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Recently, emerging evidence shows that dysregulation of
circadian genes is closely associated with liver fibrosis.
However, how dysregulation of circadian genes promotes liver
fibrosis is unknown. In this study, we show that neuronal PAS
domain protein 2 (NPAS2), one of the core circadian molecules
that has been shown to promote hepatocarcinoma cell prolifer-
ation, significantly contributed to liver fibrogenesis. NPAS2 is
upregulated in hepatic stellate cells (HSCs) after fibrogenic
injury, which subsequently contributes to the activation of
HSCs. Mechanistically, NPAS2 plays a profibrotic role via
direct transcriptional activation of hairy and enhancer of split
1 (Hesl), a critical transcriptor of Notch signaling for the fibro-
genesis process, in HSCs. Our findings demonstrate that
NPAS?2 plays a critical role in liver fibrosis through direct tran-
scriptional activation of Hesl, indicating that NPAS2 may
serve as an important therapeutic target to reverse the progres-
sion of liver fibrosis.

INTRODUCTION

Progressive liver fibrosis (LF) is characterized by the deposition of
collagen, usually caused by hepatitis virus infection, as well as
cholestatic/biliary and metabolic dysregulation.'* As liver fibrosis
progresses, it disrupts the architecture and function of liver tissue
via replacing hepatocytes with fibrotic tissues, ultimately leading to
cirrhosis, hepatic dysfunction, and even hepatocellular carcinoma
(HCC).>” Recent experimental research has advanced our knowledge
on the pathogenesis of LF. However, the translation of basic explora-
tion into clinical practice has been impeded due to a lack of
understanding of the disease, which thus emphasizes the urgency of
clarifying the detailed mechanism of LF.

LF is modulated by dynamic communication between hepatocytes and
other non-parenchymal cells, among which the extracellular matrix
(ECM)-producing myofibroblasts play key roles in this process."® He-
patic stellate cells (HSCs), located in the hepatic sinusoid, are the major
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source of fibrogenic cells and play a hub role in liver fibrogenesis.”
Upon liver injury, quiescent HSCs transdifferentiate from lipid-storing
cells into proliferating, contractile, pro-inflammatory, and fibrogenic
myofibroblasts, which leads to enhanced profibrotic signals and sup-
pressed anti-fibrotic pathways.”® In recent years, we have witnessed
significant progress in exploring the mechanisms underlying LF.
Also, many signaling molecules and pathways involved in HSC activa-
tion have been identified.”'° So far, however, our understanding of the
regulation of HSCs remains unclear.

Circadian rhythms occur around a 24-h oscillation in behavior and
physiology associated with the solar day.'" These daily rhythms are
driven by a network of transcriptional-translational feedback loops
that exist in essentially all tissue and cell types of the organism.'>"?
Previous research reports that dysregulation of some circadian genes,
such as Bmall, Clock, Per2, Cry2, and RORa, contributes to liver
ﬁbrogenesis.H’17 Neuronal PAS domain protein 2 (NPAS2), one of
the core circadian molecules, was proven to be a critical oncogene
in hepatocellular carcinogenesis by our previous study, which showed
that NPAS2 significantly facilitated cell survival both in vitro and
in vivo by promoting cell proliferation and inhibiting apoptosis.'®
Nevertheless, it is still unknown whether and how NPAS2 affects
LF progression, the pre-stage of HCC.
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Figure 1. NPAS2 Expression Is Upregulated in aHSCs of Fibrotic Liver
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(A) Representative results by IHC staining in normal and fibrotic liver tissues. (B) Pearson’s correlation analysis of NPAS2 mRNA with a-SMA mRNA was measured in liver
lysate with treatment as indicated. (C) Representative results to evaluate liver fibrosis progression. (D) Semiquantification results to statistically analyze fibrosis progression
indicated in (C). (E) Liver hydroxyproline content was analyzed to compare the fibrosis progression stage of different groups. Data shown are the means + SEM from
three independent experiments. (F and G) Classical fibrosis-related genes in fibrotic livers were more than that in control group at the mRNA level and protein level. *p < 0.05;

*p < 0.01.

In this study, we found that NPAS2 was exclusively expressed in acti-
vated HSCs (aHSCs) and played an essential role in LF, suggesting
that NPAS2 is a novel biomarker for aHSCs and a potential target
for antifibrotic therapy.

RESULTS

NPAS2 Expression Is Markedly Increased in aHSCs of Fibrotic
Liver

To explore the role of NPAS2 in LF, we first examined the expres-
sion of NPAS2 in human liver tissues. As shown in Figure 1A,
immunohistochemical (IHC) analyses revealed that NPAS2
expression was higher in fibrotic liver tissues as compared to
normal liver tissues. Also, NPAS2 mRNA and protein levels
were increased in the fibrotic livers (Figures S1A and S1B).
Notably, there was a positive correlation between the increased
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NPAS2 expression and LF progression (r = 0.727, p < 0.001) (Fig-
ure S1C). Importantly, we showed that the expression pattern of
NPAS2 coincides with that of alpha-smooth muscle actin
(2-SMA), a well-established marker of aHSCs in human fibrotic
livers, implying the relatively restricted expression of NPAS2 in
aHSCs (Figure 1A). Also, NPAS2 mRNA was increased in the
fibrotic livers, correlating with the induction of «-SMA mRNA
(r = 0.458, p = 0.007) (Figure 1B) and suggesting that NPAS2
may play vital roles in HSCs. Next, as expected, increased hy-
droxyproline content and the upregulation of NPAS2, a-SMA,
and Collal were also observed in carbon tetrachloride (CCly)-
induced murine LF (Figure 1C-1G). Moreover, similar results
were observed in bile duct ligation (BDL)-induced fibrotic models
(Figures S1D-S1H). Importantly, we investigated that varieries of
cell types in the liver after inducing LF. As shown in Figure S2G,
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only NPAS2 expression in HSCs significantly increased after liver
injury, compared with no change in liver sinusoidal endothelial
cells (LSECs), Kupffer cells, and hepatocytes, further suggesting
that NPAS2 in HSCs contributes to liver fibrogenesis. Collectively,
these data suggest that NPAS2 expression in HSCs is positively
correlated with LF progression.

NPAS2-KO Mice Are Protected against Hepatic Fibrosis

Then, we focused on the contribution of NPAS2 to LF, using NPAS2-
knockout (KO) mice. As shown in Figure S2A (arrowheads point to
HSCs), S2C, and S2E, IHC and western blotting analyses were carried
out to assess the efficiency of NPAS2 KO. H&E and picrosirius red stain-
ing revealed the attenuated liver-bridging fibrosis and collagen deposi-
tion in NPAS2-KO mice in the CCl,-induced fibrosis model (Figure 2A).
Hydroxyproline content in the liver tissue of NPAS2 ™/~ mice, as well as
a-SMA and Collal expression, showed a decrease in the CCly-induced
fibrosis model, compared with wild-type (WT) mice. These results sug-
gest that NPAS2 may contribute to the mechanism of LF (Figures 2B-
2D). Consistently, in BDL-induced murine fibrotic liver tissues, liver-
bridging fibrosis, and collagen deposition, hydroxyproline content,
a-SMA, and Collal expression decreased in mice with NPAS2 abroga-
tion, compared with WT mice (Figures 2E-2H). The results demon-
strated that NPAS2 KO could attenuate liver injury and alleviate LF
in vivo, and NPAS2 may contribute to molecular mechanisms in the
pathogenesis of LF.

Overexpression of NPAS2 Aggravates Hepatic Fibrogenesis in
Both CCl, and BDL Models

Additionally, we constructed lentiviruses carrying an NPAS2-overex-
pressing lentiviral vector to confirm the essential role of NPAS2 in he-
patic fibrosis progression. As shown in Figure S2B (arrowheads point to
HSCs), 2D, and 2F, THC staining and western blotting were carried out
to assess the efficiency of NPAS2 overexpression (OE). Then, as shown
in Figure 3A, H&E and picrosirius red staining revealed the consider-
able liver-bridging fibrosis and collagen deposition in NPAS2-OE mice
in the CCly-induced fibrosis model. Hydroxyproline content in the
liver tissue of lenti-NPAS2 mice, as well as a-SMA and Collal expres-
sion, showed an increase in the CCly-induced fibrosis model, compared
with WT mice. These results also suggest that NPAS2 may contribute
to the mechanism of liver fibrosis (Figures 3B-3D). Consistently, in
BDL-induced murine fibrotic liver tissues, liver-bridging fibrosis, and
collagen deposition, hydroxyproline content, a-SMA, and Collal
expression were augmented in OF mice, compared with WT mice (Fig-
ures 3E-3H). The results demonstrated that NPAS2 OE in HSCs aggra-
vates liver fibrogenesis in vivo.

NPAS2 Is Involved in the Activation of HSCs

HSC activation is characterized by key phenotypes such as enhanced
proliferation, cell migration, actin remodeling, resistance to
apoptosis, and collagen production.® Next, we explored whether
NPAS2 was required for some or most of these phenotypes, and
thereby for HSC activation. First, we analyzed NPAS2 expression
in cultured primary murine HSCs acquired from NPAS2-WT
mice at different days. Importantly, NPAS2 expression was unde-

tectable in the isolated quiescent primary HSCs from WT mice,
whereas evident NPAS2 expression was noted in the culture-
activated HSCs since the third day of incubation on plastic plates
(Figure S2H), which further supported the specific expression of
NPAS2 in aHSCs and that the upregulation of NPAS2 might be
an important event in HSC activation. As shown in Figures
4A-4D, NPAS2 abrogation attenuated the proliferation, migration,
and collagen production capability of primary HSCs. In addition,
compared to primary HSCs from WT mice, increased cell apoptosis
was determined in primary HSCs from NPAS2-KO mice by flow
cytometry assay (Figure 4E). Additionally, the opposite results
have been achieved in lenti-NPAS2 mice. Specifically, the enhanced
abilities of proliferation, migration, collagen production, and
apoptotic resistance were observed in OE mice, compared with
empty vector (EV)-treated mice (Figures 4F-FJ). Moreover, we
also investigated the ability of NPAS2 to activate HSCs in LX2 cells,
immortal human HSCs.'”?° As shown in Figures S3A and S3B, the
efficiency of siNPAS2 and NPAS2 OE was analyzed by qPCR and
western blotting assays. Also, similar results were achieved in LX2
cells with treatment as indicated, compared with the results from
primary HSCs (Figures S3C-S3L). Taken together, these results
demonstrate that NPAS2 function is required for several key pheno-
types that are critical for transdifferentiation and sustained activa-
tion of HSCs during progressive fibrosis.

Hes1 Is Essential for the Effect of NPAS2 in Activating HSCs

Recently, a study demonstrated that a series of genes might be
NPAS2-targeted genes.”’ We investigated all of these genes and
selected LF-related genes from components of the transforming
growth factor B (TGF-B) pathway, Janus kinase (JAK)/signal trans-
ducer and activator of transcription (STAT) signaling, Wnt signaling,
Hippo signaling, Notch signaling, and Hedgehog signaling'>**** (see
Data S1). The top 10 significantly downregulated genes in NPAS2-KO
mice liver were identified as genes that might be regulated by NPAS2
(Figure 5A). Next, to elucidate the molecular mechanism of NPAS2-
mediated liver fibrosis, the mRNA levels of selected genes were eval-
uated with treatment of lenti-NPAS2, while only the expressions of
hairy and enhancer of split 1 (Hesl) was upregulated by qPCR and
western blot analysis (Figures 5B and 5C). As expected, only Hesl
expression was significantly decreased at the mRNA and protein
levels when NPAS2 was knocked down in LX2 cells (Figures 5B
and 5C). To provide further support, we examined both the mRNA
and protein levels of Hesl in LF tissue samples by qPCR and IHC
analysis. Scatterplot analysis (Figure 5D) showed a positive correla-
tion between the mRNA levels of NPAS2 and Hesl (r = 0.451, p =
0.002). Representative images are shown in Figure 5E, which demon-
strates that regions with strong NPAS2 IHC staining also had strong
Hes1 staining in HSCs. Furthermore, we explored whether Hes1 was
involved in NPAS2-promotive fibrosis. As shown in Figure 5F, forced
expression of Hesl significantly increased proliferation ability as
downregulated by NPAS2 knockdown in LX2 cells. Also as expected,
overexpression of Hes1 reversed cell migration and collagen produc-
tion inhibited by NPAS2 knockdown in LX2 cells (Figures 5G and
5H). In contrast, knockdown of Hesl exhibited opposite effects
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Figure 2. NPAS2-KO Mice Are Protected against Hepatic Fibrosis

(A) H&E and picrosirius red staining revealed the attenuated liver-bridging fibrosis and collagen deposition in NPAS2-KO mice in the CCls-induced fibrosis model. (B)
Hydroxyproline content in the CCly-induced liver tissues. (C and D) Col1a1 and a-SMA expression were downregulated in NPAS-KO mice compared with that in WT mice in
CCl4-induced fibrosis model. (E) H&E and picrosirius red staining revealed the attenuated liver-bridging fibrosis and collagen deposition in NPAS2-KO mice in the BDL-
induced fibrosis model. (F) Hydroxyproline content in BDL-induced liver tissues. (G and H) Col1a1 and a-SMA expression were downregulated in NPAS-KO mice compared
with that in WT mice in BDL-induced fibrosis model. (n = 8-10 for each group). *p < 0.05; **p < 0.01.

(Figures 5F-5H). In addition, since Hesl is one component of the  ure S4A, Notch signaling-related genes, Notch, Jagl, and Hey2 re-

Notch signaling target gene,”> we next explored whether the  mained unchanged after NPAS2 upregulation or downregulation.
NPAS2-promotive effect needs Notch signaling. As shown in Fig-  Moreover, we utilized y-secretase inhibitor (GSI) to inhibit Notch
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Figure 3. Overexpression of NPAS2 Aggravates Hepatic Fibrogenesis in Both the CCl, and BDL Models

(A) H&E and picrosirius red staining revealed the increased liver-bridging fibrosis and collagen deposition in lenti-NPAS2 mice in the CCls-induced fibrosis model. (B)
Hydroxyproline content in the CCl4-induced liver tissues. (C and D) Col1a.1 and a.-SMA expression were upregulated in NPAS-OE mice compared with that in control mice in
CCl4-induced fibrosis model. (E) H&E and picrosirius red staining revealed the aggravated liver-bridging fibrosis and collagen deposition in lenti-NPAS2 mice in the BDL-
induced fibrosis model. (F) Hydroxyproline content in BDL-induced liver tissues. (G and H) Col1a.1 and -SMA expression were increased in NPAS-OE mice compared with
that in control mice in BDL-induced fibrosis model (n = 8-10 for each group). *p < 0.05; **p < 0.01.

signaling in LX2 cells.”* As shown in Figure S4B, although the Notch ~ might need intrinsic transcriptional activation of Hes1, independent
pathway was attenuated, Hes1 was upregulated after NPAS2 overex-  of Notch signaling. However, this needs further exploration. In addi-
pression. The results seem to show that the NPAS2 profibrotic effect  tion, NPAS2 and Hesl expression levels were detected using primary
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Figure 4. NPAS2 Contributes to HSC Activation

(A) MTS assay for primary HSC proliferation from WT and KO mice as indicated. (B) Cell cycle analysis by flow cytometry in primary HSC proliferation from WT and KO mice as
indicated. (C) Col1a1 and a-SMA mRNA expression in primary HSCs from WT and KO mice. (D) Transwell Matrigel invasion assay for cell invasion ability of primary HSCs from
WT and KO mice. (E) Flow cytometry analysis of apoptosis by annexin V and propidium iodide (Pl) staining in primary HSCs from WT and KO mice. (F) MTS assay for primary
HSC proliferation from EV and OE mice as indicated. (G) Cell cycle analysis by flow cytometry in primary HSC proliferation from EV and OE mice as indicated. (H) Col1a1 and
a-SMA mRNA expression in primary HSCs from WT and KO mice. (I) Transwell Matrigel invasion assay for cell invasion ability of primary HSCs from EV and OE mice. (J) Flow
cytometry analysis of apoptosis by annexin V and Pl staining in primary HSCs from EV and OE mice. Data shown are the means + SEM from three independent experiments.

*p < 0.05; **p < 0.01.

HSC lysates (Figures 4D-4G). Taken these results together, we recog-
nize that Hesl might be essential for NPAS2-promoted liver
fibrogenesis.

Pro-fibrotic Effects of NPAS2 Directly Depends on the
Transcriptional Activation of Hes1 Signaling in HSCs In Vivo

We hypothesized that NPAS2 could promote LF progression by
transcriptional activation of Hesl, an indicated LF-promotive mole-
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cule.”®. To further investigate whether NPAS2 could promote LF via
Hesl transcriptional activation in vivo, pcDNA3.1-Hesl or small
interfering RNA (siRNA) against Hes1 was respectively transfected
into LX2 cells with NPAS2 expression stably knocked down or
overexpressed. We found that forced expression of Hesl signifi-
cantly restored the attenuated inflammation effect and ECM depo-
sition in NPAS2 knockout mice after CCly-induced (Figure 6A)
and BDL-induced (Figure S5A) injuries. Taken together, the
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Significantly Altered Genes involved in liver fibrosis related pathways in Npas2 -/- Mouse Livers (Ref. O'Neil DS, et al., 2013)
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Figure 5. Hes1 Is Essential for the Effect of NPAS2 in Activation of HSCs

(A) Possible candidate transcriptional target genes of NPAS2 as referred from O’Neil et al.”' (B) Among the ten target genes, only Hes1 was dowregulated or upregulated after
downregulating or upregulating NPAS2 expression. (C) Hes1 expression was downregulated by siRNA against NPAS2 and upregulated by overexpression of NPAS2 using
western blotting assay. (D) Scatterplot analysis of correlation between mRNA expression levels of NPAS2 and Hes1. (E) Representative immunohistochemical (IHC) staining
images of NPAS2 and HES1 in LF tissues. (F) MTS analysis for LX2 cell proliferation with treatment as indicated. (G) Transwell Matrigel invasion assay for cell invasion ability of
X2 cells with treatment as indicated. (H) Col1a1 and a-SMA mRNA expression in LX2 cells with treatment as indicated. Data shown are the means + SEM from three

independent experiments. *p < 0.05; **p < 0.01.

hydroxyproline content, mRNA, and protein levels of Collal and
a-SMA showed similar results (Figures 6B—6D; Figures S5B-S5D).
Meanwhile, Hes1 knockdown significantly reversed LF progression
induced by NPAS2 overexpression in CCly-induced (Figure 6E) and
BDL-induced (Figure S5E) LF models. As expected, we also
observed that Hesl downregulation alleviated the aggravated
inflammation effect and ECM deposition in NPAS2-OE mice (Fig-
ures 6F-6H; Figures S5F-S5H). These results indicate that the
fibrosis-promotive function of NPAS2 is dependent on Hes1-medi-
ated profibrotic progression.

NPAS2 Transcriptionally Upregulates Hes1 Expression by
Heterodimerization with BMAL1 in HSCs

Recently, O’Neil et al.*' identified 352 intersecting genes that are can-
didates for direct regulation by the NPAS2/BMALI complex. In their
results, Hesl was also targeted by the NPAS2/BMAL1 complex.
Accordingly, we hypothesized that Hesl may be a transcriptional
target of NPAS2. To test this idea, we developed a series of truncated
promoter constructs and determined their transcriptional activity in
LX2 cells transfected with EV or NPAS2. A luciferase reporter assay
showed that all Hesl promoter constructs truncated from —2177 to
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Figure 6. The Liver Fibrosis-Promotive Function of NPAS2 Is Dependent on Transcriptional Activation of Hes1 In Vivo
(A) H&E and picrosirius red staining revealed the reversed liver-bridging fibrosis and collagen deposition in NPAS2-KO mice together with lenti-Hes1 mice in the CCl-induced
liver fibrosis (LF) model. (B) Hydroxyproline content in CCl4-induced liver tissues. (C and D) Lenti-Hes1 significantly restored the attenuated Col1a1 and a-SMA expression in

NPAS2 knock-out mice after CCl4-induced LF. (E) H&E and picrosirius red staining revealed that

lenti-shHes1 injection inhibits the aggravated liver-bridging fibrosis and

collagen deposition in NPAS2-OE mice in the CCly-induced LF model. (F) Hydroxyproline content in CCl,-induced liver tissues. (G and H) Lenti-shHes1 significantly

decreased the augmented Col1a1 and a-SMA expression in NPAS2-OE mice after CCl4-induced
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Figure 7. NPAS2 Transcriptionally Upregulates Hes1 Expression in HSCs

(A) LX2 cells were transfected with constructs with serially truncated Hes1 promoter constructs, and the cells were treated with or without ectopic expression of NPAS2 as
indicated. Twenty-four hours after treatment, the luciferase activity was determined. (B) LX2 cells were transfected with —2177/+67 Hes1-WT or —2177/+67 Hes1-MU
(selective mutation) promoter constructs. Twenty-four hours after treatment, the Iuciferase activity was determined. (C) Amplification of the Hes1 promoter sequence from
ChIP DNA was performed. Input and immunoglobulin G (IgG) served as positive and negative controls, respectively. The agarose gel electrophoresis was then used for
analysis of the PCR products. (D) Amplification of the Hes1 promoter sequence from ChiP DNA. Input and IgG served as positive and negative controls, respectively. (E and F)
gRT-PCR and western blot analysis for expression levels of Hes1 at both mRNA and protein levels. (E and F) Hes1 expression was decreased after knockdown of BMAL1 and
upregulated by overexpression of BMAL1. (G) MTS assay for LX2 cells with treatment as indicated. (H) Transwell Matrigel invasion assay for cell invasion ability of LX2 cells
with treatment as indicated. (I) Col1a1 and «-SMA mRNA expression in LX2 cells with treatment as indicated. Data shown are the means + SEM from three independent

experiments. *p < 0.05; **p < 0.01.

—1091 exhibited obvious NPAS2-related transcriptional activities,
and the construct (from —1091 to +67) completely abolished the ac-
tivity of the reporter gene in all transfected cells (Figure 7A). These
data strongly suggest that the Hes1 promoter region may contain a
binding site of NPAS2. To test this finding, we analyzed the DNA
sequence of Hesl promoter and identified an E-box (nucleotide
—1875 to nucleotide —1869), which is a putative DNA-binding site
for NPAS2. Site-directed mutagenesis analyses showed that the
E-box we identified was critical for NPAS2-induced Hes1 transcrip-
tional activation in LX2 cells (Figure 7B). Moreover, the chromatin
immunoprecipitation (ChIP) assay confirmed that NPAS2 binds
directly to the E-box region of Hesl promoter (Figure 7C).

Alternatively, NPAS2 generally forms heterodimers with BMALI,
another core circadian rhythm transcription factor, to transcription-
ally regulate the expression of numerous target genes.”””” We thus
explored whether BMALL is involved in the promotion of liver
fibrosis by NPAS2. ChIP-PCR assay indicated that BMALI directly

binds to the promoter of Hes1 (Figure 7D). As expected, knockdown
of BMALL robustly decreased the expression of Hesl at both the
mRNA and protein levels (Figures 7E and 7F). Additionally,
decreased cell proliferation and migration, as well as Collo. and
a-SMA mRNA levels, were also observed when BMAL1 was knocked
down in LX2 cells (Figures 7G-71), which are similar to the effects of
NPAS2 knockdown. Collectively, these results demonstrate that
NPAS2 directly binds to the E-box site in the Hesl promoter region
to transactivate Hesl expression by heterodimerization with BMALL.

Overexpression of NPAS2 in HSCs Is Mainly Mediated by
Downregulation of miR-19b-3p

MicroRNA plays an important modulating role in the gene-expres-
sion network.”® To identify potential microRNAs involved in the
overexpression of NAPS2 in LF, microRNA data integration portal
(mirDIP)*-based target prediction programs were performed.
Among the top 10 predicted microRNAs targeting NPAS2 repre-
sented in Figure S6, miR-19a-3p, miR-19b-3p, miR-106a-5p, miR-
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Figure 8. Overexpression of NPAS2 Is Mainly Mediated by Downregulation of miR-19b-3p
(A) Western blot analysis for NPAS2 expression in LX2 cells transfected with the miR-19a-3p, miR-19b-3p, miR-106a-5p, miR-106b-5p, and miR-218-5p mimics. (B)
Western blot analysis for NPAS2 expression in LX2 cells transfected with the miR-19b-3p inhibitor. (C) The correlation between mRNA levels of NPAS2 and miR-19b-
3p was determined. (D-G) MTS assay for cell proliferation (D), Transwell Matrigel invasion assay (E), Col1a1 and a-SMA mRNA expression (F), and Hes1, Col1a1, and
a-SMA protein expression (G) were measured in LX2 cells with treatment as indicated. (H) Graphic abstract of this study. Data shown are the means + SEM from

three independent repeats. “p < 0.05; **p < 0.01.
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106b-5p, and miR-218-5p were reported to be frequently downregu-
lated in aHSCs.”” > We thus explored which microRNA might
contribute to upregulate the expression of NPAS2 in LX2 cells. As
shown in Figure 8A, only miR-19b-3p-transfected LX2 cells show sig-
nificant downregulation of NPAS2. To further test this possibility,
miR-19b-3p inhibition enhanced NPAS2 protein expression (Fig-
ure 8B). These results suggest that miR-19b-3p represses NPAS2
expression in LX2 cells. In addition, a significant negative correlation
between miR-19b-3p and NPAS2 was found in liver fibrosis patients
(Figure 8C). Moreover, enforced expression of miR-19b-3p greatly
attenuated the ability of NPAS2 to induce the activation of HSCs (Fig-
ures 8D-8G), indicating that the miR-19b-3p/NPAS2 axis might
contribute to hepatic fibrogenesis.

DISCUSSION

A determined effort to uncover the cellular and molecular basis of
hepatic fibrosis is now yielding some success, which recognizes that
cumulative hepatic injury induces an attenuated wound-healing
response, eventually resulting in LF and later progression.' Impor-
tantly, accumulative ECM deposition in turn promotes the progres-
sion of hepatic fibrogenesis.”* Usually, the resident HSCs consist of
the primary source of ECM-producing myofibroblasts in liver, and
they undergo a well-established process to be activated.””* However,
the in-depth mechanism of HSC activation remains largely unknown.
Alternatively, reports have demonstrated inseparable links between
circadian genes and LF. Chen et al.'® first used Per '~ mice to demon-
strate that circadian dysregulation critically affects liver fibrosis. Also,
reversed melatonin administration may inhibit liver fibrogenesis.'”*>
Nonetheless, the mechanism of aberrant circadian rhythm promoting
LF remains scarce so far. Our study was the first to address the crucial
role of circadian gene NPAS2 in LF. First, NPAS2 expression was
significantly elevated in human fibrotic specimens and in murine
fibrotic models, and it was positively correlated with LF progression
stage in patients and in mice. Second, NPAS2 silencing alleviated
LF in vivo, whereas OE of NPAS2 aggravates LF progression. Third,
NPAS2 functioned as a contributor to HSC activation by transcrip-
tionally activating Hesl. Therefore, NPAS2 is a novel regulator of
HSC activation and therapeutic target in LF.

Our research previously reported that circadian gene NPAS2, a
component of clock genes, could promote HCC progression by
enhancing hepatocarcinoma cell proliferation.'® Also, these results
were observed in acute myeloid leukemia.*® Nevertheless, the role of
NPAS?2 in LF, the pre-stage of HCC, remains unreported. In the cur-
rent study, we detected the NPAS2 transcript and protein expression
in whole liver, and we found that NPAS2 expression was elevated after
liver injuries. Next, we found that NPAS2 protein was undetectable in
normal liver or in cell types other than HSCs in fibrotic liver by western
blot or histological examination. More importantly, the abrogation of
NPAS?2 attenuated HSC activation and liver fibrosis, suggesting that
the upregulated NPAS2 is an intrinsic response of HSC and is involved
in HSC activation. Except for producing ECM, aHSCs might also
affect liver injury, inflammation, or regeneration via dynamic commu-
nication with hepatocytes and non-parenchymal cells.” However,

more studies revealed that KO of HSC fibrosis-associated gene could
reverse the progression of LF without involving the signals of liver
inflammation.”'**”*® Considering the limitation of whole-body KO
of NPAS2, we cannot rule out terms that NPAS2 in other types of liver
cells contributes to HSC activation. Thus, we considered examining
the effects of NPAS2 in hepatocytes, the parenchymal cells in the liver,
on the activation of HSCs. On the one hand, from our results (Figures
S7A-S7D), we found that NPAS2 in hepatocytes could also affect cell
proliferation, consistent with previous studies.'®*° However, further
mechanisms need to be investigated. On the other hand, it seems
that NPAS2 abrogation or OE in hepatocytes does not affect the acti-
vation of HSCs from our results (Figures S7E-S7H). Also, this phe-
nomenon needs intensive studies in vivo and in vitro. Taken together,
it is worth considering whether other mechanisms involve the NPAS2
profibrotic effect in HSCs; for example, apart from NPAS2 promoting
hepatocyte proliferation, whether inflammation signaling, microRNA
release,”” and NPAS? in other non-parenchymal cells*"** contribute
to HSCs activation. Accordingly, the results imply that NPAS2 deple-
tion attenuated HSC activation and experimental LF. However,
further studies are needed to illustrate more mechanisms underlying
the profibrotic effects of NPAS2.

Accumulating evidence has illustrated that the TGF-B/Smad
pathway, JAK/STAT3 pathway, Notch pathway, and others play a
vital role in HSC activation,”” but the detailed machinery has not
been identified so far. In our study, we analyzed 10 LF-relevant genes
to explore the possible mechanism of NPAS2 profibrotic effects.’
Our data showed that NPAS2 directly bound to the Hesl promoter
and enhanced Hesl transcription. Previous studies have demon-
strated that Hesl could enhance the expression of o-SMA and
Collal in HSCs and be a novel anti-fibrotic target.”>** In this study,
we observed a significant decrease in a-SMA and Collal expression
in the livers and primary HSCs of NPAS2-depleted mice compared
with WT mice that were included in the experimental fibrosis models.
Importantly, considering that Hesl is a key target gene of Notch
signaling, we explored whether NPAS2 relies on Notch signaling to
promote Hesl expression. Strikingly, our results indicate that
NPAS2 transcriptional activation of Hesl is independent of Notch
signaling. In addition, as expected, our study demonstrates that the
liver profibrotic function of NPAS2 is dependent on Hesl-mediated
ECM synthesis both in vivo and in vitro, indicating that NPAS2
may serve as an important therapeutic target to reverse liver fibrosis.
Taken together, our results also suggest that Hesl is a liver fibrogenic
factor. Meanwhile, the present study also needs further investigations.
Additionally, normal and abnormal circadian rhythms of NPAS2 and
Hesl are required for better understanding of the profibrotic role of
NPAS2.** Alternatively, considering that both NPAS2 and Hesl
contain basic helix-loop-helix (bHLH) domains,***® another impor-
tant question concerning whether the two proteins could form a
heterodimer to play a profibrotic role remains to be explored.

A series of microRNAs have been demonstrated as frequently downre-
gulated in aHSCs. For example, six microRNAs, such as miR-30c,
miR-93, and miR-106 and others, showed downregulation in chronic
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hepatitis C Egyptian patients.’” Brandon-Warner et al.”’ reported that
miR-19b-3p is downregulated in aHSCs. As predicted by the mirDIP
program, we investigated which microRNA might contribute to the
upregulation of NPAS2 in aHSCs. As shown in our results, only
miR-19b-3p antagonizes NPAS2 expression. Collectively, these results
suggest that miR-19b-3p functions as an important suppressor of
NPAS?2 in aHSCs. However, the question as to which region is targeted
in endogenous and ectopically expressed NPAS2 transcripts needs
further investigation. Furthermore, we still cannot rule out the possibil-
ity that other factors may also contribute to the upregulation of NPAS2
in aHSCs and liver fibrosis, such as genetic and epigenetic aberrations.
Therefore, the possibility of involvement of other factors in NPAS2
overexpression in LF still needs further confirmation.

In conclusion, these findings broaden the regulatory mechanism of
HSC activation and deepen our understanding of the molecular
mechanism of LF. In the present study, we demonstrate a pivotal
regulatory role of NPAS2 in LF promotion, which provides novel in-
sights to help understand the mechanisms of circadian dysfunction in
LF progression and find new therapeutic targets for treatment of this
disease.

MATERIALS AND METHODS

Human Tissue Specimens

Liver tissues were obtained from the liver tissue bank of the Tangdu
Hospital and Xijing Hospital, The Fourth Military Medical University
(X{’an, China). The healthy control (n = 11) was normal liver or liver
with angioma. Fibrotic liver (n = 52) was from patients with hepatic
fibrosis or cirrhosis. Informed consent was obtained from all subjects.
The study protocol was approved by the Scientific Investigation Board
of The Fourth Military Medical University.

Animals and Treatments

Male C57BL/6 (WT) mice (25-30 g) were provided by the animal exper-
iment center of The Fourth Military Medical University. Constitutive
NPAS2™/~ mice were generated using the CRISPR/Cas9 approach at
Cyagen Biosciences (Suzhou, China), and a 561-bp DNA fragment con-
taining NPAS2 was deleted to produce the null allele. The primer se-
quences for mouse genotyping are as follows: primer 1 (product size,
561 bp): forward 1, 5-CTTGTTGAGTAGTGAGTGTTCTG-3';
reverse 1, 5-CAACTCTGCTTGTGTGGTCTTC-3'; primer 1 (product
size, 603 bp): forward 2, 5'-CTTGTTGAGTAGTGAGTGTTCTG-3;
reverse 2, 5-TAACTAGAACACTCCACGTCACG-3'. Animals were
maintained in a temperature-controlled environment (20°C-22°C)
with 12-h light/12-h dark cycles and fed ad libitum standard chow
with free access to drinking water. Male mice aged 6-8 weeks were intra-
peritoneally injected with CCl, (0.5 mL/kg body weight, dissolved in
olive oil, 1:4; Sigma) or vehicle (olive oil) three times per week for 4 weeks
to induce fibrosis and were sacrificed 48 hours after the last injection.””
The mice subjected to BDL were anesthetized with chloral hydrate fol-
lowed by midline laparotomy. The common bile duct was ligated twice
with 6-0 silk sutures and cut through between the ligations. Sham-oper-
ated mice were subjected to laparotomy without BDL. The mice that
received BDL or the sham operation were sacrificed 2 weeks later. To
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perform NPAS2 overexpression, a single dose of 1 x 10° viral particles
lentivirus (Shanghai GenePharma, Shanghai, China) was delivered via
tail vein 7 days before CCl, or BDL treatment. Simultaneous adminis-
tration of lenti-NPAS2 and lenti-shHesl (Shanghai GenePharma,
Shanghai, China) to liver injury mice was performed to investigate
the role of Hes1 on the profibrotic effect of NPAS2. The mouse livers
and serum were collected for subsequent experiments. All animal
procedures were conducted with the approval of The Fourth Military
Medical University.

Histology and Immunohistological Analysis

Liver tissues were processed for IHC and H&E staining as previously
described.*® The extent of scarring was assessed in livers using picro-
sirius red staining (Beyotime Biotechnology) and performed as previ-
ously described. Areas of positive-stained sites were measured using
image analyses software Image-Pro Plus 6.0 (Media Cybernetics).
The percentage of positive area in the corresponding field of liver
tissue was calculated to show the intensity of collagen deposition or
protein expression.

Measurement of Liver Hydroxyproline Content

Wet liver samples (100 mg) were subjected to a commercial kit
(A030-2, Jiancheng, Nanjing, China) to determine total hepatic
hydroxyproline level.

Isolation and Culture of Primary Cells

Primary murine HSCs were isolated from the livers of male NPAS2 ™/~
or WT mice aged 6-10 weeks using Nycodenz density gradient centri-
fugation. Briefly, after cannulation of the inferior vena cava, the
portal vein was cut, allowing retrograde stepwise perfusion with pro-
nase (Roche, Basel, Switzerland) and collagenase (Roche, Basel,
Switzerland)-containing solutions, and isolated by differential centrifu-
gation, respectively. Nycodenz used in density gradient centrifugation
for isolation was purchased from Sigma- Aldrich (St. Louis, MO, USA).
The viability of HSCs was observed by trypan blue staining, and the
purity of HSCs was >98%, as assessed by vitamin A autofluorescence
under an BX51 fluorescence microscope (Olympus, NY, USA) and
by flow cytometry. The HSCs were then cultured on plastic culture
plates in DMEM with 10% fetal bovine serum (FBS). Considering
that LSECs attach poorly to a plastic culture dish, LSECs were removed
from Kupffer cell (KC) fractions by selective adherence.

qRT-PCR and Western Blotting

RNA extraction, cDNA synthesis, and qRT-PCR reactions and west-
ern blotting were performed as previously described.*” Primer
sequences used were provided in Table S2. Proteins (30 mg) were
subjected to SDS-PAGE and then transferred to a polyvinylidene
fluoride (PVDF) membrane. Native PAGE was utilized for Collal
protein detection.”® The antibodies used for western blot are listed
in Table S2.

Cell Migration and Proliferation Assays
Cell proliferation was determined by an 3-(4,5-dimethylthiazol-2-yl)-
5-(3- carboxymethoxyphe nyl)-2-(4-sulfophenyl)-2H-tetrazolium
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(MTS) assay (Promega, G3581) according to the manufacturer’s pro-
tocol. Briefly, primary HSCs or LX2 cells were plated in 96-well plates
(Costar) at 1,000 cells per well. After 12 h, cell viability and growth
were measured by addition of 20 uL of MTS (0.2%)-PMS (0.092%;
phenazine methosulfate, 20:1) solution and incubation for 2 h at
37°C. The microplates were read in a spectrophotometer at a wave-
length of 490 nm. Each sample was analyzed in triplicate. For the
cell migration assay, 2 x 10° cells were cells were seeded in the upper
chamber that was precoated with 10 mg/mL growth factor-reduced
Matrigel (BD Biosciences, Franklin Lakes, NJ, USA). After incubation
for 48 h, cells that migrated onto the lower surface of the filter were
fixed and stained with crystal violet. The cell counts were expressed
as the mean number of cells per field of view.

Luciferase Assay

Four micrograms of Hesl promoter constructs was co-transfected
with Renilla luciferase-expressing control vector into 1 x 10° LX2
cells. Transfected cells were cultured for 48 h. Cells were lysed and
the luciferase activates were determined using the Dual-Luciferase re-
porter assay kit (Promega, E1910) according to the manufacturer’s
instructions. The relative light units were measured by a Luminoskan
Ascent microplate luminometer (Thermo Scientific). The firefly lucif-
erase activity corresponding to a specific promoter construct was
normalized to renilla luciferase activity.

ChIP Assays

The ChIP assays were carried out using a ChIP assay kit (Cell
Signaling Technology, 9005), according to the manufacturer’s in-
structions. Briefly, the cells were cross-linked with 1% formaldehyde
for 10 min and then disrupted in cell lysate buffer. The supernatant
was collected after the samples were sonicated to break nuclear mem-
brane. Subsequently, the chromatin was immunoprecipitated with
anti-NPAS2 antibody (1:100, Abcam, ab157165) or equal amounts
of negative control normal rabbit immunoglobulin G (IgG). Finally,
DNA extractions were PCR amplified using primer pairs within the
regulatory region of the Hesl. The specific PCR primers are listed
in Table SI.

Statistical Analysis

Experiments were repeated three times, where appropriate. SPSS 23.0
software (SPSS, Chicago, IL, USA) was used for all statistical analyses,
and p < 0.05 was considered significant. Unpaired t tests were used for
comparisons between two groups where appropriate. Correlations be-
tween measured variables were tested by Spearman’s rank correlation
analyses.
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