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Abstract

Activation and transdifferentiation of hepatic stellate cell (HSC) into migratory myofibroblasts is a
key process in liver fibrogenesis. Cell migration requires an active remodeling of the cytoskeleton,
which is a tightly regulated process coordinated by Rho-specific guanine nucleotide exchange
factors (GEFs) and Rho family of small GTPases. Rho-associated kinase (ROCK) promotes
assembly of focal adhesions and actin stress fibers by regulating cytoskeleton organization. GEF
exchange protein directly activated by cAMP 1 (EPAC1), has been implicated in modulating

"Correspondenceto: L Gobejishvili, Department of Physiology, University of Louisville, 505 S. Hancock Street, CTR 5186,
!Fouisville, KY 40202-1617, USA. 10gobe01@Iouisville.edu.

Equal first authors
Author contributions statement
ME performed /n vitro experiments, protein, and gene expression analyses, and participated in drafting of the manuscript. YW
performed in vivo and in vitro studies, immunofluorescent staining, Western blot analyses of human tissues, WR and JZ performed in
vivo studies, performed analyses of tissues including immunohistochemistry. DWW and MM performed tissue proteomics analyses.
JP and SR performed expression and statistical analyses of proteomic and human tissue gene expression data, as well as IPA analysis.
ZF was involved in finalizing IPA and MetaCore data presentation for the manuscript, RC provided NASH cirrhosis tissues, CM
and PB provided FLVs-rol for in vivo studies, SB and CIM were involved in a design of the study and manuscript preparation, LG
designed the study and wrote the manuscript. All authors read and approved the final manuscript.

Conflict of interests: CM and PB declare a conflict of interest in employment and having equity in EndoProtech, Inc. No other
conflicts of interest were decalred



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Elnagdy et al. Page 2

TGFB1 and Rho signaling; however, its role in HSC migration has never been examined. The

aim of this study was to evaluate the role of cAMP-degrading phosphodiesterase 4 (PDE4)
enzymes in regulating EPAC1 signaling, HSC migration and fibrogenesis. We show that PDE4
protein expression is increased in activated HSCs expressing alpha smooth muscle actin and active
myosin light chain (MLC) in fibrotic tissues of human NASH cirrhosis livers and mouse livers
exposed to carbon tetrachloride (CCly). In human livers, TGFB1 levels were highly correlated
with PDE4 expression. TGFP1 treatment of LX2 HSCs decreased levels of cAMP and EPAC1
and increased PDE4D expression. PDE4 specific inhibitor, rolipram, and an EPAC specific agonist
decreased TGFP1 mediated cell migration /n vitro. In vivo, targeted delivery of rolipram to the
liver prevented fibrogenesis, collagen deposition, decreased expression of several fibrosis related
genes and HSC activation. Proteomic analysis of mouse liver tissues identified regulation of actin
cytoskeleton by the kinase effectors of Rho GTPases as a major pathway impacted by rolipram.
Western blot analyses confirmed that PDE4 inhibition decreased active MLC and endothelin 1
levels, key proteins involved in cytoskeleton remodeling and contractility. The current study, for
the first time, demonstrates that PDE4 enzymes are expressed in hepatic myofibroblasts and
promote cytoskeleton remodeling and HSC migration.

Keywords

Liver fibrosis; hepatic stellate cells; cyclic AMP signaling; proteomics; cytoskeleton remodeling;
cell migration; phosphodiesterase 4

Introduction

Liver fibrosis occurs in multiple types of chronic liver injury, and unfortunately, there is

no FDA-approved therapy for fibrosis [1]. Hepatic stellate cells are major contributors

to liver fibrosis, as they are predominant cell type in the liver to produce extracellular
matrix (ECM) proteins, including collagens [2, 3]. Upon activation, HSCs undergo
transdifferentiation into proliferative, contractile, and migratory myofibroblasts which is a
key process in liver fibrogenesis. Cell migration requires active cytoskeleton remodeling,
which is tightly regulated process coordinated by Rho-specific guanine nucleotide exchange
factors (GEFs) and Rho family of small GTPases [4-7]. Rho-associated kinase (ROCK)
promotes assembly of focal adhesions and actin stress fibers by regulating cytoskeleton
organization. Importantly, cytoskeleton remodeling plays a critical role in activation and
motility of HSCs. Transforming growth factor 1 beta (TGFB1) is a significant profibrotic
mediator and HSC activator which triggers canonical (SMAD) and noncanonical pathways
(Rho GTPase) in HSCs. Rho kinase 1 (ROCK1) is a mediator of RhoA, a small GTPase

of Rho family of GTPases. Activation of ROCK1 has been shown to play a role in HSC
activation and fibrosis [8, 9] and cell contraction/migration by regulating actin cytoskeleton
reorganization [5, 10].

The phosphodiesterase 4 (PDE4) sub-family is the largest among 11 PDEs and is
responsible for maintaining cAMP homeostasis. PDE4 is a complex family with 4
genes (PDE4A/B/C/D) encoding over 20 distinct PDE4 isoforms. Distinct tissue and
subcellular expression of PDE4 isoforms ensures the specificity of CAMP signaling to
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various stimuli. cCAMP regulates the activity of several effectors, including protein kinase
A (PKA) and exchange protein activated by cAMP (EPAC) [11, 12]. Increases in both
cAMP and EPAC signaling have been shown to have anti-inflammatory and anti-fibrotic
effects (reviewed in [13, 14]). Indeed, it has been suggested that EPAC expression

and activation is critical for the regulation of fibroblast function during fibrogenesis

in various tissues [15, 16]. One study reported decreased EPAC expression in human

and mouse fibrotic livers which was associated with increased activation of MLC, a

key regulator of cytoskeleton remodeling[16]. However, the mechanisms of diminished
levels of EPAC1 during fibrogenesis have never been examined. Our previous work
demonstrated that quiescent HSCs do not express high levels of PDE4 enzymes; however,
upon HSC activation, PDE4 enzyme expression increases and contributes to spontaneous
activation of HSCs into alpha smooth muscle actin (aSMA) expressing HSCs[17]. These
observations indicated that PDE4 enzymes might play a role in HSC transdifferentiating into
myofibroblasts. In this study we aimed to further understand the role of PDE4 enzymes in
regulating signaling pathways contributing to fibrogenesis /in vivoand in vitro. \We show
for the first time that PDE4 enzymes are expressed in hepatic myofibroblasts in human and
mouse fibrosis livers. We also show that TGFB1 increases PDE4 expression and decreases
cAMP and EPAC1 levels in HSCs. PDE4 inhibition decreased fibrogenesis largely by
affecting cytoskeleton remodeling and HSC migration /n vitroand in vivo.

Materials and methods

Mouse model of carbon tetrachloride (CCl,)-induced liver fibrosis:

Male C57BL/6J mice (25-30 g body weight) were obtained from Jackson Laboratories (Bar
Harbor, ME, USA). CCly dissolved in corn oil was administered intraperitoneally (i.p.) at

a dose of 1 mg/kg body weight twice a week for 4 weeks. The same volume of corn oil

was administered to control mice (vehicle control). Another group of mice was treated with
the PDEA4 specific inhibitor, rolipram (Biomol, Enzo Life Sciences, Farmingdale, NY, USA)
encapsulated into fusogenic lipid vesicles for targeted delivery to the liver. Preparation of
FLVs-Rol has been previously described [18, 19]. Rolipram was administered 24 h after
CCly at 3.3 mg/kg body weight to avoid any interference with CCl, metabolism. Mice were
killed 48 h after CCl, administration.

Liver tissue proteomic and bioinformatics analyses.

Proteomic experiments were conducted as described previously [20]. Hepatic proteins
that had significant abundance were imported into Ingenuity Pathways Analysis
(www.ingenuity.com version 65367011) for canonical pathways analysis (CPA) and
upstream activator analysis (UAA). Clarivate analytics software MetaCore was also used
for specific pathway and network analysis.

In vitro studies.

LX2 human hepatic stellate cell line (HSC) was obtained from Sigma-Aldrich (Burlington,
MA, USA). Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (ATCC,
Manassas, VA, USA) with 2% fetal bovine serum (FBS) and 1% penicillin/streptomycin
(10000 U/ml stock solution, Gibco, Billings, MT, USA) at 37 °C in 5% CO. Cells
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were cultured in serum-free DMEM overnight and then treated with 2.5 ng/ml human
recombinant TGFP1 (R&D Systems, a Bio-techne brand, Minneapolis, MN USA) with and
without rolipram (10 puM) and an EPAC specific agonist, 8-pCPT-2’-O-Me-cAMP (50 uM)
(BIOLOG Life Science Institute, Bremen, Germany). Cells were collected at various times
after TGFP1 treatment.

CAMP measurement: cAMP levels were measured using a cCAMP complete ELISA kit
from ENZO (Enzo Life Sciences, Farmingdale, NY, USA, cat# ADI-900-163). Levels were
normalized by protein content as described [18].

Scratch (wound healing) assay: LX2 cells were plated at 0.2 million cells/well in
6-well plates in DMEM with 2% FBS and 1% penicillin/streptomycin (10000 U/ml stock
solution, Gibco) at 37 °C in 5% CO, for 24 h. The next day, the cell-coated surface was
scraped with a 1 ml pipette tip in a single stripe and the medium changed to serum free
DMEM. After treatment, cells were allowed to heal at 37 °C in 5% CO5, for 24 h. Migration
of cells was observed using an inverted microscope and photographed at 0 and 24 h. The
average extent of wound closure was evaluated by multiple measurements of the width of
the wound space.

Cell proliferation assay: LX2 cells were plated in 96-well plates at 5,000 cells/well.
Cells were treated with rolipram (10 uM) and EPAC agonist (50 uM) followed by

TGFp1 stimulation for 24 h as described above. Then, 10 pl of WST-8 (2-(2-methoxy-4-
nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt) dye
(Sigma-Aldrich) was added to 100 pl cell medium for 4 h and Absorbance was measured at
450 nm. Absorbance values for TGFp1-treated cell are set at 100% (absorbance OD/average
absorbance ODx100%). Absorbance values for rolipram and EPAC agonist treated cells are
compared to those of TGFp1-treated cells and data are presented as % TGFB1.

Hematoxylin and Eosin (H&E), Sirius red and immunostaining, RNA isolation, and RT-
gPCR analysis:

These were performed according to standard procedures [17, 18, 21]. Images were acquired
and analyzed using BZ-X810 All-in-One Fluorescence Microscope (Keyence, Itasca, IL,
U.S.A). Immunofluorescence (IF) staining was performed on formalin-fixed paraffin
embedded tissues. Tissue de-paraffinization/rehydration and antigen retrieval procedures
were the same as described in our earlier publications [17, 18]. Mouse liver tissues were
blocked with M.O.M. blocking reagent for 30 min at room temperature (RT) before they
were further blocked using 10% normal donkey serum for 1 h at RT. Tissues were incubated
with primary antibody for overnight at 4 °C followed by a secondary antibody for 1 h at

RT. DAPI was used for 5 min before slides were mounted. Antibodies were diluted in 1%
BSA in TRIS-buffered saline containing 0.1% Triton X-100 (Sigma-Aldrich, St. Louis, MO,
USA). Isotype rabbit and mouse 1gG were used as negative controls for immunostaining.
Antibody and reagent information is provided in supplementary material, Table S1.
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Western blotting.

Lysates were prepared by using RIPA buffer [18, 22] and 25-30 pg total protein was used
per lane. GAPDH and a-tubulin were used as loading controls. Densitometric analyses
and ratios of target proteins to loading controls were performed as previously described
[18, 23]. Densitometric ratios and P values are indicated on western blot images. Antibody
information is provided in supplementary material, Table S1.

Human liver tissue.

The University of Louisville Hospital provided explant liver tissues from non-alcoholic
steatohepatitis (NASH) cirrhosis patients undergoing liver transplant (n=5). Samples from
five donor livers were acquired from the Resource Center at John Hopkins University. All
studies were approved by the respective institutional review boards and written consent was
obtained from all participants.

Statistical analysis

Results

Pearson’s Chi-squared and Student’s #test or ANOVA was used [24, 25]. The correlation
heatmap was generated by SAS statistical software (SAS Institute Inc., Cary, NC, USA).
The proteomic data were analyzed using SATP (Statistical Analysis Tool for Proteomics)
[26, 27], after making the logarithm transformation and using the KNN imputation method.
The LIMMA/Moderated #test was selected to perform differential expression analysis

of proteomics for each protein. The p-values were adjusted for multiple comparisons

using False Discovery Rate (FDR, or Benjamini-Hochberg, BH) method and the volcano
plots were generated from SATP[24]. The Venn diagrams were generated using statistical
software R (R Core Team, 2020, R: A language and environment for statistical computing
(R Foundation for Statistical Computing, Vienna, Austria. URL https://www.R-project.org).

For animal experiments statistical analyses were performed using GraphPad Prism, version
9.1.2. for Windows (GraphPad Software Inc., La Jolla, CA, USA). Differences between two
groups were analyzed using the unpaired #test. Multiple group analyses were performed
using one-way analysis of variance followed by Tukey’s post hoc multiple comparison test.
Results were expressed as mean + SD. P < 0.05 was considered statistically significant.

Activated hepatic stellate cells express PDE4A and PDE4D enzymes in carbon
tetrachloride treated mouse livers.

Repeated administration of CCl, led to the development of fibrosis in mice as demonstrated
by collagen deposition by Sirius Red staining and increased hydroxyproline levels (Figure
1A, B). Correspondingly, increased mRNA levels of ActaZ, encoding the hepatic stellate
activation marker aSMA were observed as shown by RT-qPCR (Figure 1C). Importantly,
significant number of a SMA positive HSCs were co-stained with phosphorylated myosin
light chain (pMLC) (Figure 1D), a marker of HSC contractility. To examine whether
activated HSCs express PDE4 enzymes, we performed double immunofluorescence staining
with aSMA and Pde4a, b and d antibodies. We did not observe any co-staining with

Pde4b (data not shown); however, we saw that significant number of a SMA-positive cells
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co-stained with Pde4d (Figure 1G). We also observed increased Pde4d protein expression in
CCly treated mouse livers (Figure 1H). Interestingly, although we did not see a significant
increase in Pde4a protein expression in CCl, treated mouse livers (Figure 1F), we did
observe accumulation of Pde4a expressing cells in fibrotic areas which co-stained with
aSMA (Figure 1E). However, these cells were markedly less in numbers in comparison to
Pde4d-aSMA double-positive cells. These results demonstrate that activated HSCs in fibrotic
areas express Pdeda and d enzymes.

PDE4 inhibition attenuates fibrogenic process and collagen deposition in a chronic CCly
induced fibrosis mouse model.

We next evaluated the effect of PDE4 inhibition on HSC activation and fibrogenesis. In
one group of mice, every dose of CCl, was followed by administration of targeted hepatic
delivery of rolipram to inhibit PDE4 activity [18, 19]. As previous studies have showed
that cAMP signaling affects activity of CYP2E1L, an enzyme which metabolizes CCl, [28-
33], we administered rolipram after 24 h of CCl, to avoid any interference with CCly
metabolism. Rolipram attenuated SMAD3 signaling and stellate cell activation marker
aSMA (Figure 2A,B), mRNA levels for matrix metalloproteinase-2 (MmpZ2) and'tissue
inhibitor of metalloproteinase 2 ( 7impZ2) (Figure 2C, D). Rolipram also decreased mRNA
levels for chaperone protein for collagen, Hsp47 (Serpinh) (Figure 2E) and lysyl oxidases
Lox and Loxl/1 (Figure 2F). As a result, we observed a significantly lower deposition of
collagen as shown by Sirius red staining and hydroxyproline levels (Figure 2G,H).

Liver proteomic analysis.

To better understand the effect of PDE4 inhibition on fibrogenic processes in this model,
we performed liver proteome analysis. A total of 3,884 enriched proteins at P<0.05 were
identified in all three treatment groups (CCly in comparison to vehicle control (VC),
rolipram+CCly, in comparison to VC, and rolipram+CCl, in comparison to CCly) (Volcano
plots, Figure 3); 2,437 proteins were significantly changed by CCl, when compared to

V/C group (P<0.05), and only 2,251 proteins were significantly changed in the CCly

group treated with rolipram (Venn diagrams, Figure 3B). Ingenuity pathway analysis (IPA)
identified 10 top downregulated pathways in the rolipram treated group when compared to
VVC. Among these pathways, we found inflammatory pathways (fMLP and IL-8 signaling,
Figure 3C) and pathways related to the development of fibrosis: Ephrin receptor signaling,
Signaling by Rho family GTPases, Integrin, and Actin cytoskeleton signaling (Figure 3C).
Among fibrosis related pathways, Cytoskeleton remodeling, regulation of actin cytoskeleton
by the kinase effectors of Rho GTPases had the highest number of significantly decreased
proteins in rolipram treated CCl, group when compared to CCl, group alone (Table 1).
Notably, expression of Rho GTPases, RhoA and Cdc42, which regulate focal adhesions
and cytoskeleton remodeling, was among the attenuated proteins. Rho GDP-dissociation
inhibitor 1 (Arhgdia), which interacts with RhoA and CDC42 and inhibits their activation
[34, 35], was also downregulated (Table 1). Cdc42bpb, Pknl and Mylk kinases playing a
role in the regulation of cytoskeleton reorganization and cell motility/migration were also
downregulated by rolipram treatment. Other downregulated proteins included Myosin 6 and
10, Moesin, Add1, Actn4, Cfl1, Dstn and Vcl all of which are involved in the regulation
of migration and adhesion. IPA upstream regulator analysis showed that among upstream
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regulators which were downregulated by rolipram were 11 cytokines, three G protein
coupled receptors and seven growth factors (Figure 3D). Among these regulators were
TGF, TNF, oncostatin M (OSM), endothelin 1, and adenosine a2 receptor (ADORA2A)
which have been shown to promote fibrogenesis[36—41]. Western blot analyses confirmed
that indeed rolipram co-treatment attenuated pMLC and endothelin 1 protein levels induced
by CCly treatment (Figure 3E,F).

Increased PDE4 expression in activated HSCs in human NASH cirrhosis liver tissues.

To evaluate the clinical relevance of our findings, we obtained liver tissues from healthy
donors and patients with NASH cirrhosis who underwent liver transplantation at University
of Louisville Hospital. As expected, NASH cirrhosis livers showed extensive collagen
deposition (Figure 4A). mRNA, immunostaining, and western blot analyses of PDE4
expression confirmed that NASH cirrhosis livers had much higher expression of all three
PDE4 enzymes (Figure 4B-D). Notably, correlation analysis showed a significant strong
correlation of all PDE4mRNAs with TGFBI, which was higher in NASH cirrhosis livers
(Figure 4E,F).

We further performed double-immunofluorescence staining using antibodies against a SMA
and the PDE4 subfamily (PDE4A, B and D). We found that all three PDE4 subfamily of
enzymes were co-stained with aSMA-positive cells in in the nodule (Figure 5A-C). We
also found that a SMA-positive HSCs were co-stained with pMLC in NASH cirrhasis livers
(Figure 5D).

PDE4 inhibition decreases TGFB1 mediated HSC migration.

We performed /n vitro studies using the human HSC cell line LX2 stimulated with TGFB1.
As expected TGFB1 induced activation of LX2 cells as shown by increased levels ACTAZ
(Figure 6A). Notably, TGFp1 treated cells showed a time dependent decrease in CAMP
levels (Fig. 6B) which was accompanied by decreased £PACI (RAPGEF3) (Fig. 6C)

and increased PDE4D mRNA and PDE4D protein expression (Fig. 6D, E). Since EPAC1
(guanine-nucleotide-exchange factor (GEF)) has been linked to RhoA kinase signaling and
MLC activation, we examined whether PDE4 inhibition influenced LX2 cell motility using
a scratch assay. LX2 cells treated with TGFB1 were able to close 80% of the wound width
in 24 h. Rolipram and EPAC specific agonist significantly attenuated TGFp1-induced cell
migration/wound closure in LX2 cells by half in 24 h (Figure 6F,G). Importantly, this effect
was not mediated by their effect on cell proliferation as shown by WST-8 cell proliferation
assay (Figure 6H).

Discussion

Activation of quiescent hepatic stellate cells into proliferative, contractile, and chemotactic
myofibroblasts is a key process in fibrogenesis [42—45]. During hepatic fibrogenesis,
myofibroblasts migrate and accumulate at the site of injury and produce increasing amounts
of extracellular matrix (ECM) components such as collagens and fibronectin. Excessive
scar deposition results in a significant deterioration of liver function, altered blood flow

and eventually liver failure [46]. Because transdifferentiation of HSCs plays a key role
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in the development of liver fibrosis, targeting HSC activation has become a focal point

in treating liver fibrosis [47]. Relevant to this study, it has been shown that activation of
cAMP/PKA pathway inhibits HSC proliferation [48] and cAMP/PKA/pCREB signaling is
essential to maintain quiescence in HSCs [48]. In agreement with these studies, we later
showed that upon spontaneous activation, primary HSCs start expressing CAMP degrading
PDE4 enzymes and PDE4 inhibition prevented their phenotypic change into a SMA and
Collalexpressing myofibroblasts [17]. Several other studies also demonstrated antifibrotic
properties of PDE inhibition[13, 14, 49], however the role of PDE4 and PDE4 regulated
CAMP signaling in TGFB1 mediated profibrogenic processes in HSCs is still not clear.

Cytoskeleton remodeling is an active, well controlled process which is required for cell
migration [4]. Small G-protein RhoA and its mediator Rho kinase (ROCK) promote
assembly of focal adhesions and actin stress fibers by regulating cytoskeleton organization
in hepatic stellate cells (HSCs). Rho-kinase signaling has been identified as a regulator

of cytoskeleton reorganization [5, 10, 50]. Inhibition of Rho kinase has been shown to
attenuate HSC transdifferentiation into myofibroblasts and fibrosis [8, 9, 51-55]. A key
molecule downstream of ROCK signaling is myosin light chain (MLC), which mediates
stress fiber formation and contractility [16, 56]. Importantly, CAMP signaling has been
shown to regulate ROCK/MLC signaling in various cells. Specifically, the critical role of
cAMP effector EPAC1, a guanine-nucleotide-exchange factor, in HSC function and fibrosis
has been demonstrated [16, 57]. It has been also proposed that decreased expression of
EPAC1 serves as a profibrogenic signal in fibroblasts [15]. Our results showed that TGFB1,
a potent fibrogenic cytokine decreased cellular levels of cAMP and EPAC1 expression and
increased PDE4D in HSCs. These decreases were associated with increased expression of
HSC activation marker aSMA and migration. We also found that increased expression of
TGFB1 in NASH fibrosis livers was positively correlated with PDE4 expression. These
results strongly suggest that EPAC/PDEA4 is involved in TGFB1 mediated phenotypic
changes of HSCs. This notion was further supported by our observation that PDE4 inhibitor
and EPAC specific agonist decreased TGFp1 mediated migration of HSCs /n vitro. These
results agree with our previous work that quiescent HSCs express very low levels of CAMP
degrading phosphodiesterase enzymes PDE4A, B and D [17]. However, upon spontaneous
activation, HSCs rapidly expressed PDE4 proteins even before expressing aSMA (HSC
activation marker), and inhibition of PDE4 attenuated spontaneous activation of HSCs and
expression levels of aSMA (protein and mRNA) and Co/Zal mRNA [17]. Our current
results uncovered a novel role of PDE4 enzymes in TGFp1-induced HSC activation and
migration, which has not been shown before.

The role of PDE4 enzymes in cytoskeleton remodeling was further demonstrated by our
proteomic studies. Our results showed that modulation of PDE4 activity led to decreased
expression of Rho GTPases, RhoA and cell division cycle 42 (Cdc42), which regulate
focal adhesions, cytoskeleton remodeling and cell movement [58]. Notably, expression
of Rho GDP dissociation inhibitor alpha (Arhgdia), which regulates their activation by
regulating GDP/GTP exchange on these Rho proteins, was also downregulated. These
results suggest that rolipram treatment also decreased activation of these Rho GTPases,
which was confirmed by western blot analyses revealing lower phosphorylation levels of
their mediator, MLC. Additionally, we observed decreased expression of myosin kinase
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Mylk, which phosphorylates MLC and is implicated in smooth muscle contraction [59].
Serine/threonine protein kinases Cdc42bpb (also known as MRCK beta) and protein kinase
N1 (Pkn1) were on the list of proteins downregulated by rolipram. These kinases are
involved in the regulation of cytoskeleton reorganization and cell migration [60-63]. Other
downregulated proteins involved in regulation of migration and adhesion included Myosin
6 and 10, Moesin, adducin 1 (Addl), a-actinin 4 (Actn4), cofilin 1 (Cfl1), Destrin (Dstn)
and vinculin (Vcl). Importantly, ECM binding to integrin receptors results in the formation
of focal adhesions, which involves recruitment of focal adhesion kinase (FAK), talin,
paxillin, actinin and vinculin, and serves a critical site of signal transduction [50, 64]. These
focal adhesion proteins and focal adhesion assembly have been shown to play significant
role in HSC activation and fibrosis [65, 66]. Signaling via focal adhesions also induces
cytoskeleton reorganization, which is critical for cell motility and contraction [10, 50].
Notably, it was reported previously that increased pMLC levels in fibrotic livers from
humans and rodents were negatively correlated with levels of EPAC1 (cCAMP effector) [16].
Our results demonstrate that PDE4 inhibitor reduced RhoA-MLC signaling, and decreased
levels of proteins involved in cytoskeleton remodeling (e.g., beta actin, cofilin 1, paxillin and
myosin). These finding suggest that increased PDE4 activity downregulates cCAMP/EPAC1
signaling during HSC activation and fibrogenesis. However, the exact mechanisms of this
regulation, as well as the transcriptional drivers of PDE4 expression are still not clear and
need to be investigated.

Our current study also demonstrates that modulation of PDE4 activity reduces fibrogenic
signaling as demonstrated by decreased markers of HSC activation, ECM processing and
deposition. Notably, we observed decreases in mRNA levels of lysyl oxidases (Lox and
Loxl1) and Serpinhl by rolipram treatment in mice, which are important enzymes in
collagen crosslinking and collagen synthesis, respectively. Importantly, lysyl oxidases and
HSPA47 have been the targets in clinical trials for liver fibrosis (reviewed [67, 68]).

It is noteworthy that PDE4 inhibitor has been evaluated in a proof-of-concept phase 2
clinical trial in biopsy-confirmed NASH fibrosis patients. This 12-week trial did not show
any effect of PDE4 inhibitor on biochemical end points[69]. The clinical utility of PDE4
inhibition as a therapy for NASH was questioned after this trial because it failed to decrease
inflammation and liver injury markers. Authors suggested that the role and expression
patterns of PDE4 family in the pathogenesis of NASH should be established. However,
their focus was more on steatohepatitis and inflammatory cells. Results of our study show
for the first time that PDE4 enzymes are expressed in activated HSCs/myofibroblasts in
fibrotic livers from humans and mice. We also show that TGFp1, a potent fibrogenic
cytokine, correlates with increased PDE4 expression in livers from patients with NASH
cirrhosis, and TGFP1 induces PDE4D expression in human HSC cells. This increase results
in downregulation of cCAMP and EPAC1 expression, which contributes to cytoskeleton
remodeling and increased migration of HSCs. PDE4 inhibition and EPAC activation
decrease Rho signaling leading to impaired cytoskeleton remodeling and HSC contractility
and migration. Further studies are needed to determine specific roles of PDE4A, B and D in
hepatic stellate cell function which could lead to the development of subtype specific PDE4
inhibitors for the treatment of hepatic fibrosis, including NASH.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Increased Pde4 expression in aSM A-positive activated hepatic stellate cellsin carbon
tetrachloride (CCly) treated mouse livers.

(A) Representative images of Sirius Red staining of control (vehicle control, VC) and
CCly treated mouse livers, (B) Increased hepatic hydroxyproline levels in CCly treated
mice, (C) Increased aSMA (Acta2) mMRNA expression in CCl, treated mouse livers, (D)
No significant expression of pMLC and aSMA in VVC mice, while a SMA positive HSCs
express activated MLC (pMLC) in CCly, treated mice, representative images, DAPI- nuclear
staining, original magnification 20x. (E) Accumulation of Pde4a- aSMA-positive HSCs in
fibrotic areas of CCly treated fibrotic livers. (F) Western blot analysis of whole liver Pde4da
protein expression. (G) Increased accumulation of Pde4d-aSMA double positive cells in
fibrotic area of CCl, treated mice. (H) Western blot analysis of whole liver Pde4d protein
expression. Densitometric ratios to a-tubulin (loading control) are shown. Unpaired #test
**p<0.01, ***p<0.001, ****p<0.0001.
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Figure 2. Decreased fibrogenesis and collagen deposition in mice treated with a PDE4 inhibitor,
rolipram.

(A) pSMAD3 and (B) a SMA protein levels. Western blot, SMAD3 and GAPDH are loading
controls, densitometric ratios are shown. (C) Hepatic mMRNA levels of Mmp2, (D) Timp2Z,
(E) Serpinhl (Hsp47), (F) Lox/1and Lox. (G) Collagen deposition, Sirius red staining

and (H) Hydroxyproline levels. One-way ANOVA with Tukey’s post hoc test, *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001.
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Figure 3. Proteomic analysis of differentially expressed proteins between experimental groups.
(A) Volcano Plot. Proteins are plotted as -log10(P-value) versus log2 Fold-Change. (B)

Venn diagrams showing common and unique altered proteins between experimental groups.
(C) Top 10 pathways downregulated by rolipram, (D) upstream regulatory analysis of
rolipram-regulated proteins, (E) Western blot for liver pMLC and (F) Endothelin 1 (ET-1).
VC - vehicle control, CCl, — carbon tetrachloride, Rol+CCl, — Rolipram-cotreated CCly
mice. GAPDH - loading control. One-way ANOVA with Tukey’s post hoc test, *p<0.05,
**p<0.01, ****p<0.0001 compared to vehicle control group (VC), 3p<0.05 compared to
CCly.
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Figure4. Increased PDE4 expression in NASH patient livers strongly correlates with TGFp1.
(A) representative images of Sirius red staining documenting a significant collagen

deposition in livers of NASH patients. Original magnification 10x. (B) Increased PDE4A, B
and D protein immunostaining in NASH livers, magnification 10x. (C) Liver PDE4A, B and
DmRNA. (D) Liver PDE4A, Band D protein levels by Western blot, densitometric ratios
to GAPDH- loading control are shown (from top to bottom bands). E. Liver 7TGFBI mRNA,
(F) Pearson correlation analysis shows a positive strong correlation of TGFB1 with PDE4.

The P values were computed using £statistic t = 2= 'i ~ t(n —2) under Hy: p = 0, where p is
I-p

the correlation coefficient. *p<0.05, **p<0.01.
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Figure 5. PDE4 enzymes are expressed in activated hepatic stellate cellsin livers from patients
with NASH cirrhosis.
(A-C) representative images of aSMA and PDE4A, B and D double immunofluorescence

staining of NASH cirrhosis livers. DAPI- nuclear staining. (D) aSMA positive HSCs
express activated MLC. Original magnification 20x.
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Figure 6. EPAC activation and PDE4 inhibition decrease HSC migration in vitro.
(A) TGFB1 induces LX2 cell activation as shown by increased aSMA (ACTA2) mRNA

expression, (B) TGFB1 decreases CAMP levels in LX2 cells, (C) TGFB1 increased

PDE4D expression, (D) TGFB1 decreases EPAC1 (RAPGEF3) mRNA expression, (E)
Representative images of scratch assay of LX2 cells before and after 24-h treatment with
TGFp1 with and without PDEA4 specific inhibitor rolipram and EPAC specific agonist, (F)
Quantification of average wound closure percentage measured at 0 and 24 h, (G) WST-8 cell
proliferation assay of LX2 cells treated with TGFB1 with and without rolipram and EPAC
specific agonist for 24 h. One-way ANOVA with Tukey’s post hoc test, *p<0.05, **p<0.01.
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Table 1.

Genesymbol | Object type Description p-value
Arhgdia Regulators (GDI, GAP, GEF) | Rho GDP-dissociation inhibitor 1 0.004
Cdc42bpb Protein kinase Serine/threonine-protein kinase MRCK beta 0.006
Arpclb Generic binding protein Actin-related protein 2/3 complex subunit 1B | 0.008
Pknl Protein kinase Serine/threonine-protein kinase N1 0.009
Dstn Generic binding protein Destrin, actin depolymerizing protein 0.014
Ccfl1 Generic binding protein Cofilin-1 0.014
Add1 Generic binding protein Alpha-adducin 0.035
Myl6 Generic binding protein Myosin, light polypeptide 6 0.036
Msn Generic binding protein Moesin 0.039
Myh10 Generic binding protein Myosin, heavy polypeptide 10 0.041
Rhoa RAS - superfamily Transforming protein RhoA 0.042
Mylk Protein kinase Myosin, light polypeptide kinase 0.045
Myl12b Generic binding protein Myosin regulatory light chain 12b 0.047
Actnd Generic binding protein Alpha-actinin 4, F-actin cross-linking protein | 0.053
Cdc42 RAS - superfamily Cell division control protein 42 homolog 0.053
Vel Generic binding protein Vinculin, F-actin binding protein 0.055
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