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Transforming growth factor � (TGF�) potently activates
hepatic stellate cells (HSCs), which promotes production and
secretion of extracellular matrix (ECM) proteins and hepatic
fibrogenesis. Increased ECM synthesis and secretion in
response to TGF� is associated with endoplasmic reticulum
(ER) stress and the unfolded protein response (UPR). TGF�
and UPR signaling pathways are tightly intertwined during
HSC activation, but the regulatory mechanism that connects
these two pathways is poorly understood. Here, we found that
TGF� treatment of immortalized HSCs (i.e. LX-2 cells)
induces phosphorylation of the UPR sensor inositol-requir-
ing enzyme 1� (IRE1�) in a SMAD2/3-procollagen I– depen-
dent manner. We further show that IRE1� mediates HSC
activation downstream of TGF� and that its role depends on
activation of a signaling cascade involving apoptosis signaling
kinase 1 (ASK1) and c-Jun N-terminal kinase (JNK). ASK1–
JNK signaling promoted phosphorylation of the UPR-associ-
ated transcription factor CCAAT/enhancer binding protein
� (C/EBP�), which is crucial for TGF�- or IRE1�-mediated
LX-2 activation. Pharmacological inhibition of C/EBP�
expression with the antiviral drug adefovir dipivoxil attenu-
ated TGF�-mediated activation of LX-2 or primary rat HSCs
in vitro and hepatic fibrogenesis in vivo. Finally, we identified
a critical relationship between C/EBP� and the transcrip-
tional regulator p300 during HSC activation. p300 knock-
down disrupted TGF�- or UPR-induced HSC activation, and
pharmacological inhibition of the C/EBP�–p300 complex
decreased TGF�-induced HSC activation. These results indi-
cate that TGF�-induced IRE1� signaling is critical for HSC
activation through a C/EBP�-p300 – dependent mechanism
and suggest C/EBP� as a druggable target for managing
fibrosis.

Hepatic stellate cell (HSC)4 activation increases production
of extracellular matrix (ECM) proteins, leading to fibrogenesis
(1, 2). ECM proteins undergo folding and processing within the
endoplasmic reticulum (ER) prior to trafficking through the
secretory pathway. Canonically, increased production of ECM
proteins leads to ER stress and activation of the unfolded pro-
tein response (UPR), which facilitates their folding and traffick-
ing out of the cell (3, 4). Based on this, several studies show that
the UPR is critical for HSC activation. Indeed, stimuli that pro-
mote HSC activation, such as TGF�, are associated with ER
stress and UPR induction (5–7). Furthermore, chemical induc-
tion of the UPR in HSCs in vitro increased expression of ECM
proteins in HSCs, whereas pharmacological inhibition of the
UPR attenuated HSC activation (8 –11). Despite these observa-
tions, the mechanisms by which the UPR regulates HSC activa-
tion, and in turn how HSC activation modulates UPR signaling,
are unclear.

One of the major ER stress sensors that initiates the UPR is
inositol-requiring enzyme 1� (IRE1�). IRE1� is critical for UPR
signaling to accommodate increased protein folding and traf-
ficking (12–14). Upon sensing increased levels of unfolded pro-
teins in the ER, IRE1� dimerizes and undergoes autotransphos-
phorylation. This kinase activity is necessary for activation of its
endonuclease domain as well as mediating downstream signal-
ing cascades involving apoptosis-signaling kinase 1 (ASK1)
(15–19). Both the kinase and endonuclease domains of IRE1�
are associated with HSC activation (5, 8, 11), but the mecha-
nisms that regulate and propagate IRE1� signaling during HSC
activation and fibrogenesis are not completely understood.

We sought to better understand the mechanisms of IRE1�
activation and signaling during fibrogenesis. First, we estab-
lished that TGF� induces IRE1� activation downstream of
SMAD2/3 signaling and procollagen I expression. Mutational
analysis revealed that IRE1� signaling through its kinase
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mote HSC activation. IRE1� signaling through ASK1 and JNK
is critical for TGF� up-regulation and phosphorylation of the
UPR-responsive transcription factor CCAAT/enhancer bind-
ing protein � (C/EBP�), which in turn is critical for HSC acti-
vation. Pharmacological antagonism of C/EBP� through adefo-
vir dipivoxil disrupted HSC activation in vitro and fibrogenesis
in vivo. Finally, we found that the transcriptional regulator p300
is critical for both TGF�- and UPR-mediated HSC activation
and may act through a mechanism involving C/EBP�.
Together, our work shows that TGF� induction of the UPR
leads to a feed-forward signaling pathway that acts through
C/EBP�–p300 to promote fibrogenesis and that C/EBP� can be
therapeutically targeted to limit fibrosis in vivo.

Results

TGF� induction of IRE1� signaling is critical for HSC activation

To better understand the relationship between UPR signal-
ing and TGF�, we first established a model to characterize and
understand IRE1� signaling in the presence of TGF�. Immor-
talized HSCs (LX-2 cells) treated with TGF� (5 ng/ml) showed
increased phosphorylation of IRE1�, indicative of its activation
(Fig. 1A). TGF� canonically signals through a pathway involv-
ing the transcription factors SMAD2/3, which up-regulates
transcription of several genes involved in HSC activation and
fibrogenesis, including procollagen 1�1 and 1�2 and fibronec-
tin (20). To test whether TGF� induced IRE1� phosphorylation

Figure 1. TGF� induction of IRE1� is critical for HSC activation. A, LX-2 cells were stably infected with an shRNA targeting procollagen 1�1 (shCollagen 1�1)
or an NT control. Cells were treated with 5 ng/ml TGF� for 0, 1, 2, 4, or 24 h, followed by assessment of phosphorylation and protein levels of IRE1�, fibronectin
(FN), �SMA, and collagen I. HSC70 served as a loading control. Quantification is shown adjacent. B, LX-2 cells were transfected with an siRNA targeting SMAD2
(siSMAD2) or a nontargeting siRNA (siControl). 24 h post-transfection, cells were serum-starved and treated with TGF� for 0, 1, 2, 4, or 24 h. Cell lysates were
harvested, and levels of phosphorylated and total IRE1�, SMAD2/3, and HSC70 (loading control) were assessed by immunoblotting. Quantification is shown
adjacent. C, primary HSCs were isolated from IRE1�fl/fl mice and infected with adenovirus expressing Cre recombinase (AdCre) or LacZ as a control. 48 h
postinfection, cells were treated with TGF� or vehicle. Cell lysates were harvested and analyzed by immunoblotting for FN, collagen I, �SMA, and HSC70
(loading control). Quantification is shown adjacent. D and E, LX-2 cells were pretreated with the IRE1� inhibitor 4�8C (15 �M) for 1 h, followed by TGF� or
vehicle for 24 h. Cell lysates or mRNA were harvested and analyzed by either immunoblotting (D) for FN, collagen I, and HSC70 (loading control) or qPCR (E) to
assess fibronectin, procollagen 1�1 and 1�2, �SMA, or PPAR� expression. Quantification for D is shown below the blots. Statistics were performed using
ANOVA followed by Tukey post hoc analysis (*, p � 0.05; **, p � 0.01; ***, p � 0.001). Error bars, S.E.
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downstream of SMAD2/3, we disrupted either SMAD2 or pro-
collagen I�1 expression using RNAi (siSMAD2 or shCollagen
1�1). IRE1� phosphorylation in response to TGF� was attenu-
ated in shCollagen 1�1 or siSMAD2 cells compared with non-
targeting (NT) controls (Fig. 1 (A and B), quantification adja-
cent). Furthermore, loss of procollagen I�1 reduced TGF�
up-regulation of fibronectin, as well as �SMA, a marker of acti-
vated HSCs. These observations led us to examine whether
IRE1� signaling was critical for TGF�-induced HSC activation.
HSCs were isolated from mice harboring loxP sites within the
gene encoding IRE1� and were treated with an adenovirus
expressing Cre recombinase (AdCre) to disrupt IRE1� expres-
sion or with LacZ as a control (21, 22). Following TGF� treat-
ment, protein levels of fibronectin, collagen I, and �SMA were
reduced in cells with Cre-mediated IRE1� knockdown (Fig. 1C,
quantification adjacent). Similarly, treatment of LX-2 cells with
the IRE1� inhibitor 4�8C (15 �M) effectively blocked TGF�
induction of collagen I and fibronectin protein (Fig. 1D, quan-
tification below). 4�8C also reduced gene transcription of
fibronectin, procollagen 1�1 and 1�2, and �SMA (Fig. 1E).
Increased mRNA expression of peroxisome proliferator–

activated receptor � (PPAR�), which is associated with quies-
cent HSCs, was also observed. Thus, inhibition of IRE1� signal-
ing limits TGF� activation of HSCs.

We next asked whether IRE1� signaling was sufficient to
mediate profibrotic gene expression. A doxycycline-inducible
IRE1� construct was stably expressed in LX-2 cells (doxIRE1�),
and upon doxycycline treatment (5 �g/ml), increased protein
levels of IRE1�, as well as fibronectin and collagen I, were
observed (Fig. 2A, quantification adjacent). To elucidate the
mechanisms downstream of IRE1� signaling responsible for
this effect, we utilized doxycycline-inducible IRE1� mutants
that specifically inactivate either the IRE1� kinase domain
(K599A) or the endonuclease domain (K907A) (16). Overex-
pression of the K907A mutant recapitulated the effects of the
WT IRE1� construct; however, overexpression of IRE1�
K599A failed to up-regulate fibronectin or collagen I (Fig. 2A).
This implicates the IRE1� kinase domain in HSC activation
independent of IRE1� endonuclease activity. A major down-
stream target of the IRE1� kinase domain is ASK1, which in
turn phosphorylates and activates signaling cascades through
Jun N-terminal kinase (JNK) or p38 MAPK. To explore whether

Figure 2. IRE1� kinase activity promotes HSC activation. A, LX-2 cells were stably infected with doxycycline-inducible IRE1� constructs encoding for
WT IRE1� (doxIRE1� WT), a kinase-dead mutant (K599A), or an endonuclease-dead mutant (K907A). Cells were treated with doxycycline (5 �g/ml) or
vehicle for 24 h, cells were lysed, and protein levels of IRE1�, fibronectin, and collagen I levels were assessed. HSC70 served as a loading control.
Quantification is shown adjacent. B, doxIRE1� cells were treated with GS-444217 (2 �M), SP600125 (10 �M), or SB203580 (0.5 �M) for 1 h to inhibit ASK1,
JNK, or p38, respectively, followed by doxycycline treatment for 24 h. Cell lysates were harvested, and IRE1�, fibronectin, collagen I, phosphorylated and
total JNK, and phosphorylated and total p38 were assessed by immunoblotting. HSC70 served as a loading control. Quantification is shown adjacent. C,
doxIRE1� cells were pretreated with U0126 (5 �M) to inhibit ERK1/2 phosphorylation, followed by doxycycline treatment for 24 h. Cells were lysed and
assessed by immunoblotting for IRE1�, fibronectin, collagen I, phosphorylated and total ERK1/2, and HSC70 as a loading control. Quantification is
shown adjacent. Statistics were performed using ANOVA followed by Tukey post hoc analysis (*, p � 0.05; **, p � 0.01). n � 3 biological replicates for
each experiment. Error bars, S.E.
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one or both of these pathways was critical for HSC activation
downstream of IRE1�, doxIRE1� cells were treated with doxy-
cycline in the presence of ASK1, JNK, or p38 inhibitors (GS-
444217 (2 �M), SP600125 (10 �M), and SB203580 (0.5 �M) for
ASK1, JNK, and p38, respectively) (23, 24). Inhibition of ASK1
or JNK attenuated the effects of IRE1� overexpression on
fibronectin and collagen I expression (Fig. 2B, quantification
adjacent), but inhibition of p38 had no effect. Inhibition of
ERK1/2 (U0126, 5 �M), which acts downstream of TGF� sig-
naling, also showed no effect on IRE1�-mediated expression of
fibronectin or collagen I (Fig. 2C, quantification adjacent).
Together, these data suggest that TGF�-induced IRE1� sig-
naling drives HSC activation in an ASK1-JNK– dependent
manner.

TGF� induces expression and phosphorylation of C/EBP� in
an IRE1�-dependent mechanism

The role of IRE1� signaling in regulating expression of TGF�
target genes led us to explore the mechanisms responsible for
this effect. The ENCODE database showed binding sites for the
UPR-associated transcription factor C/EBP� along several gene
promoters, including procollagen 1�1 and fibronectin. C/EBP�
is a b-ZIP domain– containing protein transcribed from a sin-
gle-exon gene as three different isoforms: liver-activating pro-
tein 1 and 2 (LAP1 and LAP2), which are transcriptional co-ac-
tivators, and liver inhibitory protein (LIP), which acts as a
co-repressor (25, 26). To establish a role for C/EBP� in HSC
activation, C/EBP� protein levels were examined in response to
TGF� and found to be up-regulated; however, this up-regula-
tion was disrupted by loss of collagen I (Fig. 3, A and B, quanti-
fication below). We also observed translocation of C/EBP� into
the nucleus after TGF� treatment (4 h) by immunofluores-
cence (Fig. 3C). We next assessed whether TGF�-induced
C/EBP� expression required IRE1� signaling. Pretreatment
with 4�8C attenuated TGF�-induction of C/EBP� protein
expression (Fig. 4A, quantification adjacent). Phosphorylation

of C/EBP� at site Thr-235 (corresponding to Thr-223 on LAP2
and Thr-37 on LIP) is known to mediate its activation; thus, we
also assessed whether C/EBP� phosphorylation was modulated
by a TGF�/IRE1� mechanism (27). Indeed, C/EBP� phosphor-
ylation increased with TGF� treatment but was attenuated in
the presence of 4�8C. Due to the increase in both total expres-
sion and phosphorylation of C/EBP� in response to TGF�, the
ratio of phosphorylated/total C/EBP� was unchanged. We fur-
ther assessed C/EBP� expression and phosphorylation in the
doxIRE1� cells. Increased expression of C/EBP� (total LAP1/2
and LIP) was observed with overexpression of WT, K599A, or
K907A IRE1�; however, C/EBP� phosphorylation (p-LAP1/2
or p-LIP) failed to be induced with the K599A mutant, which
suggests dependence on an IRE1�-dependent kinase cascade
(Fig. 4B, quantification adjacent). Similarly, both the ASK1 and
JNK inhibitors blocked C/EBP� phosphorylation downstream
of IRE1� expression (Fig. 4C, quantification adjacent). Interest-
ingly, whereas doxycycline treatment did not alter the ratio of
phosphorylated/total C/EBP� in doxIRE1� WT or K907A cells,
phosphorylated/total C/EBP� was significantly reduced follow-
ing doxycycline treatment in doxIRE1� K599A cells or with
inhibition of ASK1 or JNK. Thus, ASK1/JNK signaling pro-
motes C/EBP� activity downstream of IRE1�. Together, these
data suggest that IRE1� signaling promotes TGF�-mediated
HSC activation through up-regulation of both C/EBP� protein
levels and phosphorylation.

Loss of C/EBP� disrupts TGF�-induced HSC activation

To determine whether C/EBP� is critical for HSC activation,
LX-2 cells were infected with a lentivirus expressing an shRNA
against C/EBP� (sh-C/EBP�), or an NT shRNA. Two clones
were selected that exhibited reduced expression of the activat-
ing and inhibitory isoforms of C/EBP�, LAP1/LAP2 (69 and
68% reduction) and LIP (82 and 78% reduction) (Fig. 5A, quan-
tification below). Reduced C/EBP� expression attenuated the
effects of TGF� on fibronectin and collagen I protein levels

Figure 3. TGF� promotes C/EBP� expression. A, LX-2 cells were treated with 5 ng/ml TGF� for 0, 1, 2, 4, or 24 h, harvested, and assessed by immunoblotting
for expression of C/EBP� isoforms (LAP1/2 and LIP). HSC70 served as a loading control. Quantification is shown below. B, shCollagen 1�1 or NT cells were
treated with TGF� for 0, 1, 2, 4, or 24 h, and cell lysates were analyzed by immunoblotting for collagen I or C/EBP� isoforms. HSC70 served as a loading control.
Quantification is shown below. C, LX-2 cells were treated with 5 ng/ml TGF� for 4 h, fixed, permeabilized, and stained for C/EBP� (green) and DAPI (blue).
Representative images are shown. Statistics were performed using ANOVA followed by Tukey post hoc analysis (*, p � 0.05; **, p � 0.01). n � 3 biological
replicates. Error bars, S.E.
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compared with controls in both clones (Fig. 5 (B and C), quan-
tification below). Loss of C/EBP� expression also attenuated
fibronectin, procollagen 1�1, procollagen 1�2, and �SMA
mRNA expression in response to TGF�, indicative of a crucial
role for C/EBP� in TGF�-mediated gene transcription (Fig. 5D,
clone 1). To determine whether C/EBP� acted downstream of
IRE1�, doxIRE1� cells were stably infected with the shRNA
targeting C/EBP� and treated with doxycycline. Despite induc-
tion of IRE1�, the associated up-regulation of fibronectin, col-
lagen I, and �SMA was lost in doxIRE1� sh-C/EBP� cells (Fig.
5E, quantification adjacent). Together, these data highlight a

crucial role for C/EBP� in mediating mRNA and protein
expression of ECM proteins and �SMA downstream of TGF�
and IRE1�.

Adefovir dipivoxil inhibits C/EBP� expression and blocks HSC
activation in vitro and in vivo

The crucial role of C/EBP� in HSC activation led us to ask
whether C/EBP� could serve as an antifibrotic target. Recently,
the hepatitis B antiviral drug adefovir dipivoxil was shown to
antagonize C/EBP� expression in vitro (28). Indeed, adefovir
dipivoxil treatment (10 �M) of LX-2 cells attenuated TGF�

Figure 4. C/EBP� expression and phosphorylation is increased by TGF� in an IRE1�-dependent manner. A, LX-2 cells were pretreated for 1 h with
15 �M 4�8C, followed by TGF� (5 ng/ml) treatment for 0, 1, 2, 4, or 24 h. Cell lysates were harvested, and protein expression or phosphorylation of C/EBP�
isoforms on Thr-235 (corresponding to Thr-223 on LAP2 and Thr-37 on LIP) was examined by immunoblotting. HSC70 served as a loading control.
Quantification is shown in adjacent graphs. B, doxIRE� WT, K599A, or K907A cells were treated with doxycycline (5 �g/ml) or vehicle for 24 h. Cells were
lysed, and C/EBP� phosphorylation, total C/EBP�, and IRE1� expression were analyzed by immunoblotting. HSC70 served as a loading control. Quan-
tification is shown in adjacent graphs. C, doxIRE1� cells were treated with GS-444217 (2 �M) or SP600125 (10 �M) for 1 h to inhibit ASK1 or JNK,
respectively, followed by doxycycline treatment for 24 h. Cells were lysed, and phosphorylation of C/EBP� isoforms and total C/EBP� expression, as well
as IRE1� expression, was analyzed. HSC70 served as a loading control. Quantification is shown in adjacent graphs. Statistics for A and C were performed
using ANOVA followed by Tukey post hoc analysis (*, p � 0.05; **, p � 0.01; ***, p � 0.001). For B, paired t tests were performed. n � 3 biological replicates
for each experiment. Error bars, S.E.
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induction of C/EBP� in response to TGF� and blocked the
effects of TGF� on fibronectin and procollagen 1�1 at the
mRNA and protein level (Fig. 6 (A and B), quantification adja-
cent) despite having no effect on TGF� induction of SMAD2/3
phosphorylation (Fig. 6C, quantification below). The conserved
SMAD2/3 phosphorylation indicates that adefovir dipivoxil is
acting downstream of SMAD2/3. We also observed a signifi-
cant increase in PPAR� mRNA expression. Adefovir dipivoxil
similarly reduced collagen I and fibronectin protein levels in
isolated rat primary HSCs in response to TGF� or stiffness-
induced activation (Fig. 6 (D and E), quantification below).

We next tested adefovir dipivoxil as an antifibrotic agent in
vivo, injecting 10-week-old, sex-matched C57Bl/6J mice for 6
weeks with CCl4 or vehicle (2 days/week) and 10 mg/kg adefovir

dipivoxil (or vehicle) on the remaining 5 days/week. Livers were
then harvested and assessed for fibrosis. Mice receiving adefo-
vir dipivoxil in conjunction with CCl4 exhibited significantly
less collagen deposition as assessed by sirius red staining (Fig.
7A, quantified below). Hydroxyproline analysis showed a sig-
nificant increase in collagen content in CCl4-treated mice com-
pared with controls, but no significant difference between
Adefovir-CCl4 and Adefovir-olive oil groups (Fig. 7B). Further-
more, adefovir dipivoxil reduced CCl4-induced protein expres-
sion of fibronectin and �SMA (Fig. 7C, quantification adjacent)
and gene expression of procollagen 1�1, TIMP1, �SMA, and
PDGFR� (Fig. 7D). Finally, immunofluorescence was per-
formed on liver sections and showed reduced �SMA, desmin (a
marker of HSCs), and collagen I in adefovir-CCl4–treated mice

Figure 5. C/EBP� is critical for HSC activation in response to TGF� or IRE1� signaling. A, LX-2 cells were infected with a lentivirus expressing an
shRNA against C/EBP� (sh-C/EBP�) or an NT control. Two clonal cell lines were engineered and were assessed by immunoblotting for expression of
C/EBP� isoforms (LAP1/2 and LIP). HSC70 served as a loading control. Quantification is shown below. B and C, sh-C/EBP� cells (clones 1 and 2) or NT cells
were treated with TGF� (5 ng/ml) for 24 h. Cell lysates were harvested and assessed by immunoblotting for collagen I, FN, C/EBP�, and HSC70 (loading
control). Quantification is shown below. D, sh-C/EBP� or NT cells were treated with TGF� (5 ng/ml), after which mRNA was harvested and qPCR was
performed to assess fibronectin, procollagen 1�1 and 1�2, or �SMA expression. E, DoxIRE1� cells were infected with lentivirus expressing shRNA
targeting C/EBP� (sh-C/EBP�) or an NT control, and clonal cell populations were selected. Cells were treated with doxycycline for 24 h, after which cell
lysates were harvested and assessed by immunoblotting for IRE1�, fibronectin, collagen I, �SMA, C/EBP�, and HSC70 (loading control). Quantification
is shown adjacent. Statistics were performed using ANOVA followed by Tukey post hoc analysis (*, p � 0.05; **, p � 0.01; ***, p � 0.001). n � 3 biological
replicates for each experiment. Error bars, S.E.
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compared with CCl4 alone (Fig. 7E). Assessment of C/EBP�
protein levels in whole-liver tissue revealed that LIP increased
in response to CCl4 but was significantly decreased with adefo-
vir dipivoxil treatment (Fig. 7F, quantification below). Alterna-
tively, LAP1/2 protein levels were unaffected. We also analyzed
IRE1� phosphorylation in whole liver and observed increased
phosphorylation of IRE1� with CCl4 treatment, whereas treat-
ment with adefovir dipivoxil blocked this effect (Fig. 7F).
Finally, analysis of the data revealed no differential effect of
CCl4 or adefovir dipivoxil between male and female mice (data
not shown). Thus, adefovir dipivoxil reduces HSC activation in
vitro and fibrogenesis in vivo.

C/EBP� mediates HSC activation through a mechanism
involving p300

With a link between C/EBP� and HSC activation identified,
we questioned the mechanism of C/EBP� regulation of profi-
brotic genes. C/EBP� canonically acts as a homo- or het-
erodimer to mediate transcription. Analysis of the ENCODE
database revealed C/EBP�-binding sites in close proximity to
sites bound by the transcriptional regulator p300 along the pro-
moters of TGF�-responsive genes, including procollagen 1�1
and fibronectin. p300 has been implicated in HSC activation

and is a known C/EBP�-binding partner (29, 30). In vivo anal-
ysis of p300 protein levels showed increased p300 in mice
treated with CCl4, but this effect was blocked in mice receiving
both CCl4 and adefovir dipivoxil (Fig. 8A, quantification
below). This prompted us to study p300 in both TGF�- and
UPR-induced HSC activation. LX-2 cells were infected with a
lentivirus expressing an shRNA that targets p300 (sh-p300).
sh-p300 or NT cells were treated with TGF� or tunicamycin
(Tm; 1 �g/ml), a potent inducer of ER stress, for 24 h or vehicle
alone. TGF� or Tm treatment increased protein levels of
fibronectin, collagen I, and �SMA, but p300 knockdown atten-
uated this effect (Fig. 8, B and C). Additionally, p300 knock-
down in doxIRE1� cells (doxIRE1�-sh-p300) attenuated
IRE1�-mediated up-regulation of fibronectin, collagen I, and
�SMA protein levels (Fig. 8D, quantification below).

The similar effects of p300 and C/EBP� knockdown on
TGF�- and IRE1�-mediated HSC activation suggested that
these proteins may act together. Previous studies showed that
p300 binding to C/EBP� led to transcriptional activation in a
mechanism that involved C/EBP� phosphorylation at Thr-235.
Thus, we asked whether p300 is responsible for the effects of
C/EBP� during TGF�-mediated HSC activation (29). To this

Figure 6. Adefovir dipivoxil limits HSC activation through decreasing C/EBP� expression. A and B, LX-2 cells were pretreated with 10 �M adefovir dipivoxil
(ADV) for 1 h, followed by TGF� (5 ng/ml) for 24 h. Cell lysates or mRNA were harvested and assessed by immunoblotting (A) for FN, collagen I, C/EBP� isoforms
LAP1/2 and LIP, and HSC70 (loading control) or qPCR (B) for fibronectin, procollagen 1�1 and 1�2, or PPAR� expression. Quantification for A is shown in
adjacent graphs. C, cells were treated with TGF� in the presence of adefovir dipivoxil or vehicle for 0, 1, 2, 4, or 24 h. Cell lysates were harvested and assessed
for phosphorylated SMAD3 or total SMAD2/3. HSC70 served as a loading control. D, primary HSCs were harvested from rats and pretreated with adefovir
dipivoxil for 1 h, followed by either vehicle or TGF� for 24 h. Lysates were harvested and analyzed by immunoblotting for fibronectin or collagen I. HSC70 served
as a loading control. Quantification is shown in the graphs below. E, primary HSCs were harvested from rats, followed by adefovir dipivoxil treatment on days
2, 4, and 6 post-isolation. Cell lysates were harvested on day 7 and analyzed by immunoblotting for fibronectin, collagen I expression, or HSC70 (loading
control). Quantification is shown in adjacent graphs. Statistics were performed using ANOVA followed by Tukey post hoc analysis for A–D and paired t test for
E (*, p � 0.05; **, p � 0.01; ***, p � 0.001). n � 3 biological replicates for each experiment. Error bars, S.E.
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end, we utilized helenalin acetate, a sesquiterpene lactone
reported to disrupt the interaction between C/EBP� and p300
(31). Co-treatment of LX-2 cells with TGF� and helenalin
acetate (1 �M) disrupted TGF� induction of fibronectin,
procollagen 1�1, procollagen 1�2, and �SMA mRNA levels,
as well as increased PPAR� mRNA (Fig. 9A). Helenalin ace-
tate also attenuated TGF� induction of fibronectin and col-
lagen I protein levels, despite no effect on TGF�-mediated
SMAD2/3 phosphorylation (Fig. 9 (B and C), quantification
below). Helenalin acetate similarly reduced TGF� induction
of collagen I and fibronectin in primary HSCs isolated from
rats (Fig. 9D, quantification adjacent). Together, these data
show that p300 is critical for mediating HSC activation

downstream of TGF�-IRE1� signaling and may act through
a mechanism involving C/EBP�.

Discussion

UPR signaling plays an important role during HSC activa-
tion, although the mechanisms that govern the relationship
between HSC activation, UPR signaling, and fibrogenesis are
not fully understood. Here, we make four key findings that pro-
vide mechanistic insight into how IRE1� drives fibrogenesis in
response to TGF� (Fig 10). We show that TGF� induces the
UPR and IRE1� signaling through a SMAD2/3-collagen I– de-
pendent mechanism. Next, we identify C/EBP� as a crucial
mediator of HSC activation that is regulated by IRE1� in an

Figure 7. Adefovir dipivoxil–treated mice display reduced fibrogenesis. Age- and sex-matched C57Bl/6 mice (n � 7– 8 mice/group) were treated with CCl4
or olive oil twice a week for 6 weeks, in conjunction with injections of 10 mg/kg adefovir dipivoxil or 0.05 M citric acid (vehicle) 5 times a week during the same
time period. Whole liver was harvested and analyzed for fibrosis. A, liver sections underwent sirius red staining, and quantification was performed using ImageJ
(shown below). B, hydroxyproline analysis for collagen content. C, whole liver lysates were harvested and immunoblotted for fibronectin, �SMA, and HSC70
(loading control). Quantification is shown adjacent. D, qPCR was performed on mRNA harvested from whole liver to analyze expression of procollagen 1�1,
TIMP1, �SMA, and PDGFR�. E, immunofluorescence was performed on frozen liver sections to assess �SMA, desmin (a marker of HSCs), and collagen I (green).
DAPI was used as a nuclear stain (blue). Representative images are shown. Staining was quantified using ImageJ and is shown in the adjacent graphs. F,
whole-liver lysates were harvested and immunoblotted for phospho-IRE1�, total IRE1�, C/EBP�, and HSC70 (loading control). Statistics were performed using
ANOVA followed by Tukey post hoc analysis (*, p � 0.05; **, p � 0.01; ***, p � 0.001). Error bars, S.E.
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ASK1/JNK-dependent mechanism. Furthermore, C/EBP� can
be pharmacologically targeted by adefovir dipivoxil to block
HSC activation in vitro and fibrogenesis in vivo. Finally, we
show that p300 is a crucial mediator of HSC activation down-
stream of the UPR, which may act together with C/EBP� in
this role. Together, these data map out a UPR-dependent
feed-forward mechanism that drives fibrogenesis through
C/EBP�–p300.

UPR signaling in activated HSCs is thought to accommodate
increased protein translation, trafficking, and secretion. Chem-
ical induction of the UPR can also drive fibrogenesis indepen-
dently of canonical activation signals. The relationship between
canonical HSC activation mechanisms and the UPR, however,
is still unclear. We show here that IRE1� signaling through its
kinase domain is crucial for HSC activation. IRE1� kinase activ-
ity leads to a signaling cascade involving ASK1 and JNK, which
are critical for phosphorylation of C/EBP�. Phosphorylation of
the Thr-235/Thr-223/Thr-37 on C/EBP� is associated with
increased transcriptional activity and is a known target of the
MAPK family of kinases, consistent with our data (27). This role

of IRE1� is interesting for a few reasons. First, IRE1� signaling
has been implicated in HSC fibrogenic gene expression through
both its endonuclease domain and through p38 signaling; how-
ever, we find that neither of these mechanisms are critical for
HSC activation in our inducible IRE1� system or necessary for
C/EBP� phosphorylation. p38 activation was previously asso-
ciated with SMAD3 phosphorylation and collagen I expression
in response to chemically induced ER stress (11), whereas acti-
vation of the transcription factor XBP1 downstream of IRE1�
endonuclease activity is associated with ER dilation and up-reg-
ulation of genes involved in protein trafficking and secretion (5,
6, 8). Furthermore, we show that overexpression of either the
K907A or K599A IRE1� mutant still led to up-regulation of
total C/EBP� expression, implicating a kinase- and endo-
nuclease-independent mechanism of C/EBP� regulation. Thus,
IRE1� acts through several mechanisms to contribute to HSC
activation. The role of ASK1–JNK signaling in this process is
also interesting, as a separate ASK1 inhibitor, selonsertib, is
associated with reduced collagen content and liver stiffness
when used in a clinical trial to treat patients with non-alcoholic

Figure 8. p300 is critical for TGF�- or UPR-mediated HSC activation and may involve a C/EBP�-dependent mechanism. A, whole-liver lysates
harvested from mice treated with olive oil, CCl4, adefovir dipivoxil, or CCl4 � adefovir dipivoxil and assessed by immunoblotting for protein levels of
p300. HSC70 served as a loading control. B and C, LX-2 cells were infected with a lentivirus encoding an shRNA targeting p300 (sh-p300) or NT control
and were selected to yield a clonal cell population. NT or sh-p300 cells were treated with 5 ng/ml TGF� (B) or 1 �g/ml Tm (C) for 24 h, and cell lysates were
harvested and analyzed by immunoblotting for p300, fibronectin, collagen I, �SMA, and HSC70 (loading control). Quantification is adjacent. D, doxIRE1�
cells were stably infected with a lentivirus encoding an shRNA targeting p300 (doxIRE1� sh-p300) or NT, treated with doxycycline, and assessed by
immunoblotting for IRE1�, p300, fibronectin, collagen I, �SMA, and HSC70 (loading control). Quantification is adjacent. Statistics were performed
using ANOVA followed by Tukey post hoc analysis (*, p � 0.05; **, p � 0.01; ***, p � 0.001). n � 3 biological replicates for each experiment. Error
bars, S.E.
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steatohepatitis (32, 33). Our work suggests that this reduction
may be due to inhibition of C/EBP� phosphorylation, subse-
quently limiting HSC activation. Finally, the loss of procollagen
and fibronectin expression in the absence of IRE1� signaling
provides insight into HSC activation mechanisms. We propose
here that initial SMAD2/3-dependent up-regulation of ECM
proteins leads to UPR signaling and that the UPR is critical for
driving and maintaining the fibrogenic phenotype, thus placing
procollagen I as both a cause and a consequence of UPR signal-
ing during HSC activation. Alternatively, UPR induction prior
to increased protein load has been observed in immune cells
(34). Further assessment of UPR induction in response to dif-
ferent activating stimuli may provide insight into the role of the
UPR in HSCs.

Our data indicating that C/EBP� is critical for HSC activa-
tion in a UPR-dependent manner provide some context for the
regulation of C/EBP� and ECM production in HSCs. Previous
studies show that C/EBP� can positively or negatively regulate
procollagen 1�1 expression, and these effects are dependent on
the stimulus, isoform, and coregulators (35–38). C/EBP� tran-
scription is unique, in that three isoforms are transcribed from
the same gene. The activating isoforms of C/EBP� (LAP1 and
LAP2) bind DNA as well as interact with several transcrip-
tional co-activators, whereas the inhibitory LIP isoform

serves as a dominant negative. Thus, the ratio of LAP/LIP
greatly influences transcriptional programming. This is evi-
dent during the UPR, where LAP1/LAP2 are typically up-
regulated during early adaptive UPR, and LIP is up-regulated
later and associated with proapoptotic UPR signaling (39).
LIP overexpression also inhibits collagen I expression (38).
Thus, targeting C/EBP� or a specific isoform, such as the
full-length LAP1, which can bind to p300, could reduce the
activated HSC population in vivo (31).

UPR-mediated phosphorylation of C/EBP� may influence
recruitment of transcriptional coactivators during HSC activa-
tion. Mutation of mouse C/EBP� at Thr-188 to alanine (corre-
sponding to Thr-235 in human C/EBP�) blocks C/EBP� induc-
tion of the c-fos promoter as well as p300 recruitment to the
same site (40, 41). A similar mechanism may be responsible
during HSC activation, as loss of Thr-235 phosphorylation is
associated with attenuated ECM production in response to
IRE1� overexpression, and helenalin acetate also limits the
effects of TGF�. The mechanisms and the transcriptional com-
plexes involved in TGF�- and IRE1�-mediated gene transcrip-
tion through C/EBP� merit further study, as both C/EBP� and
p300 can interact with several transcription factors, including
SMADs. Of further interest is the requirement for p300 in UPR-
induced HSC activation. There is limited evidence of p300

Figure 9. Helenalin acetate limits TGF�-induced HSC activation. LX-2 cells were pretreated with 1 �M helenalin acetate (HA) for 1 h, followed by TGF�
treatment for 24 h. mRNA (A) or cell lysates (B and C) were harvested and analyzed by qPCR for fibronectin, procollagen 1�1 and 1�2, �SMA, or PPAR�
or by immunoblotting for fibronectin, collagen I, p-SMAD3, total SMAD2/3, and HSC70 (loading control). Quantification for B and C is shown below the
blots. D, primary rat HSCs (rHSCs) were pretreated with helenalin acetate for 1 h, followed by TGF� for 48 h. Cells were lysed and assessed for protein
expression of fibronectin, collagen I, and �SMA. HSC70 served as a loading control. Quantification is shown in adjacent graphs. Statistics were
performed using ANOVA followed by Tukey post hoc analysis (*, p � 0.05; **, p � 0.01; ***, p � 0.001). n � 3 biological replicates for each experiment.
Error bars, S.E.
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involvement downstream of the UPR, aside from acetylation of
the transcription factor XBP1 (34). p300 may complex with
additional UPR-responsive transcription factors to regulate
transcriptional activity.

Whereas we have focused here on UPR signaling through
IRE1�, signaling through the other two UPR sensors, PERK and
ATF6�, also likely plays a role in HSC activation (4). In vivo
studies show a positive relationship between PERK signaling
and HSC activation, and subsequent studies showed that
PERK increases SMAD2 expression through a mechanism
involving phosphorylation of heterogeneous nuclear ribo-
protein A1 and inhibiting the degradation of SMAD2 mRNA
(9). Additionally, C/EBP� is canonically downstream of the
PERK pathway and thus may provide mechanisms for fur-
ther regulation of C/EBP� in HSCs (39). Less is known
regarding ATF6� in HSCs. Inhibition of ATF6� reduced
HSC activation in response to chemically induced ER stress,
but no direct mechanisms for ATF6� signaling during HSC
activation have been identified (11). Further studies are
needed to fully understand the integration of IRE1�, PERK,
and ATF6� signaling during HSC activation and how cross-
talk between activation signals (such as TGF�) and UPR sig-
naling influences HSC activation and survival.

Adefovir dipivoxil was identified as a pharmacological inhib-
itor of C/EBP� during a screen for compounds that preferen-
tially targeted the LIP isoform of C/EBP�. In the drug screen,
adefovir dipivoxil reduced the ratio of LIP/LAP but also
impacted expression of the activating isoforms, prompting
us to test whether adefovir dipivoxil could limit HSC activa-

tion through targeting C/EBP�. Adefovir dipivoxil effec-
tively reduced protein levels of all C/EBP� isoforms in LX-2
cells and attenuated TGF�-stimulated HSC activation, as
well as fibrogenesis in vivo. Interestingly, LIP, but not
LAP1/2, was significantly reduced in whole liver in vivo.
These data suggest a crucial and targetable role for C/EBP�,
and the ratio of LIP to LAP1/2 in fibrosis, further supported
by previous findings where mesenchymal C/EBP� deletion
attenuated pulmonary fibrosis (27). Based on the known role
of C/EBP� in both proliferation and apoptosis, we anticipate
that adefovir dipivoxil may also limit HSC proliferation or
promote HSC apoptosis, both of which are favorable for
fibrosis regression and resolution (42–45). Finally, whereas
we anticipate that C/EBP� is one of the major targets of
adefovir dipivoxil in HSCs, off-target effects may contribute
to the antifibrotic nature of the drug. Another acyclic nucle-
otide analog used in hepatitis B patients, tenofovir, was asso-
ciated with reduced sirius red staining in a thioacetamide
model of liver injury, but its effects on C/EBP� or UPR sig-
naling were not assessed (46).

In conclusion, we show that TGF� induces UPR signaling in
HSCs, which acts in a feed-forward mechanism through IRE1�
to promote fibrotic gene expression through C/EBP�–p300.

Experimental procedures

Cell culture

Immortalized HSCs (LX-2, ATCC) and primary HSCs were
cultured in Dulbecco’s modified Eagle’s medium (Gibco) � 10%

Figure 10. Cross-talk between TGF� and IRE1� promotes HSC activation. 1, TGF�-mediated phosphorylation of SMAD2/3 leads to increased expression of
ECM proteins leading to ER stress. 2, ER stress leads to IRE1� autotransphosphorylation. 3, IRE1� signaling leads to phosphorylation of C/EBP� downstream of
ASK1 and JNK. 4, activation of C/EBP� facilitates ECM production through a mechanism that involves p300. 5, together, this signaling cascade is critical for
fibrogenesis.
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fetal bovine serum � 1% penicillin/streptomycin. Compounds
used include TGF� (5 ng/ml; R&D Biosystems), doxycycline
(5 �g/ml; Clontech NC0424034), 4�8C (15 �M; Selleck-
chem S7272), GS-444217 (2 �M; Gilead Sciences), SB203580
(0.5 �M; Selleckchem S1076), SP600125 (10 �M; Selleckchem
S1460), U0126 (5 �M; InvivoGen (San Diego, CA)), adefovir
dipivoxil (10 �M in vitro and 10 mg/kg in vivo; Sigma A9730),
tunicamycin (1 �g/ml; Sigma 654380), and helenalin acetate
(1 �M; Cayman Chemical 17050). For all experiments using
compounds in conjunction with TGF�, cells were serum-
starved for 4 h and pretreated with the indicated compound
for 1 h, followed by treatment with TGF� or vehicle. Doxy-
cycline-inducible cell lines were cultured in Dulbecco’s
modified Eagle’s medium plus 10% tetracycline-free fetal
bovine serum (Clontech) and 1% penicillin/streptomycin.
For experiments using ASK1, JNK, or p38 inhibitors in con-
junction with doxycycline, the inhibitors were added to the
cells for 1 h followed by the addition of doxycycline for 24 h.
Transient transfection of LX-2 cells with siRNA against
SMAD2 (Qiagen) or a nontargeting control was achieved
using Oligofectamine (Invitrogen), and experiments were
conducted 48 h post-transfection.

Plasmids and generation of stable cell lines

DNA encoding WT, K599A, or K907A IRE1� was cloned in a
pLVX-tetone vector (Clontech) with a hygromycin selection
cassette (pLVX-tetone-hygro-IRE1�, pLVX-tetone-hygro-
IRE1�K599A, or pLVX-tetone-hygro-IRE1�K907A). shRNA
against procollagen 1�1, C/EBP�, p300, or a nontargeting
shRNA control was purchased from Sigma. To generate lenti-
virus encoding the aforementioned plasmids, the plasmids
were transfected into HEK293T cells as described previously
(7). The virus-containing medium was harvested and used to
infect LX-2 cells, followed by selection with puromycin (2
�g/ml) for shRNA constructs or hygromycin (2 �g/ml) for
pLVX-tetone-hygro constructs.

Primary HSC isolation and infection

HSCs were harvested from IRE1�fl/fl mice (21, 47, 48) or
adult female Lewis rats (Charles River Laboratories) (49) as
described previously. HSCs isolated from IRE1�fl/fl mice
were infected with adenovirus encoding for Ad-Cre-eGFP to
induce gene recombination or with an Ad-LacZ control, as
described previously (50). All procedures were reviewed and
approved by the Mayo Clinic Institutional Animal Care and
Use Committee.

In vivo treatment and analysis

Eight-week-old C57Bl/6J mice were purchased from Envigo.
Following a 1-week acclimation period, age- and sex-matched
mice were separated into four treatment groups: olive oil �
vehicle (n � 7), CCl4 � vehicle (n � 8), olive oil � adefovir
dipivoxil (n � 8), and CCl4 � adefovir dipivoxil (n � 8). CCl4
(0.5 �l/mg, 0.08 ml/mouse) was administered by intraperito-
neal injection twice a week for 6 weeks. Each group consisted of
four males and four females, which were housed together
according to their treatment group. Mice were housed in trans-
parent polycarbonate cages subjected to 12-h light/dark cycles

under a temperature of 21 °C and a relative humidity of 50%. A
standard chow diet and freshwater were provided ad libitum.
Adefovir dipivoxil (Sigma-Aldrich, SML0240) was dissolved in
sterile in citric acid (0.05 M, pH 2.0) and administered at a con-
centration of 10 mg/kg/day 5 days a week for 6 weeks. Mice
were observed daily for distress and tolerated the experimental
protocol without adverse effects, aside from one mouse unex-
pectedly reaching end point criteria (olive oil � vehicle group).
After 6 weeks, mice were sacrificed, and livers were harvested
for analysis of fibrosis. Assessment of collagen content by sirius
red staining or hydroxyproline was performed as described pre-
viously (7). For analysis of gene expression, mRNA was
harvested using an RNeasy kit (Qiagen), followed by reverse
transcription into cDNA and assessment by qPCR. For protein
assessment, livers were homogenized in lysis buffer as
described previously and analyzed by Western blotting (7). For
immunofluorescence, liver samples were snap-frozen in OCT
embedding compound, and 7-�m frozen sections were ob-
tained using a Leica cryostat. Sections were fixed with 4% para-
formaldehyde, followed by incubation with primary antibodies
against collagen I, desmin, and �SMA. Anti-goat IgG and anti-
rabbit IgG conjugated with Alexa fluorochromes were used as
secondary antibodies (Molecular Probes, Inc., Eugene, OR).
DAPI was used at 1:2000 for counterstaining. Microscopy was
performed by Axio Observer (Carl Zeiss, Thornwood, NY), in
which appropriate light and filter combinations were selected
according to excitation and emission spectrum features of the
Alexa fluorochromes. All procedures were reviewed and
approved by the Mayo Clinic Institutional Animal Care and Use
Committee.

Immunoblotting

Following the indicated treatment, cells were lysed in a
modified radioimmune precipitation buffer and spun down
to remove cell debris (7). Lysates were denatured using 6�
sample buffer (Boston Bioproducts BP-111R), resolved using
SDS-PAGE, transferred to nitrocellulose membrane, and
blocked in 5% BSA. Membranes were incubated in the indi-
cated primary antibody, followed by the appropriate second-
ary antibody, and developed. All experiments were per-
formed in triplicate biological replicates at a minimum, with
quantification and statistics performed using ImageJ and
PRISM, respectively. HSC70 or GAPDH were used as load-
ing control for all immunoblots.

Antibodies

The following antibodies were used: HSC70 (Santa Cruz
Biotechnology, Inc., 7298), Collagen I (Southern Biotech 1310-
01), IRE1� (Cell Signaling 3294), phospho-IRE1� (Abcam
ab124945), SMAD2/3 (Cell Signaling 3102S), phospho-
SMAD3 (Cell Signaling 9520S), fibronectin (for LX-2 cells, BD
Biosciences 611012), �SMA (Sigma A5228), phospho-p38 (Cell
Signaling 9211S), total p-38 (Cell Signaling 9212S), phospho-
JNK (Cell Signaling 9255S), total JNK (Cell Signaling 9252S),
C/EBP� (Developmental Studies Hybridoma Bank at the Uni-
versity of Iowa, PCRP-CEBPB-3D10), phospho-C/EBP� (Thr-
235 on LAP1, Thr-223 on LAP, and Thr-37 on LIP; Cell Signal-
ing 3084S), fibronectin (for mouse and rat HSCs, mouse tissue,
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Abcam ab2413), PDGFR� (Cell Signaling 28E1), desmin
(Abcam 15200), and P300 (Santa Cruz Biotechnology sc-8981).

qPCR analysis

Following treatment, cells were harvested using an
RNeasy kit (Qiagen). Equal amounts of mRNA were reverse-
transcribed, and qPCR was performed. Human GAPDH or
mouse 18S primers were used for normalization in experi-
ments using human cells or mouse liver lysates, respectively.
Primer sequences used for qPCR analysis are listed in
Table 1.

Statistical analysis

For all experiments with three or more groups, statistics
were performed using analysis of variance (ANOVA) fol-
lowed by Tukey post hoc analysis (*, p � 0.05; **, p � 0.01; ***,
p � 0.001). All statistical analysis comparing two groups
utilized paired t tests. n � 3 biological replicates for each
experiment.
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Table 1
Primer sequences used for qPCR analysis

Gene name Primers

Human fibronectin
Forward GTGGCTGCCTTCAATTCTC
Reverse GTGGGTTGCAAACCTTCAAT

Human procollagen 1�1
Forward TGTGAGGCCACGCATGAG
Reverse CAGATCACGTCATCGCACAA

Human procollagen 1�2
Forward GGCCCTCAAGGTTTCCAAGG
Reverse CACCCTGTGGTCCAACAACTC

Human �SMA
Forward AATGCAGAAGGAGATCACGG
Reverse TCCTGTTTGCTGATCCACATC

Human pPAR�
Forward ACCACTCCCACTCCTTTG
Reverse GCAGGCTCCACTTTGATT

Human GAPDH
Forward CTCTGCTCCTCCTGTTCGAC
Reverse TTAAAAGCAGCCCTGGTGAC

Mouse 18S
Forward GTACAAAGGGCAGGGACTTAAT
Reverse AGGTCTGTGATGCCCTTAGA

Mouse procollagen 1�1
Forward GAGCGGAGAGTACTGGATCG
Reverse GCTTCTTTTCCTTGGGGTTC

Mouse TIMP1
Forward CCTTGCAAACTGGAGAGTGACA
Reverse AAGCAAAGTGACGGCTCTGGT

Mouse �SMA
Forward AAACAGGAATACGACGAAG
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