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Abstract

Liver fibrosis is an aberrant wound healing response that results from chronic
injury and is mediated by hepatocellular death and activation of hepatic stellate
cells (HSCs). While induction of oxidative stress is well established in fibrotic
livers, there is limited information on stress-mediated mechanisms of HSC
activation. Cellular stress triggers an adaptive defense mechanism via mas-
ter protein homeostasis regulator, heat shock factor 1 (HSF1), which induces
heat shock proteins to respond to proteotoxic stress. Although the importance
of HSF1 in restoring cellular homeostasis is well-established, its potential role
in liver fibrosis is unknown. Here, we show that HSF1 messenger RNA is
induced in human cirrhotic and murine fibrotic livers. Hepatocytes exhibit nu-
clear HSF1, whereas stellate cells expressing alpha smooth muscle actin do
not express nuclear HSF1 in human cirrhosis. Interestingly, despite nuclear
HSF1, murine fibrotic livers did not show induction of HSF1 DNA binding ac-
tivity compared with controls. HSF1-deficient mice exhibit augmented HSC
activation and fibrosis despite limited pro-inflammatory cytokine response
and display delayed fibrosis resolution. Stellate cell and hepatocyte-specific
HSF1 knockout mice exhibit higher induction of profibrogenic response, sug-
gesting an important role for HSF1 in HSC activation and fibrosis. Stable ex-
pression of dominant negative HSF1 promotes fibrogenic activation of HSCs.
Overactivation of HSF1 decreased phosphorylation of JNK and prevented
HSC activation, supporting a protective role for HSF1. Our findings identify an
unconventional role for HSF1 in liver fibrosis. Conclusion: Our results show
that deficiency of HSF1 is associated with exacerbated HSC activation pro-
moting liver fibrosis, whereas activation of HSF1 prevents profibrogenic HSC
activation.
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INTRODUCTION

Liver fibrosis is characterized by excessive accumula-
tion of extracellular matrix (ECM) leading to scar tis-
sue formation due to hepatocellular injury caused by
various etiologies such as alcohol abuse, viral hepatitis
B and C, and nonalcoholic steatohepatitis (NASH).™
Fibrotic livers can often progress to cirrhosis, which
is irreversible and leads to hepatocellular carcinoma,
making it one of the leading cause of mortality and
morbidity in the United States.”? Activation of hepatic
stellate cells (HSCs) is the hallmark to development
of fibrogenesis. In response to profibrogenic stimuli,
HSCs undergo trans-differentiation and activation to a
proliferative myofibroblast-like phenotype that secretes
components of ECM.F! Regardless of the etiology, fi-
brogenic responses are regulated by cellular stress
pathways, including endoplasmic reticulum stress and
oxidative stress.®! Generation of reactive oxygen spe-
cies (ROS) contributes to activation of HSCs.”! In ad-
dition, overproduction of reactive nitrogen species and
hepatic glutathione are also implicated in profibrogenic
activation.’” These studies indicate the involvement of
cellular stress pathways, leading us to hypothesize that
stress-mediated heat shock factor 1 (HSF1) plays a
crucial role in liver fibrosis.

HSF1 is a transcription factor that acts as an inte-
grated sensory mechanism to modulate protein syn-
thesis, folding, and quality control to facilitate cellular
response to environmental stress. Exposure to cellular
stressors activates HSF1 and induces heat shock pro-
teins (HSPs) to restore homeostasis.l’”! Recent studies
have assigned a role for HSF1 in regulation of meta-
bolic pathways[g] and inflammation.®! Notably, in vitro
studies show that HSF1 regulates HSP47, collagen-
specific chaperone in stellate cells."01T we previ-
ously reported an anti-inflammatory function of HSF1
in human monocytes,“z] in models of lipopolysaccha-
ride (LPS)—induced liver injury in mice, and during
chronic alcohol exposure in liver and murine macro-
phages.[®' However, the precise function of HSF1 in

the pathogenesis of liver fibrosis in vivo and its poten-
tial impact on HSC activation remains undefined.

Here, we report increased HSF1 expression but loss
of DNA binding activity in fibrotic livers. Nuclear HSF1
is observed in hepatocytes but not in activated HSCs
in human cirrhotic livers. Furthermore, we demonstrate
that deficiency of HSF1 in vivo exacerbates liver fibro-
sis and delays resolution. Hepatocyte-specific deletion
of HSF1 exacerbates hepatocyte cell death, and similar
to HSC-specific HSF1 deficiency, induces a profibro-
genic response to CCl,, suggesting its important role in
HSC activation and fibrosis. We established that HSF1-
deficient primary HSCs as well as stable expression of
dominant negative HSF1 exhibit increased HSC acti-
vation and profibrogenic responses in vitro. Finally, we
show that activation of HSF1 significantly ameliorates
profibrogenic gene expression in HSCs via decreased
phosphorylation of c-Jun NH2-terminal kinases (JNK),
confirming a protective role for HSF1 in preventing HSC
activation and liver fibrosis.

METHODS
Human liver samples

Normal, NASH cirrhotic, and alcoholic cirrhotic human
livers were provided by the Liver Tissue Cell Distribution
System (Division of Pediatric Gastroenterology and
Nutrition, University of Minnesota, Minneapolis) from
the patients who received transplantation. Normal liver
tissue was the noninvolved surrounding tissue, ob-
tained from patients undergoing partial hepatectomy
for liver cancer (Table 1).

Study approval

The study was approved by the Institutional Animal Care
and Use Committee of the University of Massachusetts
Chan Medical School. All animals received proper care

TABLE 1 Physical and biochemical parameters associated with the study's control and patients with NASH and alcoholic cirrhosis

Control
Number (male/female) 17 (12/5)
Age (years), median (range) 53.5 (38-78)
Aspartate aminotransferase (IU/L), median (range) 18 (13-51)

Bilirubin (mg/dl), median (range) -
Alkaline phosphatase (IU/L), median (range) -
Creatinine (mg/dl), median (range) -
Albumin (g/dl), median (range) -

Alcoholic
NASH cirrhosis cirrhosis
10 (4/6) 10 (8/2)
62 (48-68) 47 (38-66)
58 (48-89) 50.5 (31-133)

4.35 (0.7-25.1)
213.5 (82-289)
1.23 (0.46-4.98)
2.7 (1.7-3.8)

7.35 (1.5-20.7)
131 (74-326)
119 (0.62-2.27)
2.75 (2.2-3.6)
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in accordance with the Guide for the Care and Use
of Laboratory Animals from the National Institutes of
Health.

Liver injury models

Hsf1-deficient mice (Hsf1™"; male) aged 8—12weeks
old on a mixed B6/CD1 background and correspond-
ing wild-type (WT) littermates were used for the study.
Homozygous Hsf1-deficient mice were obtained from Dr.
Ashok Saluja, University of Miami Health System, on CD1
background, backcrossed 8—10 generations on C57BI/6,
and Hsf1-deficient offspring were confirmed by real-time
polymerase chain reaction (PCR) and electrophoretic
mobility-shift assay (EMSA) (Supporting Methods). To gen-
erate stellate-specific HSF1-deficient (Hsf1"" LratCre*")
mice and hepatocyte-specific HSF1-deficient (Hsf1™"
AlbCre*") mice, Hsf1"" were obtained from Dr. Chengkai
Dai (National Cancer Institute) and cross bred with LratCre
transgenic mice or AlbCre transgenic mice (Jackson
Laboratory). Hsf1"Cre-negative littermates served as
WT controls. Cell-specific knockouts were confirmed by
isolation of liver cells and messenger RNA (MRNA) ex-
pression. Fibrosis was induced by intraperitoneal injec-
tion of 25% CCl, (Sigma-Aldrich) in corn ail (0.5 pl/g body
weight), twice a week for either for 2 or 6weeks." Mice
injected with corn oil served as controls. Acute toxic injury
was induced by giving a single mtraperltoneal |nject|on of
1 pl/g body weight of 25% CCl,, in corn oil,"® and livers
were collected after 48 h. Fibrosis was also induced by diet
containing 0.1% 3,5-diethoxycarbonyl-1, 4-dihydrocollidine
(DDC; Dyets Inc.) for 4weeks.l"") Cholestatic liver fibrosis
was induced by mice by common bile duct ligation (BDL)
for 2weeks as described."®!

Supplemental methods

Supplemental methods include biochemical assays,
EMSA, HSC isolation, peritoneal exudate cell (PEC)
isolation and stimulation, LX-2 cell stimulations, chemi-
cal genetic modulation of HSF1 in LX-2, small inter-
fering RNA (siRNA) transfection, quantitative PCR,
western blotting, immunohistochemistry, and terminal
deoxynucleotidyl transferase—mediated deoxyuridine
triphosphate nick-end labeling (TUNEL) staining.

Statistical analysis

Data are expressed as mean+SEM and considered
statistically significant at p<0.05. Statistical analyses
were performed using GraphPad Prism 8.1. Differences
between two groups were assessed using a Student's
t-test. One-way or two-way analysis of variance was
used to assess differences between multiple groups.

RESULTS

HSF1 expression is increased but not
activity in liver fibrosis

The role of cellular oxidative pathways in liver fibrosis
is well-established.®! Oxidative stress can induce and
activate proteostasis regulator, HSF1, which acts as
a protective mechanism to restore cellular homeosta-
sis."¥ Clinical relevance of HSF1 in the pathogenesis of
liver fibrosis is unknown. Here we observed that HSF1
was increased in both alcoholic cirrhotic and NASH cir-
rhotic livers when compared with normal liver biopsies
and positively correlated with alpha-smooth muscle
actin («aSMA) (Figure 1A). Nuclear localization of HSF1
in the hepatocytes was observed in the cirrhotic livers
(Figure 1B). Elevated aSMA, collagen a1(l) (COL1A1),
and HSP47 in the human cirrhotic livers validated the
clinical features (Figure S1A,B). Transcriptional up-
regulation of HSPs is a hallmark of HSF1 activation.”
Elevated HSP40, HSPA1A, and HSP90AAT confirmed
the presence of active HSF1 in both alcoholic and
NASH cirrhotic human livers (Figure 1C).

Murine models of liver fibrosis including CCI, intoxi-
cation for 6weeks!'® and methionine-choline— def|C|ent
diet for 8weeks" exhibited hepatic Hsf1 induction
compared with respective controls (Figure 1D). The
murine fibrotic livers also exhibited elevated Hsp40,
Hspatla, and Hsp90aa1 (Figure 1E), similar to human
cirrhotic livers (Figure 1C). While HSF1 and HSP90AA1
protein levels were elevated in fibrotic livers, HSPA1A
was not significantly altered compared with controls
(Figure 1F). Similar to the CCl, intoxicated animals, the
DDC diet—fed fibrotic liver also demonstrated elevated
hepatic HSF1 (Figure 1F). Interestingly, we found that
DNA binding activity of HSF1 in fibrotic livers demon-
strated a trend of decrease compared with the controls
(Figure 1G). Acute CCl,-induced liver i |njury Ieads to ac-
tivation of early OX|dat|ve stress responses ®l After 48 h
of acute CCl,, we observed induction of Hsf1, Hsp40,
Hspatla, and Hsp90aa? (Figure 1F), concomitant to
up-regulation of aSma, Col1a1, platelet-derived growth
factor receptor beta (Pdgfrp), and Hsp47 (Figure S1C).
At 72h, Hsf1 and HSP genes decreased significantly,
suggesting a transient induction of proteostasis re-
sponses (Figure 1F). Collectively, these results suggest
a role for HSF1 in the pathophysiology of liver fibrosis.

Activated HSCs fail to activate HSF1-
mediated proteostasis response

Activation of HSCs and differentiation to myofibroblasts
is the hallmark of liver fibrosis.”®! Having observed in-
creased HSF1 in human cirrhotic and mouse fibrotic
livers, we sought to determine whether HSF1 and
HSPs are induced in HSCs. Nuclear localization of
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FIGURE 1 Heat shock factor 1 (HSF1) and heat shock proteins (HSPs) are elevated in human cirrhotic and mouse fibrotic livers.
Normal livers (n = 20), and livers from patients with alcoholic (n = 16) and nonalcoholic steatohepatitis (NASH; n = 8) cirrhosis were
assessed for expression of HSF1 and its correlative analyses with alpha smooth muscle actin (eSMA; n = 18) (A), immunohistochemical
staining for HSF1 (top panel, original magnification x20; bottom panel, original magnification x40) (B), and HSP40, HSPA1A, and
HSP90AAT messenger RNA (mMRNA) (C). (D) Hsf1 in mouse fibrotic livers induced by CCl, and methionine-choline—deficient (MCD) diet.
(E) mRNA expression of Hsp40, Hspala, and Hsp90aa1. (F) Protein levels of HSF1, HSP90AA1, HSPA1A, and a-SMA (quantitated graphs
on right) and HSF1 protein level in livers of 3,5-diethoxycarbonyl-1, 4-dihydrocollidine (DDC) diet—fed animals. (G) HSF1 DNA binding
activity in mice injected with CCl, for 6 weeks (n = 12-16). (H) Hsf1, Hsp40, Hspata, and Hsp90aa1 after 18, 48, and 72h in mice intoxicated

with acute CCl, (n = 4). *p<0.01, **p<0.001, ****p<0.0001.
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FIGURE 2 HSF1 is not activated in myofibroblast. (A) Immunohistochemical staining of HSF1 (brown nuclei) and «SMA (red) in normal,
alcoholic cirrhotic, and NASH cirrhotic human livers (n = 8) (top panel, original magnification x20; bottom panel, original magnification

x40). (B,C) Hspala and Hsp90aa1 in hepatic stellate cells (HSCs) isolated from mice injected with corn oil or CCl, injected twice a week
for 2weeks (B) and sham or bile duct ligated (BDL) mice (C) (n = 3). (D,E) Hspala and Hsp90aa1 in transforming growth factor p (TGFp)—
stimulated primary HSCs (n = 15) (D) and LX-2 cells (n = 8) (E). HSCs and LX-2 cells subjected to heat shock followed by a recovery phase
of 4 h served as positive control. (F) Electrophoretic mobility-shift assay (EMSA) depicting DNA binding activity in the TGFp-treated LX-2

cells for 2 h and 20h.

HSF1, which confirms its stress-mediated activation,””  Furthermore, aSma and Col1al expressing primary
was not observed in aSMA-positive cells (blue nuclei) HSCs isolated from mice intoxicated with CCI, for
in fibrotic septae, but was observed in hepatocytes = 2weeks (Figure S2A), and BDL (Figure S2B) failed
(brown nuclei) of human cirrhotic livers (Figure 2A). to express Hspala and Hsp90aa1 (Figure 2B,C). We
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also found that transforming growth factor f (TGFp)-
induced activation of HSCs, confirmed by induction of
aSma and Col1at in primary HSCs (Figure S2C) and
LX-2 cells (Figure S2D), failed to induce Hspala and
Hsp90aa1 (Figure 2D,E). We found decreased DNA
binding activity of HSF1 in LX-2 cells exposed to TGFp
(Figure 2F). Previous studies have reported that JNK
activation can suppress HSF1 transcriptional activity.[22]
We found that TGFp mediated JNK phosphorylation in
activated LX-2 cells (Figure S2E), suggesting that JNK
may likely mediate inactivation of HSF1 following expo-
sure to profibrogenic stimulus. Our data show that lack
of HSF1 activation in HSCs is linked to fibrosis, imply-
ing a protective role for HSF1 in HSC activation.

Deficiency of HSF1 exacerbates
liver fibrosis

Next, we sought to understand whether deficiency of
HSF1 in vivo would have an impact on induction of liver
fibrosis. We used two models of liver fibrosis: biweekly
intoxication with CCl, for 6 weeks or chronic feeding with
a diet containing 0.1% DDC for 4 weeks in Hsf1”~ and
their WT counterparts. Hsf1”~ mice were confirmed by
real-time PCR (Figure S3A). Also, lack of DNA bind-
ing activity in livers of Hsf1”~ mice confirmed the ab-
sence of functional HSF1 (Figure S3B). Furthermore,
CCl, intoxication of WT mice demonstrated elevated
hepatic Hspala and Hsp90aa1, whereas no induction
was observed in the Hsf1”~ mice (Figure S3C,D), con-
firming no functional activation of HSF1. Following CClI,
intoxication, Hsf1”~ mice demonstrated higher serum
alanine transaminase (ALT) (Figure 3A). Although an
increase in the trend of serum ALT was observed in the
Hsf1”~ DDC-fed mice, the difference between WT and
Hsf1”~ mice was not statistically significant (Figure 3A).
Both CCl, intoxication and DDC diet resulted in higher
aSma and Col1a1 in Hsf1™~ mice (Figure 3B). Western
blotting and immunohistochemical staining revealed el-
evated hepatic «SMA in Hsf1”" intoxicated with CCl,
for 6weeks (Figure 3C,D) and 2weeks (Figure S3E).
Furthermore, both CCl, intoxication and DDC diet led
to higher hepatic collagen accumulation and increased
bridging fibrosis in Hsf1™~ (Figure 3D).

Growth factors like Tgff, Pdgf, and connective tis-
sue growth factor (Ctgf) induce trans-differentiation

of HSCs and promote fibrosis.®! CCl, intoxication
resulted in increase of TgfB in Hsf1™" fibrotic livers
at 2weeks (Figure S3F). Six weeks of CCl, intoxi-
cation induced Tgf§ and Pdgfa in Hsf1™" fibrotic liv-
ers to some extent (Figure 3E). On the other hand,
Pdgfs was significantly increased in Hsf1”~ after
acute CCl, intoxication (Figure S3E). Furthermore,
Hsf1™~ fibrotic livers did not exhibit induction of Ctgf
(Figure 3E). PDGFRp expressed by activated HSCs
binds to the PDGF ligands to activate mitogenic path-
ways in the stellate cells.”?® Our data show that Pdgfrp
is increased in Hsf1™" fibrotic livers after 6weeks
(Figure 3E), acute, and 2weeks of CCl, administra-
tion (Figure S3F). The collagen-specific chaperone,
Hsp47, was also elevated in Hsf1”~ and parallels
increased collagen synthesis (Figure 3E). The bal-
ance between tissue inhibitors of metalloproteinases
(TIMP) and matrix metalloproteinases (MMP) deter-
mines the extent of ECM deposition during hepatic
fibrosis.?Y Hsf1”~ demonstrated higher tissue inhibi-
tor of metalloproteinase 1 (Timp1) (Figure 3E) and de-
creased Mmp8 and Mmp13 (Figure 3E). In the DDC
diet-induced fibrosis model, Hsf1”~ mice demon-
strate elevated Tgf and Pdgfp (Figure 3F). In addi-
tion, Hsf1~~ fibrotic livers from DDC-fed mice showed
increase in Pdgfa, Pdgfp, Pdgfrp, Hsp47, and Timp1
(Figure 3F). However, expression of Mmp8 and Mmp13
remained high in these livers (Figure 3F). Collectively,
our data indicate that—regardless of the etiological
factors—HSF1 deficiency promotes HSC activation,
profibrogenic responses, and ECM deposition.

Deficiency of HSF1 impedes
resolution of fibrosis

Having established that absence of HSF1 accelerates
the progression of liver fibrosis, we sought to understand
whether HSF1 deficiency hinders resolution of fibrosis.
WT and Hsf1”~ mice subjected to CCl, intoxication for
6 weeks were allowed to recover for 4 weeks. Significant
reduction in «SMA was observed in WT compared with
Hsf1™~ mice after 4 weeks of recovery (Figure 4A). The
Hsf1™~ mice following recovery still exhibit significant
ECM deposition (Figure 4B) and Col1a1 (Figure 4C).
The WT mice exhibited no induction of Hsp47 concomi-
tant to reduced Colfa, whereas the Hsf1™" recovery

FIGURE 3 Deficiency of HSF1 exacerbates liver fibrosis. Wild-type (WT) and Hsf1™~ mice were either injected with corn oil or CCl,,
twice weekly for 6 weeks, or fed with diet containing 0.1% DDC. (A) Hepatic injury was assessed by serum alanine aminotransferase
(ALT). (B) Hepatic fibrosis was quantitated by aSma and collagen a1(l) (Col1a?) expression. (C) aSMA immunoblotting was quantified by
normalizing to tubulin using ImageJ. (D) «SMA immunohistochemistry (original magnification x10) was quantitated as percentage area
demonstrating «SMA by ImageJ; sirius red staining (original magnification x10) with graphs represent percentage fibrotic area quantitated
by ImageJ. (E) Expression of Tgff, platelet-derived growth factor receptor beta (Pdgfa), connective tissue growth factor (Ctgf), Pdgfrp,
Hsp47, tissue inhibitor of metalloproteinase 1 (Timp1), matrix metalloproteinase 8 (Mmp8), and Mmp13 in CCl, intoxicated mouse liver.
(F) Expression of Tgf, Pdgfa, Pdgfs, Pdgfrs, Hsp47, Timp1, Mmp8, and Mmp13 in DDC-fed mouse liver (n = 8—10 per treatment group).

*5<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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group of mice demonstrated higher Hsp47, correlating
with higher collagen deposition (Figure 4D). Timp1 was
reduced significantly in the livers of WT, but Hsf7™~ mice
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O WT Chow B WTDDC m Hsf1” Chow Hsf1” DDC

displayed high Timp1 even after a 4-week recovery
(Figure 4E). Induction of Timp1 provides pro-survival
signals to activated HSCs, ?°! and its expression in the
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FIGURE 4 Deficiency of HSF1 delays resolution of liver fibrosis. WT and Hsf1™" mice injected with corn oil or CCl, for 6weeks were
allowed to recover for 4 weeks. Fibrosis was evaluated by aSMA immunoblotting and quantified by densitometry after normalization to
tubulin using ImageJ (A), sirius red staining (original magnification x10) and quantified by Imaged (B), and Col1a1 (C), Hsp47 (D), Timp1 (E),
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Hsf1™" livers after 4weeks of recovery strengthens the animals suggests likely ongoing resolution after 4 weeks
presence of activated HSCs in these livers. Moreover, of recovery (Figure 4F). These results indicate that lack
expression of Mmp8 in the Hsf1™~ recovery group of  of HSF1 significantly hampers resolution of liver fibrosis.



HEPATOLOGY COMMUNICATIONS

| 2789

Deficiency of HSF1 induces selective
inflammatory response and facilitates
neutrophil recruitment

Exacerbated chronic pro- inflammatory response is
prerequisite for liver fibrosis.*®! Because HSF1 and
HSPs interact and regulate signaling intermediates in-
volved in innate and adaptive immune responses,??’!
we evaluated inflammatory chemokines and cytokines
implicated in hepatic fibrogenesis. Monocyte chem-
oattractant protein 1 (Mcp7), important in myeloid cell
recruitment and crucial in fibrosis,”® was elevated
in Hsf1™”~ in both the CCl,-intoxicated (Figure 5A,C)

and DDC diet—fed mice (Figure 5B). In contrast, CC-
chemokine receptor 2 (CCR2), a MCP1-specific recep-
tor,l'""! was decreased in Hsf1”~ fibrotic livers in both
models (Figure 5A,B). Chemokine (C-C motif) ligand
5, crucial for stellate cell migration and proliferation
during liver fibrosis,’*® was induced to a similar level in
both WT and Hsf1”". Macrophage inflammatory pro-
tein | alpha (Mip1a), also known to promote liver fibro-
sis,®% was reduced in the Hsf1™" fibrotic livers, in both
models (Figure 5A,B). Although tumor necrosis factor
alpha (Tnfa) and interleukin ()1 were decreased in the
CCl,-intoxicated Hsf17~ (Figure 5A), these were signifi-
cantly elevated in the Hsf1”" fibrotic livers induced by
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FIGURE 5 Hsf1™" affects intrahepatic proinflammatory cytokines during liver injury. (A,B) WT and Hsf1”~ mice were either

injected with corn oil or CCl, for 6weeks or fed with diet containing 0.1% DDC. Inflammation was evaluated by expression of monocyte
chemoattractant protein 1 (Mcp1), CC-chemokine receptor 2 (Ccr2), chemokine (C-C motif) ligand 5 (Ccl5), macrophage inflammatory
protein | alpha (Mip7a), tumor necrosis factor a (Tnfa), interleukin (//)74, and F4/80 in CCl,-intoxicated mice (A) or DDC diet—fed mice (B).
(C) Hepatic MCP1 was assessed by enzyme-linked immunosorbent assay (ELISA) in CCI -intoxicated mice (n = 8-10). (D) Livers of WT
and Hsf1™" mice intoxicated with CCl, for 2weeks were stained with myeloperoxidase (MPO original magnification x40) and assessed for
CD11b expression (n = 4). (E,F) Per|tonea| exudate cell (PEC)—formed WT and Hsf1™" mice were stimulated with lipopolysaccharide (LPS)
for 2 h and levels of /14, 116, and Mcp1 were evaluated (E), and for 18 h to evaluate TNFa by ELISA in the culture supernatant (F) (n = 3).

*5<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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DDC diet (Figure 5B). After 6 weeks of CCl, adminis-
tration, F4/80 expression (Figure 5B) was significantly
reduced, whereas DDC diet in Hsf1™" fibrotic livers
showed a trend toward increased F4/80 (Figure 5B).
As macrophages contribute to the pool of Thfa and
1115, we predict that discrepancy in both models can be
due to differences in F4/80-expressing macrophages.
Similarly, Hsf1”~ mice challenged with CCl, for 2weeks
displayed a decreasing trend in mRNA expression of
F4/80 when compared with WT (Figure S4A). Recent
studies have established that neutrophils promote HSC
activation, and activated HSCs promote the survival
of neutrophils.[aﬂ Increased myeloperoxidase staining
and CD11b indicated elevated neutrophil infiltration in
Hsf1”~ mice at 2weeks (Figure 5D) and 6 weeks of CCl,
administration (Figure S4B). Cellular cross-talk be-
tween HSF1 and inflammatory pathways is well estab-
lished 327321 PECs from Hsf1”" displayed lower //1p,
Mcp1, 116 (Figure 5E) and TNFa (Figure 5F), suggest-
ing dysfunctional macrophage activity. Collectively, our
data suggest that neutrophils, and not macrophages,
contribute to elevated fibrosis in Hsf1”~ mice.

Absence of HSF1 promotes TGFf-
mediated activation of HSCs

Previous studies have reported TGFp as a major
profibrogenic factor. Also, we observed higher induc-
tion of Tgfs in the Hsf1™~ CCl,-administered mice
(Figure S3E). Thus, to determine the significance of
HSF1 in HSC activation, we used different approaches
to knock out HSF1 in HSCs and used TGFp as a profi-
brogenic mediator in vitro. Primary HSCs were iso-
lated from WT and Hsf1™~ mice, and a representative
image is depicted in Figure S5A. HSF1-deficient pri-
mary HSCs stimulated with TGFp displayed increased
aSma and Col1at (Figure 6A). Similar results were ob-
served in TGFp-stimulated LX-2 cells transiently trans-
fected with HSF1 siRNA (siHSF1), in which significant
up-regulation of aSMA and COL7A71 was observed
compared to cells transfected with scrambled siRNA
(scram) (Figure 6B). Knockdown efficiency of siHSF1
was approximately 80% (Figure S5B).

In another approach, we stably transduced LX-2 cells
with a dominant negative, constitutively active version
of HSF1 (dn-cHSF1) fused to a destabilized variant of
E. coli dihydrofolate reductase (DHFR.dn-cHSF1.LX-2
cells). Addition of the small molecule Trimethoprim
(TMP) to these cells stabilizes the N-terminal DHFR
domain of the fusion protein and prevents proteasomal
degradation, resulting in an increased pool of DHFR.
dn-cHSF1 (Figure 6C), which selectively inhibits en-
dogenous HSF1 activity.®® Adding TMP to DHFR.
dn-cHSF1.LX-2 cells significantly decreased heat
shock—mediated induction of HSPA71A (Figure 6C), val-
idating the regulatable inhibition of endogenous HSF1

by DHFR.dn-cHSF1. Exposure of DHFR.dn-cHSF1.
LX-2 cells to TMP followed by stimulation with TGFp
significantly elevated aSMA and COL71A71 compared
with the non-TMP exposed cells (Figure 6D), confirm-
ing that HSF1 inhibition promotes HSC activation.

HSC and hepatocyte-specific
HSF1 deficiency enhances
profibrogenic response

Having observed an exacerbated profibrogenic re-
sponse in HSF1-deficient HSCs, we sought to deter-
mine the effects of cell-specific HSF1 deficiency in
vivo on CCl,-mediated liver injury. We generated HSC-
specific HSF1-deficient mice by cross-breeding HSF1-
floxed (HSF1"M) mice with Lrat Cre transgenic mice.
To characterize and evaluate specificity of HSF1 dele-
tion, hepatocytes, Kupffer cells (KCs), HSCs, and bone
marrow—derived macrophages (BMDMs) were isolated
from Hsf1™" and Hsf1"" LratCre*’~ mice subjected
to heat shock at 42°C, and induction of Hspaa was
analyzed. HSCs isolated from Hsf1"" LratCre*”~ mice
demonstrated about 85% decrease in HSF1 activity
(Figure 7A). Hepatocytes, KCs, and BMDMs demon-
strate similar induction of Hspaa (Figure S6A), con-
firming that HSF1 deletion is restricted only to HSCs.
Primary HSCs isolated from Hsf1"" LratCre*’~ mice
stimulated with TGFp showed higher aSma and Col1a1
compared with Hsf1™" (Figure S6B), demonstrating
HSC activation similar to Hsf1™~ (Figure 6A). Using the
acute CCl, model that establishes a pro-inflammatory
and profibrotic milieu in the liver, we observed increased
aSma, Pdgfs, Pdgfrs, and Mcp1 in Hsf1"" LratCre*"~
mice compared with Hsf1"" (Figure 7B). Elevated
Tnfa and 1115 were also noted in CCl,-treated Hsf1""
LratCre*”~ (Figure 7B). Chronic administration of CCl,
to Hsf1"" and Hsf1"" LratCre™~ mice for 6 weeks re-
sulted in similar increase in serum ALT (Figure S6C).
Interestingly, «aSMA (Figure S6D) and ECM deposi-
tion (Figure 7C) showed comparable induction in both
groups of mice. Inflammatory markers such as Mcp1,
Ccr2, Mip1a, Tnfa, I115 and F4/80 (Figure S6E), and
profibrogenic markers like Tgfs, Pdgfa, Pdgfrf and
Mmp13 (Figure 7D), were increased after CCl, similar
to Hsf1"" mice. These data highlight the importance of
HSF1 in early HSC activation and fibrosis.

Apart from HSCs, hepatocytes significantly contrib-
ute to the pathogenesis of liver fibrosis through hepato-
cellular cell death and oxidative stress. To evaluate the
importance of hepatocellular HSF1 in liver fibrosis, we
generated hepatocyte-specific HSF1-deficient mice by
cross-breeding HSF1 floxed (Hsf1"™) mice with AlbCre
transgenic mice. Hepatocyte-specific deletion of HSF1
was confirmed in Hsf1"" AlbCre*’~ mice by reduced
Hspala in the heat shocked primary hepatocytes,
when compared with the Hsf1"" mice (Figure 7E).
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FIGURE 6 Deficiency of HSF1 increases the profibrogenic gene response to TGF in HSCs. (A,B) aSma and Col1at in TGFp-
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Administration of acute CCl, to Hsf1"" AlbCre*”
mice resulted in elevated aSMA protein (Figure 7F)
as well as aSma, Pdgfp, Pdgfrs, and Mcp1 mRNA
(Figure 7G). Similar increase in aSMA was observed in
Hsf1"" AlbCre*’~ mice after 6 weeks of CCl, (Figure 7H).
Profibrogenic genes (Figure 71) and pro-inflammatory
cytokines (Figure S6F) was also increased in 6-week

CCl,-treated Hsf1"" AlbCre*” mice. Assessment of
hepatocyte cell death revealed significant increase
in caspase-3 activity (Figure 7J) and TUNEL-positive
cells (Figure 7K) in CCl ,-treated Hsf1"" AlbCre*’~ mice.
Collectively, our data suggest that deficiency of HSF1
in stellate cell and hepatocytes enhances profibrogenic
responses in the liver.



2792 |

HEAT SHOCK FACTOR 1 IN LIVER FIBROSIS

(A) (B) Acuteccl oy
) s Ll
e Y- e W
€ Zam0 s§ 2
ss ¥
§.§ 1000 Ls, 2
I ~
. Hsf1®™™  Hsf1" LratCre*" omas»m Pdgtp  Pdgtep W’Mrnfu np
- O Hsf1"" Vehicle W Hsf1"" CClg
S neknlited; (W1 B Hsf1™ LratCre*" Vehicde ' Hsf1"” LratCre™” CCl,
(©) Hsf17A Hsf1 | ratCre*"
Vehicle CCl, Vehicle CCl,
A oy

Sirius red ‘

mRNA
(Fold change)
>

0

oSma
O Hsf1"" vehicle
W Hsf1™ LratCro*” Vehicle

Totp  Pdgta Pty Mamp13
M Hsf1" CcCly

Hsf1"" LratCre"” CCly

(F) Hsf1m

Hsf11 AlbCre*-

Sirius red positive area %
N & O ®

O Venhicle | CCly

(E)

1500"""’3“.’_f.ytes

Hspala mRNA
(Fold change)
g §

Hsf1™  Hst1™® AbCre™”
O Unstimulated M HS

Vehicle CCl. Vehicle

CCl,

Non

specific
SIS - - P .e ‘

e —

TUDUIIN e ———— ——— ———

gty Mep?

O Vehicle  m CCl O Hsf1™? Vehicle | Hsi1*" cCy
W Hsf1®" AibCro™" Vehiclo Hst1™® AbCre™” CCL
(H)
Hsf1f Hsf14 AlbCre*-
Non Vehicle CCIl, Vehicle  CCl, m—
specific .= T ———— e ese §§m e
aSMA W — — - §§ 100
L
— . — —— ——— — — —— ;v‘vl:am:?a oSma Coifal Tgis Pogla Poy® Poghp Terp! Mmps
0 Hsf1" Vehicle m Hsf1"" CCl,

— W Hsf1"" AIbCre*” Vehicle 1 Hsf1™™ AlbCre™” CCly
J) = 60000- —_— (K)

o HAAK Hsf1%1 AlbCre**-

Py . 3

S 400004 _* Vehicle Vehicle CCl,

© n

b4 RN

™ =)

o 20000 E

w

© )

g F

o o

O 211" Hert" Acre®

3 Vehicle mm CCL4




HEPATOLOGY COMMUNICATIONS

2793

FIGURE 7 HSC-specific and hepatocyte-specific deletion of HSF1 increases profibrogenic response to acute CCl,. (A) Hspa7a in heat-
shocked HSCs isolated from Hsf1"" and Hsf1™" LratCre*"~ mice. (B) Mice were injected with an acute dose of corn oil or CCl, and sacrificed
after 48 h to assess aSma, Pdgfp, Pdgfrp, Mcp1, Tnfa, and /114. (C,D) Hsf1™" and Hsf1"" LratCre*’~ mice were injected with corn oil or

CCl,, for 6weeks. (C) Fibrosis was assessed by aSma and sirius red staining (original magnification x10) and are presented as percentage
fibrotic area. (D) Levels of aSma, TgfB, Pdgfa, Pdgfrs, and Mmp13. (E) Hspa7a in heat-shocked HSCs isolated from Hsf1"™ and Hsf1""
AlbCre™ mice. (F,G) Hsf1"" and Hsf1"" AlbCre*”” mice were injected with an acute dose of corn oil or CCl, (F) and hepatic aSma, Pdgfp,
Pdgfrp, Mcp1, and Tnfa (G). (H) Hsf1"" and Hsf1"" AlbCre*"~ mice were injected with corn oil or CCl, for 6weeks and fibrosis was assessed
by «aSMA immunoblotting quantified by normalizing to tubulin using ImageJ. (I) Hepatic aSma, Col1a1 Tofp, Pdgfa, Pdgfp, Pdgfrp, Timp1,
and Mmp8. (J) liver caspase-3 activity. (K) Terminal deoxynucleotidyl transferase—mediated deoxyuridine triphosphate nick-end labeling
(TUNEL) staining of formalin-fixed liver sections (n = 6—8 mice per treatment group). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

Activation of HSF1 ameliorates
TGFp-mediated induction of
profibrogenic genes

Because both Hsf1”~ and in vitro inhibition of HSF1
escalated HSC activation, we sought to understand
the effects of HSF1 activation on induction of profibro-
genic genes in response to TGFp. In the first approach,
LX-2 cells were heat shocked (HS) to activate HSF1,
allowed to recover for 1 h, and exposed to TGFf. Heat
shock—mediated activation of HSF1 decreased aSMA
and COL7A17 in response to TGFp (Figure 8A). Elevated
HSPA1A at 2, 4, and 8 h after HS confirmed the acti-
vation of HSF1 (Figure S7A). In another approach, we
used celastrol, a pharmacological inducer of HSF1 acti-
vation with kinetics similar to HS.2# Treatment of TGFp-
stimulated LX-2 cells with celastrol at a concentration
of 1.5 uM minimally affected cell viability (Figure S7B)
and decreased aSMA and COL7A71 (Figure 8B).
Activation of HSF1 by celastrol was confirmed by the
increased HSPA1A in the celastrol-treated LX-2 cells
(Figure S7C).

To better understand whether HSF1 activation can
reduce HSC activation, we used a chemical method to
induce HSF1 activity independent of stress stimuli. We
engineered LX-2 cells to stably express a previously
reported constitutively active HSF1 variant (cHSF1)
fused to a ligand-regulated, destabilized version of
FKBP (FKBP.cHSF1.LX-2 cells).®®! In the absence of
the small molecule ligand Shield-1, the FKBP.cHSF1 fu-
sion protein was rapidly degraded by the proteasome.
Addition of Shield-1 prevented proteasomal degrada-
tion of FKBP.cHSF1 and resulted in transcriptional up-
regulation of HSF1 target genes,% HSP40, HSPA1A,
and HSP90AAT in the absence of HS, confirming
stress-independent, small molecule—regulated activa-
tion of HSF1 (Figure 8C). FKBP.cHSF.LX-2 cells treated
with vehicle and then exposed to TGFf displayed in-
duction of aSMA and COL1A1 similar to that seen in the
parental LX-2 cells. Addition of Shield-1 significantly at-
tenuated the TGFp-mediated expression of aSMA and
COL1A1 (Figure 8D). Previous studies reported that
TGFp induces JNK phosphorylation, which is required
for HSC activation.*®! The FKBP.cHSF.LX-2 cells stim-
ulated with TGFp increased phosphorylated JNK (p-
JNK) (Figure 8D), similar to LX-2 cells (Figure S2D).

Notably, addition of Shield-1 activated HSF1 and di-
minished p-JNK (Figure 8E), which correlated with de-
creased profibrogenic response (Figure 8D). Thus, we
can conclude that HSF1 activity is directly responsible
for the attenuation of these profibrogenic genes via in-
hibition of JNK activity. Overall, our studies identify that
HSF1 can regulate and curb HSC activation promoting
anti-fibrotic responses in the liver.

DISCUSSION

Traditionally characterized as a sensor of cellular stress
caused by protein misfolding, HSF1 functions as a tran-
scriptional regulator of HSPs to restore proteostasis.
Here we established that loss of HSF1 activity facili-
tates HSC activation and profibrogenic gene expres-
sion. We identified that HSF1 and HSPs are elevated
in human cirrhotic and mouse fibrotic livers. However,
fibrotic livers and myofibroblasts associated with
ECM did not show activated HSF1. Also, whole-body,
hepatocyte, and stellate cell-specific HSF1 deficiency
exacerbates liver fibrosis by increased HSC activa-
tion. Hsf1-deficient stellate cells in vitro and stellate
cell-specific HSF1 knockout mice exhibited enhanced
HSC activation. On the other hand, activation of HSF1
caused a significant reduction in HSC activation likely
via decreased JNK activation. Overall, our studies
demonstrate that TGFp-mediated JNK may induce loss
of HSF1 activity and facilitate hepatic fibrosis, whereas
activation of HSF1 reduces HSC activation likely via
inhibition of JNK and induces antifibrotic responses
(Figure 8F).

Overactivation of HSF1 in alcoholic murine mac-
rophages has been previously demonstrated by our
group. (1214 Recent studles point to a role for HSF1 in
metabolic processes ! and demonstrate that HSF1 is
required for maintaining oxidized nicotinamide ade-
nine dinucleotide NAD+ and adenosine triphosphate in
hepatic cells.®”! Transition of quiescent HSCs to my-
ofibroblast is triggered by the activation of NOX and
generation of ROS.P! The oxidant byproducts such as
ROS and reactive nitrogen species results in decline
of cell homeostasis and detrimental alterations lead-
ing to pathological conditions.®® HSF1 and HSPs are
regulators of the cytoplasmic proteostasis network
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that senses cellular stress to restore homeostasis.?%

Increased HSF1 and HSPs in human cirrhotic and mu-
rine fibrotic livers is likely a defense mechanism that
cells adapt to restore the cellular homeostasis.

Although nuclear HSF1 is observed in hepatocytes,
activated stellate cells did not exhibit nuclear HSF1 and
downstream HSPs. Similar cell-specific differences in
proteostasis mediators are described previously in the
brain.*% Activation of JNK is known to suppress HSF1 ac-
tivity.??) In the CCl,-induced fibrotic livers, JNK activation
in activated myofibroblast and not hepatic parenchyma
is reported.®®! Our data suggest that TGFp-induced p-
JNK during HSC activation®®! may inhibit HSF1 activity.
Activation of proteostasis sensors is required for cell sur-
vival during stressful conditions and maintenance of cel-
lular homeostasis. Hence, the inability to activate HSF1
in HSCs is likely detrimental, leading to fibrosis.

Using Hsf1”~ mice, we revealed that absence of
HSF1 exacerbates liver fibrosis as evidenced by in-
creased HSC activation, ECM deposition, and profibro-
genic gene activation. Previous studies demonstrate a
positive relation between HSF1 activation and expres-
sion of HSP47, a collagen-specific chaperone in LX-2
cells."” Despite the deficiency of HSF1, we observed
high expression of Hsp47, concomitant to increased
Col1atin Hsf1”" fibrotic livers. These data suggest that
HSP47 may be regulated by transcription factors other
than HSF1, such as SP1 and ZF9, which are previously
implicated in HSC activation.“%*! Expression of Timp1
is increased in Hsf1”" fibrotic livers, whereas Mmp8
and 13 are decreased, suggesting that elevated TIMP1
may result in increased ECM via down-regulation of
MMPs. Liver macrophages are the predominant source
of MMP8 and MMP13.12l Hsf1™~ mice inherently exhibit
reduced migration and lack of terminal differentiation of
macrophages.[43] It is likely that reduced macrophages
contribute to decreased MMPs and increased ECM
deposition in Hsf1™~ mice.

In addition to their contribution to fibrogenic pro-
cesses, macrophages are also crucial mediators of res-
olution of liver fibrosis.*? Decreased macrophages in
Hsf1™" fibrotic livers after 6weeks of CCl, intoxication
may further account for the delay in the resolution of
liver fibrosis in Hsf1”~ mice. Studies demonstrate that
regression of liver fibrosis in Hspata/b™" mice was
strongly accelerated compared with WT mice, likely
due to apoptosis of inactivated HSCs.*¥ Interestingly,
Hsf1™~ mice exhibit a lesser degree of resolution, sug-
gesting that HSF1, which is a transcriptional regulator of
HSPA1A, may provide a protective regulatory function in
reversal of activated HSCs in addition to its antiapoptotic
properties. Thus, HSF1 may play a central role in driving
antifibrotic responses by modulating HSC activation.

Hepatic inflammation mediated by macrophages
is tightly linked to HSC activation and development
of fibrosis.?®! Hsf1”~ mice show elevated Mcp? and
decreased Ccr2 and Mip1a. Following liver injury,

MCP1 is secreted by hepatocytes, KCs, and activated
stellate cells."*2" It is likely that increased Mcp1 in
Hsf1”~ mice is predominantly contributed by hepato-
cytes and activated HSCs. TNFa and IL-1p are two
potent inflammatory cytokines implicated in liver fibro-
sis.®l Although the DDC model of liver fibrosis demon-
strated elevated Tnfa and II15 expression, we did not
observe induction of Tnfa and /13 in Hsf1”" fibrotic
livers induced by CCl, intoxication, indicating no sig-
nificant contribution of macrophages in inflammation
in Hsf1™~ mice. This can be attributed either to dif-
ferences in the stage of disease progression in both
fibrosis models or the defect in monocyte differentia-
tion in Hsf1™~ mice. Previous studies have shown that
absence of HSF1 decreases the transcription of the
Spl1/Pu.1 gene required for monocyte to macrophage
differentiation, resulting in about 50% decrease in
macrophage activation.”*®! In line with this, our data
revealed that Hsf1”'~ PECs stimulated with LPS dis-
played decreased induction of pro-inflammatory cy-
tokines. Notably, we observed increased hepatic
infiltration of neutrophils in CCl,-administered Hsf1™~
mice. Our finding is supported by Chen et al., who
demonstrated an increase in hepatic neutrophils in
LPS-administered Hsf1”~ mice due to greater sur-
face expression of P-selectin glycoprotein ligand-1
that promotes leukocyte recruitment.! Neutrophils
promote HSC activation, and, in turn, activated HSCs
increase the survival of neutrophils in the model of
high-fat diet and binge ethanol.®" It is likely that de-
creased HSF1 activity in the liver promotes higher
neutrophil activation, and this will be evaluated in the
future. Our data establish that Hsf1™" fibrotic livers
demonstrate selective increase in inflammatory re-
sponse, likely facilitated by neutrophils.

Because HSF1 activity is dramatically reduced in ac-
tivated HSCs, we investigated the role of HSF1 in HSC
activation. We observed that HSF1-deficient HSCs show
exacerbated profibrogenic gene expression in vitro.
Likewise, our data show that stellate cell-specific HSF1
deficiency confers elevated fibrosis genes in an acute
CCl, model of liver injury. In fact, primary HSF1-deficient
stellate cells isolated from Hsf1"" LratCre*”~ mice also
show increased aSma and Col1a1 when stimulated with
TGFp in vitro. We did not use PDGFB as a profibrogenic
stimuli, as previous studies have reported that HSF1
deficient mouse embryonic fibroblasts are resistant to
PDGFB mediated proliferation.*®! Furthermore, our data
show similar extent of fibrosis after 6weeks of CCl, ad-
ministration between Hsf1"" and Hsf1"" LratCre*™" mice,
suggesting that HSF1 in hepatocytes may also contribute
to augmented fibrosis in whole-body HSF1 knockouts.
We further investigated this possibility by generating
Hsf1"" AlbCre™” mice, which demonstrated elevated
liver injury in response to acute CCl,. Hepatocellular in-
jury leads to higher ROS production via nicotinamide ad-
enine dinucleotide phosphate (reduced form) oxidases,
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leading to its interaction with surrounding inflammatory
cells and HSCs facilitating the progression of liver fibro-
sis.*”] Because HSF1 is required for the expression of
anti-apoptotic gene HSPA1A 18 and to combat oxida-
tive stress,™ we confirmed increased hepatocellular
cell death in Hsf1"" AlbCre*~ mice, which likely induces
profibrogenic gene response. These data suggest that
active HSF1 plays a beneficial role in ameliorating liver
fibrosis via regulation of cell death pathways and myofi-
broblast differentiation in a cell-specific manner.

The beneficial effects of HSF1 activation on obe-
sity, insulin resistance, and liver steatosis in mice ex-
posed to high-fat diet have been previously reported.[gl
Augmentation of HSF1 activity via celastrol decreases
inflammation and prevents liver dysfunction in response
to thioacetamide exposure.[49] In our study, activation
of HSF1 down-regulated TGFf-mediated profibrogenic
genes in HSCs. TGFp promotes JNK phosphorylation
in HSCs, and pharmacological inhibition of JNK results
in decreased HSC activation and fibrosis.*®! HSF1 is
known to suppresses activity of JNK.BY Our studies
demonstrate that constitutive activation of HSF1 leads
to decreased phosphorylation of JNK in response to
TGFp stimulation, which in turn leads to decreased
TGFp-mediated profibrogenic response (Figure 8F).

In summary, we establish that absence of HSF1
promotes HSC activation and liver fibrosis. HSF1 de-
ficiency hampers resolution of liver fibrosis, and its
activation prevents TGFp-mediated expression of pro-
fibrogenic genes. Thus, up-regulation of HSF1 activity
as a potential therapeutic for liver fibrosis is attractive.
Our study introduces a paradigm in understanding the
role of proteostasis mediators in pathogenesis of liver
fibrosis. Future studies dissecting the stellate cell—-
specific antifibrogenic transcriptional program regu-
lated by HSF1 will uncover underlying mechanisms in
liver fibrosis and identify potential therapeutic targets.
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