blue Cell Viability Assay

LX-2 cells (3x103 cells/well) and HSC-T6 cells (4 x 103 cells/well) in 100 puL of medium
were seeded into 96-well plates. After reaching 50-60% confluence, media was replaced and
treated as indicated. Alamar Blue stock solution (Life Technologies Corporation, Grand
Island, NY) was diluted 1:1 with culture medium and a volume of 25 pL/well was
transferred into the assay plate for final concentration of 10% Alamar Blue. Cells were
incubated for 4 additional hours. Fluorescence intensity was measured using a SpectraMax
M2 microplate reader (Molecular Devices, LLC, Sunnyvale, CA) with excitation and
emission wavelengths set at 540 and 590 nm, as previously described.1® Assay was
performed in triplicate and repeated at least three times. Viability was assessed by Alamar
Blue assay (Life Technologies, Grand Island, NY) following manufacturer's instructions.

2.3. Western Immunoblotting

Whole cell extracts were prepared as previously described.1® Protein (10-30 pg) was
fractionated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
(Life Technologies Corporation, Grand Island, NY) under denaturing conditions and then
electro-transferred to a polyvinylidene fluoride (PVVDF) membrane. After incubation with
Blocking buffer (LI1-COR, Inc., Lincoln, NE), membrane was probed with the indicated
primary antibody (Ab). Membranes were washed with phosphate buffered saline with 0.1%
Tween 20 (PBST), and incubated for 1 hour with IRDye (infrared fluorescent dye) 680-
conjugated anti-mouse or IRDye 800-conjugated anti-rabbit Ab (LI-COR, Inc., Lincoln,
NE). Finally, the membranes were washed with PBST, and signals were scanned and
visualized by Odyssey Infrared Imaging System (LICOR, Inc., Lincoln, NE).

2.4. Luciferase Reporter Gene Activity Assay

We used the luciferase reporter assay (the Dual-Luciferase Reporter Assay System,
Promega, UK, #E1910) to investigate the transcriptional activity of STAT3. Transient
transfection was performed in 96-well plates at a cell density of 60-70% confluence per
well. The pSTATS3 luciferase reporter plasmid was co-transfected with a constitutively
expressing Renilla construct, which acts as internal control for transfection efficiency
(Qiagen, Hilden, Germany; CCS-9028L) using Lipofectamine 2000 (Invitrogen, Carlsbad,
CA) according to the manufacturer's instructions. The transfected cells were treated with
HJC0123 for 24 hours, and the cell lysates were prepared for assessment of luciferase
activity. Firefly and Renilla luciferase activities were measured using a luminometer (Centro
XS3 LB960, Berthold, Germany) according to the manufacturer's instructions. Relative
firefly luciferase activity normalized by Renilla luciferase activity was compared with
dimethyl sulfoxide (DMSO), used as control.
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2.5. Cell Cycle Analysis by Flow Cytometry

Nuclear DNA content was measured using propidium iodide staining and fluorescence-
activated cell sorter analysis, as previously described.20 Briefly, 2 x 10 adherent cells were
trypsinized, washed with PBS, resuspended in a low-salt stain solution (3% polyethylene
glycol 8000, 50 pg of Pl per mL, 0.1% Triton X-100, 4 mM sodium citrate, 180 units of
RNase A per mL), and incubated at 37°C for 20 minutes. An equal volume of high-salt stain
solution (3% polyethylene glycol 8000, 50 pg of propidium iodide per ml, 0.1% Triton
X-100, and 400 mM sodium chloride) was then added to the cell suspension. Propidium
iodide-stained nuclei were stored at 4°C at least 3 hours before fluorescence-activated cell
sorter analysis using BD FACSCanto 11 flow cytometer (BD Biosciences, Franklin Lakes,
NJ) at the University of Texas Medical Branch Flow Cytometry and Cell Sorting Core
Facility. ModFit LT for Win32 software was used for data analysis (Verity Software House,
Topsham, ME).

2.6. Immunofluorescence Staining

Cells were grown in chamber slides with supplemented medium. After 24 hours of
incubation, the cells were treated with 1 uM HJC0123 for 48 hours. Cells were fixed with
4% formaldehyde diluted in phosphate buffered saline (PBS) for 15 minutes at room
temperature and washed with PBS. After incubating for 60 minutes with blocking buffer,
cells were incubated for 2 hours at room temperature with the corresponding primary
antibody. Next, samples were rinsed with PBS for 5 minutes each, followed by a 2-hour
incubation with corresponding secondary antibody at room temperature in the dark. Sections
were counterstained with hematoxylin for 15 seconds before examined under microscope.
Untreated cells were used as control. Only cytoplasmic or cytoplasmic and nuclear reactivity
was considered as a positive staining. To quantify immunoreactivity, a single in-focus plane
was acquired. Immunofluorescence was determined by Nikon Eclipse Ti confocal
microscope at 20x magnification (Nikon Instruments, Inc, Melville, NY). Using Image J
(v1.50b, NIH), mean corrected cellular fluorescence was calculated and equalized, with
results presented as fold increase as previously described.?!

2.7. Detection of Yo-Pro-1 and Pl uptake

Cell death detection was performed as previously described.?? Briefly, 2 x 10° cells were
seeded in 24-well plates. Cells were treated as indicated for 24 hours. After being washed
with PBS, cell were incubated for 1 hour with Yo-Pro-1 and Propidium iodide (PI) mixed
solutions according to the manufacturer's instructions. Yo-Pro-1 and PI uptake were
determined using the Nikon Eclipse Ti confocal microscope at 20x magnification (Nikon
Instruments, Inc, Melville, NY) and total corrected cellular fluorescence was calculated and
equalized, with results presented as fold increase using Image J (v1.50b, NIH).

2.8. TUNEL Assay

Cells were fixed with 4% paraformaldehyde for 20 minutes after the treatment in triplicate
and were stained using the DeadEnd™ Fluorometric TUNEL System (Promega G3250).
The DeadEnd™ Fluorometric TUNEL System is a standard TUNEL assay, able to detect
apoptosis in many cell types. The Fluorometric TUNEL system measures the fragmented
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DNA of apoptotic cells by incorporating flurorecein-12 dUTP at 3’-OH DNA ends using
Terminal Deoxynucleotiyl Transferase, recombinant, enzyme (rTdT). rTdT forms a
polymeric tail using the principle of the TUNEL (TdT-mediated dUTP Nick-End labeling)
assay. The flurorecein-12 dUTP incorporation results in localized green fluorescence within
the nucleus of apoptotic cells only. Total corrected cellular fluorescence was calculated and
equalized, with results presented as fold increase using Image J (v1.50b, NIH).

2.9. Measurement of IL-6 secretion

The concentrations of secreted IL-6 in the cell culture supernatant were determined using a
specific human IL-6 enzyme-link immunosorbent assay (ELISA) kit according to the
manufacturer's instructions.

2.10. Data and statistical analysis

The data and statistical analysis comply with the recommendations on experimental design
and analysis in pharmacology.23 Statistical analysis was performed using GraphPad Prism
6.0 (GraphPad Software Inc. La Jolla, CA). Technical replicates were used to ensure the
reliability of single values. The results are representative of at least three independent
experiments. Data presented as mean + standard error of the mean (SEM), with significance
defined as p < 0.05.

3. RESULTS
3.1. HIC0123 decreases HSCs Proliferation

In order to assess the effects of HIC0123 on hepatic stellate cell proliferation, we measured
cell viability using the Alamar Blue assay. Cells were treated with varying concentrations of
HJC0123 or its diluent (DMSQ) as control. Compared to the non-treated control groups,
HJC0123 treatment for 48 hours significantly decreased cell viability of human LX-2 and
murine HSC-T6 cell lines in a dose-dependent manner. After construction of a dose-
response curve, IC50s were calculated. In the LX-2 cell line HIC0123 1C50 was 0.85 pM
(95% C1 0.80-0.90; Figures 1B). In the HSC-T6 cell line HIC0123 IC50 was 4.04 uM (95%
Cl 3.78-4.31; Figures 1C). Similar effects on LX-2 cells proliferation were observed with
the use of STAT3 inhibitors, FLLL32 and S31-201, and respective IC50's are shown in
Figure 1D. In addition, we examined the cytotoxicity of HIC0123 in parenchymal cells by
assessing cell viability after treatment with HIC0123 in the human C3A cell line, a well
differentiated clonal derivative of Hep G2 cells and used extensively for in vitro hepatic
toxicity assays.242 The calculated IC50 was 5.61 uM (95% CI 4.84-6.49; Figure 1E), more
than 6 times higher than the IC50 in human HSCs, indicating that HIC0123 lacks significant
cytotoxic effects on hepatocytes at the proposed dose of 1.0 pM.

3.2. HCJ0123 inhibits the STAT3 signaling pathway

The effects of HIC0123 on the STAT3 signaling pathway were examined. Protein expression
was measured, LX-2 cells levels of STAT3 and pSTAT3(Y705) decreased significantly after
24 hours of HIC0123 treatment. A similar response was demonstrated with FLLL32 and
S31-201 treatment (data not shown), commercially available STAT3 inhibitors (Figure 2A).
Next, we assessed the time-dependent effects of HIC0123 on STAT3 phosphorylation;
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STAT3 phosphorylation was inhibited as early as 2 hours and remained downregulated up to
48 hours after treatment (Figure 2B). Levels of pSTAT3(S727) were not affected by
HJC0123 treatment (data not shown). After fractionation, nuclear and cytosolic protein
expression was measured; HJC0123 downregulated nuclear pSTAT3(Y705) indicating that
pSTAT3(Y705) nuclear translocation was inhibited by HIC0123 (Figure 2C). STAT3
transcriptional activity was measured via the luciferase reporter assay, HJC0123 decreased
transcriptional activity by 40% after treatment for 8 hours (Figure 2D). Next, the expression
of STAT3-regulated proteins was analyzed; HJC0123 significantly decreased the expression
of c-myc and Bcl-2. However, expression levels of cyclin D1 did not change significantly.
Further, we examined the effects of HIC0123 treatment on the expression of the suppressor
of cytokine signaling-3 (SOCS3), an endogenous modulator of the activation of STAT3.
HJC0123 treatment downregulated SOCS3 expression in a dose-dependent fashion after 24
hours treatment (Figure 2E).

Molecular crosstalk between STAT3 and other signaling pathways is well recognized. We
examined the levels of the phosphorylated and non-phosphorylated forms of JNK (c-Jun N-
terminal kinase), an upstream activator of the STAT3 pathway; HJC0123 did not alter
significantly the expression of JNK or p-JNK (Figure 2F). Next, we analyzed the effects of
HJCO0123 treatment on the TGF-B-induced Smad2/3 activation, a key process in HSC
fibrogenesis.22% TGF-@ stimulation (2 ng/mL) did not change the expression levels of
Smad2/3. However, TGF-B stimulation significantly increased Smad2/3 phosphorylation
(~26 fold increase). Further, HIC0123 pre-treatment (1 uM, 1 hour) significantly decreased
TGF-p stimulated Smad2/3 phosphorylation in LX-2 cells. (Figure 2F).

3.3. HJC0123 promotes cell cycle arrest and apoptosis

The pro-apoptotic effects of HIC0123 treatment in LX-2 cells were assessed. First, cell

cycle was examined using flow cytometry. HIC0123 significantly increased LX-2 S-phase
cell cycle arrest when compared to the control (56.19 + 4.10% versus 31.30 + 1.86%,
p=0.016; Figure 3A). Second, immunofluorescence staining was used to detect cell death,
after 1 uM HJC0123 treatment for 24 hours, LX-2 cells showed a three-fold increase of Yo-
pro-1 staining, a marker of early apoptosis and an eleven-fold increase of PI staining, a
marker of late apoptosis (Figures 3B, 3C). Third, cell death was also assessed with TUNEL
assay; HJC0123 treatment induced LX-2 cell death in a dose-dependent manner (Figures
3D, 3E). In a similar fashion, the anti-apoptotic protein Bcl-2 was downregulated after
HJC0123 treatment (Figure 2E). Caspase 3 and cleaved caspase 3 levels were not affected by
HJC0123 treatments. Taken together, these findings seem to indicate that HIC0123 promotes
caspase-independent apoptosis of HSCs.

3.4. HJC0123 inhibits HSC activation and downregulates ECM proteins expression

To explore the antifibrogenic properties of HIC0123, we measured the expression of a-
SMA, an activation marker of HSCs, and the production of the ECM proteins, type |
collagen and fibronectin. LX-2 cells expression of a-SMA, was significantly reduced after
24, 48 and 72 hours of HJIC0123 treatment compared to the control (36, 83 and 89%
respectively; Figure 4A). Next, these findings were confirmed using immunofluorescence
staining, which consistently showed reduction of a-SMA expression after HIC0123
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treatment (83% decrease compared to control; Figure 4B). Further, type | collagen was
significantly downregulated by 50% after HIC0123 treatment (Figure 4C). Similarly,
Western immunoblotting revealed that HIC0123 treatment decreased the endogenous
expression of fibronectin in a time-dependent manner (33, 43, and 74%, respectively; Figure
4D). Both collagen and fibronectin expression were downregulated in a dose-dependent
fashion (Figure 4E).

IL-6 is a known positively regulator of STAT3 phosphorylation mediated by the activation of
receptor-associated kinases.2” However, the results of STAT3 inhibition on the production
and autocrine effects of IL-6 in HSCs remain poorly explored. We examined the effects of
HJC0123 treatment on I1L-6 production in LX-2 cells via ELISA. Secretion of IL-6 was not
significantly affected by TGF-B stimulation (2 ng/mL). However, HIC0123 (1yM) used
alone or as pre-treatment followed by TGF-p stimulation significantly increased I1L-6
production. (Figure 4F).

4. DISCUSSION

We have demonstrated that HIC0123 inhibits the STAT3 signaling pathway in hepatic
stellate cells. HIC0123 treatment impairs STAT3 phosphorylation, nuclear translocation, and
STAT3-regulated gene expression. Subsequently, HIC0123 inhibits HSCs proliferation,
decreases activation, and downregulates the endogenous production of ECM proteins. These
results indicate that HIC0123 represents a novel molecule that impairs STAT3 activation and
can be considered as a lead candidate for further pharmacological development in the
treatment of liver fibrosis.

STAT3 overexpression has been detected in the majority of the rodent models of liver injury
and in human liver diseases. However, the role of the STAT3 pathway in liver fibrosis is
controversial due to its model-dependent and cell-specific functions.28:29 Studies in murine
models of carbon tetrachloride (CCly,) induced fibrosis and sclerosing cholangitis have
shown that STAT3 activation prevents liver fibrosis by enhancing hepatocyte survival and
liver regeneration.3%-33 Conversely, activation of STAT3 in the dimethyInitrosamine (DMN)
induced fibrosis model increases transforming growth factor p-1 (TGF-p1) production in
hepatocytes, promoting fibrosis.2® In contrast, STAT3 activation in HSCs results in cell
activation and increased proliferation leading to fibrogenesis.?-34-37 The STAT3-dependent
mechanisms involved in fibrogenesis include an increase in TGF-p1 expression,
downregulation of SREBP-1c, and decrease in MMP-1 expression. These mechanisms, and
likely others not yet elucidated, lead to HSC activation and increased production and
accumulation of ECM proteins, the hallmark of liver fibrosis.2%:37:38The observed
antifibrogenic response in our study correspond with the pivotal role of STAT3 in liver
fibrogenesis, which upon activation promotes the fibrogenic behavior of HSCs. STAT3 is
activated by diverse signaling proteins, including cytokines (e.g., 1I-6, IL-17, leptin) and
growth factors (via receptor tyrosine kinases). In addition, crosstalk between signaling
pathways (e.g., INK [c-Jun N-terminal kinase], NFxB [nuclear factor kappa-light-chain-
enhancer of activated B cells]) also can result in STAT3 activation; such convergence makes
STAT3 activation an optimal therapeutic target.
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Fragment-based drug discovery is an attractive approach to screening for the generation of
chemical leads for drug targets.13 HIC0123 was designed using six privileged fragments
from non-peptidic STAT3 inhibitors in order to identify orally bioavailable inhibitors.16:18 |n
the present study, we have demonstrated that HIC0123 inhibits proliferation of HSCs at low
(micromolar to submicromolar) concentrations, and decreases the phosphorylation of STAT3
in HSCs. In addition, by assessing cell viability in C3A cells after treatment with increasing
doses of HIC0123, a method used by others to assess hepatotoxicity in vitrc®*25, our data
show that HIC0123 lacks significant cytotoxicity in hepatocytes at the dose range used to
affect HSCs. Furthermore, we have shown that HIC0123 induces cell cycle arrest and
promotes apoptosis. These findings are consistent with the well-known functions of STAT3,
which include cell cycle progression, cell survival, and mitogenesis.28:3940 Qur observations
are supported by evidence of increased expression of markers of early and late apoptosis
(Yo-pro-1 and PI, respectively) as demonstrated by immunofluorescence staining, decreased
expression of the anti-apoptotic protein Bcl-2, downregulation of c-myc, a known cell cycle
and apoptosis regulator. Caspases activation is not observed during HJC0123-induced
apoptosis in LX-2 cells. Previous studies examining apoptosis after STAT3 inhibition in
malignant glioma cells found neither PARP cleavage nor caspase activation while caspase
inhibitor treatment did not affect cell death index, suggesting mechanisms of caspase-
independent apoptosis.*! Chen et al recently described caspase-independent apoptosis in
HSCs while studying the antifibrogenic properties of Saikosaponin d.42 Although we did not
fully explore the involved apoptotic mechanisms, taking together with previous literature,
our data suggest that HIC0123 treatment and subsequent STAT3 inhibition might lead to
caspase-independent apoptosis.

Recent studies have improved our understanding of STAT3 activity. In addition to the
originally described activation by phosphorylation STAT3(Y705), it is recognized that
dimers of nonphosphorylated STAT3 can exist and be active, and phosphorylation of either
STAT3(Y705), STAT3(S727) or both can produce transcriptional activity.#3-4% HJC0123
treatment inhibits phosphorylation and also decreases STAT3 nuclear translocation, further
diminishing its transcriptional activity as confirmed by the downregulation of STAT3-
regulated genes. SOCS3, induced by STAT3, inhibits STAT3 activation and modulates the
expression of inflammatory genes triggered by the IL-6-type cytokines, acting as a negative
feedback mechanism regulator.#6:47 Expectedly, the inhibition of STAT3 phosphorylation
results in decreased expression of SOCS3. Similarly to STATS3, the biological functions of
SOCS3 are cell-dependent. We speculate that its downregulation is not a direct effect of
HJC0123 treatment but it is most likely secondary to the exogenous inhibition of STAT3.
Recently, Chen et al described that SOCS3 contributes to LX-2 senescence by interacting
with p53 and enhancing p21 expression leading to cell cycle arrest in LX-2 cells exposed to
soluble egg antigens from Schistosoma japonicum.*8:4% Notably, the authors found that
SOCS3 increased expression was accompanied by augmented STAT3 phosphorylation#®
suggesting that diverse mechanisms affecting STAT3 (and simultaneously SOCS3) activity,
either by enhancement or inhibition, may lead to an antifibrogenic response.

Other groups have also explored STAT3 activation as a strategy to ameliorate liver
fibrogenesis. The anti-inflammatory cytokine IL-22 has been identified to affect HSCs
activation and senescence. IL-22 induces cellular senescence by upregulating the expression
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of p53 and p21 via STAT3.50 However, these effects require the exogenous administration of
IL-22. During liver injury or hepatic fibrosis, HSCs are exposed to a pro-inflammatory
microenvironment due to autocrine and paracrine effects of parenchymal and non-
parenchymal cells.51-53 Proinflammatory cytokines activate STAT3 eliciting a fibrogenic
cell behavior. Thus, we consider that the inhibition of the STAT3 pathway is a valid
approach to modulate fibrogenesis. Therefore, it must be considered that the dichotomy of
STAT3 role in HSCs depends on the inflammatory context (endotoxin/cytokines exposure)
and other stimuli that trigger or perpetuate fibrogenesis suggesting that these factors must be
accounted for when utilizing interventions targeting STAT3.

Receptor tyrosine kinase (RTK) inhibitors use has been explored in liver fibrogenesis.>* Kim
et al demonstrated that imatinib has antifibrogenic properties and reported an unexpected
link between imatinib treatment and increased secretion of 1L-6.%> HIC0123, with similar
suppressive effects of HSC activation, also enhances IL-6 secretion. IL-6 is involved in the
activation of DNA repair enzymes in hepatocytes and is needed for hepatic
regeneration: %657 its increased production in the setting of decreased HSC activation and
suppressed fibrogenesis could represent a restorative response to increase hepatocyte mass
and function. However, these observations need to be supported by evidence from in vivo
studies, as concern might exist regarding the oncogenic potential of 1L-6.58

The activation of the JINK pathway results in increased fibrogenesis and explained the
profibrotic profile of several cytokines (e.g., IL-17A) and acute phase proteins (e.g., Serum
Amyloid A).5960 Crosstalk between the JNK and STAT3 pathway has been studied in
different cells. Gkouveris et al reported that INK decreases STAT3(Y705) phosphorylation
leading to inhibition of STAT3 activity in cell lines of oral squamous cell carcinoma.b?
Conversely, Kim et al found that INK-dependent STAT3 activation is associated with
doxorubicin resistance in different breast cancer cell lines. 62 We did not find significant
changes in the activity of the INKs signaling pathway.

The TGF-B-induced activation of Smad2/3 phosphorylation triggers a strong fibrogenic
response in HSCs.83-65 Crosstalk between the STAT and Smad pathway has been
reported.6.67 Both pathways can function cooperatively to modulate gene expression and
also modulate each other. HIC0123 partially inhibited the TGF-p induced phosphorylation
of Smad2/3. As previously exposed by others, the role of INK in STAT3 modulation and
STAT interaction with Smads vary significantly according to the cell type and pathological
process.58 The understanding of the underlying crosstalk between other molecules is helpful
to design therapeutic interventions.

We have demonstrated that HIC0123 downregulates a-SMA, a surrogate marker of HSC
activation. Furthermore, we have shown that HIC0123 treatment inhibits fibronectin and
type | collagen production. These antifibrogenic properties of HIC0123 can potentially be
explained by the inhibition of TGF-B1 dependent collagen | production as a consequence of
STAT3 inhibition.
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5. CONCLUSION

HJC0123 inhibits STAT3 activity in HSCs resulting in decreased fibrogenesis. The present
study demonstrated the use of FBDD for the development of a novel compound, with
reproducible biological activity and enhanced potency. HIC0123 can be administered orally
with favorable bioavailability and excellent tolerance to high doses in a murine model.18
However, further work including /in7 vivo studies are warranted to elucidate the detailed
mechanisms that link STAT3 to the fibrogenic cellular events, allowing for the development
of effective therapeutic strategies.
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Figure 1. HJC0123 inhibits human and rat hepatic stellate cells proliferation
(A) Interactions of HIC0123 with the residues of STAT3. HIC0123 is shown in small sticks

and in pink color with the chemical structure depicted. Hydrogen bonds are indicated by
dashed lines. LX-2 cells (B), HSC-T6 cells (C) and C3A (D) cells were treated with
incremental concentrations of HIC0123 for 48 hours, and cell viability was determined
using Alamar Blue assay. Similarly, LX-2 cells were treated with increasing concentrations
of commercially available STAT3 inhibitors (E) FLLL32 (left) and S31-201 (right). Dose
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response curves were calculated using GraphPad Prism 6.0. The results are representative of
at least three independent experiments.
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Figure 2. Treatment with HJC0123 impairsthe STAT 3 signaling pathway in L X-2 cells
(A) FLLL32 and HJC0123 treatment inhibited STAT3 expression and STAT3

phosphorylation HIC0123; protein expression was measured by Western immunoblotting.
(B) HJC0123 treatment (1 uM) significantly decreased the expression of pSTAT3(Y705) as
early as 2 hours and remained downregulated up to 48 hours; expression was measured by
Western immunoblotting. Levels of non-phosphorylated STAT3 were not significantly
altered after HJC0123 treatment. (C) HIC0123 (1 uM for 24 hours) significantly reduced
nuclear translocation of pSTAT3(Y705), assessed by nuclear fractionation and Western

RSC Adv. Author manuscript; available in PMC 2017 October 14.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lopez etal.

Page 18

blotting. (D) HIC0123 treatment for 8 hours significantly decreased the transcriptional
activity of STAT3 in a dose-dependent manner, measured by Luciferase reporter gene
activity assay. (E) LX-2 cells were treated with HIC0123 for 24 hours, Western blotting
analysis demonstrated a significant reduction in the expression levels of the STAT3-
regulated proteins c-myc, Bcl-2 and SOCS3 in a dose-dependent fashion; HIC0123 did not
alter the expression of Cyclin D1. (F) LX- cells were treated with HJC0123, proteins
expression measured via Western blotting, expression of JINK and p-JNK did not change
significantly after 24 hours treatment (left). TGF-p stimulation (2 ng/mL) did not affect the
expression of Smad2/3 but induced Smad2/3 phosphorylation. HIC0123 1 hour pre-
treatment with HJC0123 (1 uM) followed by TGF-B stimulation for 8 hours significantly
downregulated TGF- B-induced Smad2/3 phosphorylation (right). Experiments were
repeated three times and representative results are shown. Error bars indicate + SE.
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Figure 3. HJC0123 induces L X-2 cell cycle arrest and promotes apoptosis
(A) LX-2 cells were treated with HIC0123 (1 uM) for 24 hours. Cells were stained with

propidium iodide as described in Methods and analyzed by flow cytometry; HIC0123
treatment significantly increased S-phase arrest. (B, C) Apoptosis was assessed by
immunofluorescence staining using Yo-Pro-1 and PI as markers of early and late apoptosis,
respectively; Hoechst 3342 was used as nuclear stain. HIC0123 treatment (1 pM for 24
hours) significantly induced early and late apoptosis. Immunofluorescence results were
quantified as described in Methods. (D,E) Fluorometric TUNEL assay showed increased cell

RSC Adv. Author manuscript; available in PMC 2017 October 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Lopez etal.

death in a dose-dependent fashion. The results are representative of at least three
independent experiments. Error bars indicate + SE.
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Figure 4. HJCO123 inhibits hepatic stellate cells activation and decreases endogenous ECM
proteins expression

The expression levels of a-SMA, a marker of HSCs activation, were measured by (A)
Western immunoblotting and (B) immunofluorescence analysis. HIC0123 treatment (1 uM
for 24 hours) significantly inhibited the expression of a-SMA in a dose-dependent manner.
(C) LX-2 cells treated with HIC0123 (1 uM for 24 hours) showed a significant decrease of
expression of Collagen type I, assessed by Immunofluorescence staining. (D) HIC0123
treatment (1 uM) significantly reduced the expression of fibronectin in a time-dependent
manner and (E) significantly decreased the endogenous expression of both ECM proteins,
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fibronectin and collagen type |, in a dose-dependent fashion (24 hours treatment); proteins
levels were measured by Western immunoblotting. (F) Secretion of IL-6 was not
significantly affected by TGF-B stimulation (2 ng/mL). However, HIC0123 (1uM) used
alone or as pre-treatment followed by TGF-p stimulation significantly increased I1L-6
production. Experiments were repeated three times and representative results are shown.
Error bars indicate + SE.
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