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contributes to liver fibrosis by promoting IL-6 production
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Liver fibrosis/cirrhosis is a pathological state caused by
excessive extracellular matrix deposition. Sustained activation
of hepatic stellate cells (HSC) is the predominant cause of liver
fibrosis, but the detailed mechanism is far from clear. In this
study, we found that long noncoding RNA Fendrr is exclusively
increased in hepatocytes in the murine model of CCl4- and bile
duct ligation-induced liver fibrosis, as well as in the biopsies of
liver cirrhosis patients. In vivo, ectopic expression of Fendrr
aggravated the severity of CCl4-induced liver fibrosis in mice.
In contrast, inhibiting Fendrr blockaded the activation of HSC
and ameliorated CCl4-induced liver fibrosis. Our mechanistic
study showed that Fendrr binds to STAT2 and enhances its
enrichment in the nucleus, which then promote the expression
of interleukin 6 (IL-6), and, ultimately, activates HSC in a
paracrine manner. Accordingly, disrupting the interaction be-
tween Fendrr and STAT2 by ectopic expression of a STAT2
mutant attenuated the profibrotic response inspired by Fendrr
in the CCl4-induced liver fibrosis. Notably, the increase of
Fendrr in patient fibrotic liver is positively correlated with the
severity of fibrosis and the expression of IL-6. Meanwhile, he-
patic IL-6 positively correlates with the extent of liver fibrosis
and HSC activation as well, thus suggesting a causative role of
Fendrr in HSC activation and liver fibrosis. In conclusion, these
observations identify an important regulatory cross talk be-
tween hepatocyte Fendrr and HSC activation in the progression
of liver fibrosis, which might represent a potential strategy for
therapeutic intervention.

Liver fibrosis, characterized by excessive deposition of
extracellular matrix (ECM), is a wound-healing response
occurring due to chronic liver inflammation or injury (1). The
progressive scarring process disrupts the architecture and
function of liver, eventually leading to cirrhosis, liver failure,
and even hepatocellular carcinoma (2, 3). To date, no anti-
fibrotic therapy has been approved, largely due to the various
side effects and limited patient response to the causal
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treatment, and an incomplete understanding of the patho-
genesis (4, 5). Thus, a better understanding of the pathobiology
of liver fibrogenic responses is of considerable interest for
developing therapeutic strategy against liver fibrosis.

Regardless of etiology, the resident hepatic stellate cells
(HSCs) are the principal source of fibrogenic cells and their
transdifferentiation into the proliferating, contractile, proin-
flammatory, and smooth muscle a-actin (a-SMA)-expressing
myofibroblasts are responsible for the production of excessive
ECM components (6). The activation of quiescent HSC is a
result of dynamic interaction between parenchymal and non-
parenchymal cells, where the proinflammatory and profibrotic
factors are released from various types of resident cells and
mediate adverse effects through promoting the activation and
proliferation of HSCs. Hepatocytes comprise the bulk of the
organ parenchyma and are the most vulnerable to various
kinds of insults. In different animal models, as well as various
liver diseases, the progression of liver fibrosis is associated with
significant hepatocyte injury and the release of various profi-
brotic factors, including transforming growth factor-beta
(TGFb), connective tissue growth factor, tissue inhibitors of
metalloproteinases (TIMPs), and interleukin 6 (IL-6), which
are hypothesized to activate the surrounding HSCs in a para-
crine manner (7, 8). However, the exact cellular mechanisms
involved in the regulation of upstream stimuli from hepato-
cytes are not well understood.

The long noncoding RNAs (lncRNAs) participate in
modulating a wide range of biological processes by various
mechanisms related to the cellular location (9). Their
involvement in the pathological processes of liver fibrosis have
been identified in recent studies. For instance, GAS5 sup-
presses the activation of HSCs in vitro and alleviates the extent
of liver fibrosis in vivo by acting as a sponge for microRNA-222
(10). The upregulation of H19 is implicated in both bile duct
ligation (BDL)- and CCl4-induced liver fibrosis through regu-
lating fibrotic gene expression (11, 12). Nevertheless, how
dysregulation of the lncRNAs modulates the progression of
liver fibrosis is still largely unknown.

The conserved lncRNA Fendrr is transcribed in the opposite
direction to the neighboring Foxf1 gene. During embryonic
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LncRNA Fendrr promotes liver fibrosis
development, Fendrr is specifically detected in the nascent
lateral plate mesoderm (13, 14). In the adult, Fendrr is highly
expressed in lungs and colon, but almost undetectable in liver
(15, 16). Previous studies revealed the dysregulation of Fendrr
in adult is implicated in different types of cancer and lung
fibrosis as well (17–19). Mechanistically, Fendrr regulates the
target gene expression at transcriptional or posttranscriptional
stages. For instance, Fendrr can specifically sequester miRNAs
and 30UTRs of mRNAs as a molecular sponge (20, 21). During
the development of lateral plate mesoderm, Fendrr physically
binds to PRC2 and TrxG/MLL, the essential chromatin
modifying histone methyltransferase complexes, and thus
modulates chromatin signatures that define gene activity (14,
22). Nevertheless, whether Fendrr is involved in the patho-
genesis of hepatocyte injury and liver fibrosis remains
unknown.

In the present study, we observed a significant upregulation
of Fendrr in the hepatocytes during liver fibrosis. In animal
experiments, knockdown of Fendrr attenuated CCl4-induced
liver injury and the progression of fibrogenesis, whereas the
ectopic expression of Fendrr aggravated the severity of liver
fibrosis. Mechanistically, Fendrr enhances the enrichment of
STAT2 in the nucleus, and thus promotes the expression and
secretion of IL-6 from hepatocytes, which then activated sur-
rounding HSCs in a paracrine manner.
Results

Fendrr is increased in hepatocyte in the progression of liver
fibrosis

Given the pivotal role of hepatocytes in liver fibrosis, we
isolated the primary hepatocytes from CCl4-induced murine
liver fibrosis model and performed transcriptome RNA
sequencing (RNA-seq) (Fig. S1, A–E). Analysis of the RNA-seq
results showed that 71 lncRNAs were downregulated, and 49
lncRNAs were upregulated in the hepatocytes from fibrotic
liver in comparison with the control. Taking the log2 change,
Q-value, and fragments per kilobase of transcript per million
mapped reads into consideration, Fendrr was one of the most
highly upregulated lncRNAs (Fig. S1F). To confirm the RNA-
seq result, we first examined Fendrr in the CCl4-induced
fibrotic liver and found that Fendrr is significantly increased
after CCl4-injection (Fig. 1A). We then separated the hepato-
cytes from other types of cells, showing that Fendrr is signif-
icantly increased in the hepatocytes, but not in other cells
(nonhepatocytes) of the fibrotic liver (Figs. S1G and 1B).
Similar results were observed in the BDL-induced liver fibrosis
model (Figs. S2 and 1, C and D).

To investigate the clinical relevance, we examined Fendrr
expression in the specimens from patients with liver cirrhosis,
which were characterized by the increased sirius red staining
fibrotic area, higher hepatic hydroxyproline content, and the
impairment of liver function (Figs. 1, E and F and S3, A and B).
By quantitative real-time PCR (qRT-PCR), we found that
Fendrr is significantly increased in the individuals with liver
cirrhosis in comparison with the normal control (Fig. 1G). Of
note, there was a positive linear correlation between Fendrr
2 J. Biol. Chem. (2024) 300(6) 107376
expression and the extent of liver fibrosis, as well as the mRNA
expression of a-SMA and collagen I (Col I) in the specimens of
liver cirrhosis patients (Figs. 1H and S3C), suggesting that the
increase of Fendrr is clinically involved in the progression of
HSC activation and liver fibrosis. Finally, simultaneous RNA
FISH to detect Fendrr and immunofluorescence for albumin
showed a significant increase of Fendrr in the hepatocytes of
liver cirrhosis patients in comparison with the normal control
(Fig. 1I). Interestingly, Fendrr staining exhibited more
enrichment in the necrotic region around central vein area,
where the activation of HSCs and the progression of liver
fibrosis initiates predominantly, therefore, suggesting a caus-
ative role of Fendrr in liver cirrhosis.

Ectopic expression of Fendrr aggravates CCl4-induced liver
fibrosis in mice

To investigate the role of Fendrr in liver fibrosis, we
generated the lentivirus capable of expressing the full length
Fendrr (lv-Fendrr). Injection of the purified lv-Fendrr into
mouse via tail vein significantly increased Fendrr expression in
the liver, but not in the heart, kidney, and lung (Fig. S4A).
Furthermore, qRT-PCR assay of the isolated hepatocytes
revealed that delivery of lv-Fendrr led to the ectopic expression
of Fendrr in the hepatocytes, but not in other cells (Fig. S4B).

To address the potential of Fendrr in the CCl4-induced liver
fibrosis, we intravenously injected lv-Fendrr 2 days before the
first injection of CCl4 and sacrificed the mice after 4 weeks
CCl4-treatment. In comparison with the control lentivirus
(lv-Ctrl), delivery of lv-Fendrr aggravated the severity of CCl4-
induced liver fibrosis and augmented the ECM accumulation
as demonstrated by H&E and sirius red staining (Fig. 2A).
Quantitative analysis of the sirius red positive area and hepatic
hydroxyproline content confirmed the profibrotic effect of lv-
Fendrr in vivo (Fig. 2, B and C). When examining Fendrr, we
found that the delivery of lv-Fendrr greatly boosted the in-
crease of hepatic Fendrr in the CCl4-treated mouse (Fig. 2D).
Immunohistochemistry further showed that ectopic expres-
sion of Fendrr significantly augmented the accumulation of
Col I in the CCl4-induced fibrotic liver (Fig. 2, A and E).

a-SMA+ HSCs are the primary producers of ECM during
the progression of liver fibrosis. Overexpression of Fendrr
greatly increased the number of a-SMA+ myofibroblasts in the
CCl4-induced liver fibrosis model (Fig. 2, A and F). In addition,
the mRNA expressions of profibrotic factors, including TGF-
b1, platelet-derived growth factor (PDGF), Col I, and TIMP-1,
were markedly upregulated in the fibrotic liver delivered with
lv-Fendrr in comparison with the control lentivirus-injected
group (Fig. 2G). Of note, the increase of serum alanine
aminotransferase (ALT) level, a classical marker of liver injury,
was also significantly augmented by the ectopic expression of
Fendrr in the CCl4-injected mouse (Fig. 2H).

Inhibiting Fendrr prevents CCl4-induced liver fibrosis in mice

To further determine the pathologic contributions of Fendrr
to liver fibrosis, we generated the lentivirus capable of ectop-
ically expressing Fendrr specific shRNA (shFendrr).



Figure 1. Fendrr is increased in hepatocyte in the progression of liver fibrosis. A, Fendrr expression was determined by qRT-PCR in the CCl4-induced
murine fibrotic liver (n = 5). The results are shown as fold change compared with oil-treated group (n = 5). B, Fendrr is increased in the hepatocytes, but not
nonhepatocytes, of the CCl4-induced fibrotic liver. C, Fendrr expression is increased in the BDL-induced murine fibrotic liver (n = 5). The results are shown as
fold change compared with the Sham operation group (n = 5). D, Fendrr is increased in the hepatocytes, but not nonhepatocytes, of the BDL-induced
fibrotic liver. E, representative sirius red staining images of liver cirrhosis patients’ sections. The scale bar represents 100 mm. F, quantification of the
sirius red positive area in the sections from liver cirrhosis patients (n = 41). Nondiseased liver tissue from patients undergoing hepatectomy of hemangiomas
was used as normal control (n = 4). Results are expressed as percentage of total area unless noted otherwise in this study. G, Fendrr is increased in the
specimens from liver cirrhosis patients. The results are shown as fold change compared with the normal control. H, scatter plots show the positive cor-
relation of Fendrr with sirius red-stained area, and the mRNA expression levels of collagen I and a-SMA in the specimens from liver cirrhosis patients,
respectively. The expressions of collagen I and a-SMA mRNA were determined by qRT-PCR. Data points represent measurements of individual patients (n =
41).The Pearson correlation coefficient (r) is shown. I, RNA FISH of Fendrr (red) and immunofluorescence staining of albumin (green) in the specimens from
normal control and liver cirrhosis patients. Nuclei were visualized using DAPI staining (blue). The scale bar represents 50 mm. For qRT-PCR results, the relative
gene expression was normalized against b-actin unless noted otherwise in this study. Data are the mean ± SD of at least three independent experiments.
**p < 0.01, ***p < 0.001, ****p < 0.0001, and ns, no significant change. a-SMA, smooth muscle a-actin; BDL, bile duct ligation; DAPI, 4,6-diamidino-2-
phenylindole; qRT-PCR, quantitative real-time PCR.
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Figure 2. Ectopic expression of Fendrr aggravates CCl4-induced liver fibrosis in mice. Mice were injected with oil (oil, n = 5), CCl4 (CCl4, n = 10), CCl4 in
combination with injection of control lentivirus (CCl4+lv-Ctrl, n = 10) and CCl4 in combination with injection of lentivirus capable of expressing Fendrr
(CCl4+lv-Fendrr, n = 10). The lentivirus was injected once at 2 days before the first CCl4 injection. A, liver fibrosis was evaluated by H&E staining, sirius red
staining as well as collagen I immunohistochemical staining and a-SMA immunofluorescence staining. The scale bar represents 100 mm. B, quantification of
the sirius red positive area. C, quantitative evaluation of hepatic hydroxyproline. The hydroxyproline contents are expressed as mg/mg wet liver weight. D,
Fendrr expression was examined by qRT-PCR. E, quantification of Col I staining area. F, quantification of a-SMA staining area. G, hepatic Tgfb1, Pdgfa, Col1a1,
and Timp1mRNA expression were examined by qRT-PCR. The results are shown as fold change compared with oil group. H, assessment of serum ALT levels.
Data are the mean ± SD of at least three independent experiments. **p < 0.01, ***p < 0.001, ****p < 0.0001. a-SMA, smooth muscle a-actin; ALT, alanine
aminotransferase; Col I, collagen I; qRT-PCR, quantitative real-time PCR; TIMP, tissue inhibitors of metalloproteinase.

LncRNA Fendrr promotes liver fibrosis
Intravenous injection of the lentivirus into mouse significantly
reduced the expression of Fendrr in the liver tissue and the
isolated hepatocytes as well (Fig. S5). We then tested whether
knockdown of hepatocyte Fendrr would prevent liver fibrosis
by intravenously injecting the lentivirus 2 days prior to the first
injection of CCl4. By 4 weeks of CCl4-treatment, the CCl4-
treated liver displayed a typical feature of fibrosis, whereas
delivery of the Fendrr shRNA lentivirus greatly alleviated the
severity of fibrosis and reduced the fibrotic area and hepatic
hydroxyproline content (Fig. 3, A–C). Compared to the control
virus (shNC), delivery of shFendrr significantly suppressed the
increase of Fendrr in the fibrotic liver (Fig. 3D). Immuno-
staining assay and Western blot both demonstrated that in-
hibition of Fendrr greatly decreased the product of Col I and
a-SMA, and reduced the number of a-SMA+ myofibroblasts
(Fig. 3, A and E–G). Furthermore, knockdown of Fendrr in the
CCl4-induced fibrotic liver greatly suppressed the upregulation
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of profibrotic TGF-b1, PDGF, Col I, and TIMP-1 (Fig. 3H).
Finally, inhibition of Fendrr significantly prevented the in-
crease of serum ALT and improved the liver function (Fig. 3I).
Fendrr interacts with STAT2

To explore the profibrotic role of Fendrr, we sought to
identify the proteins that are associated with Fendrr by an
RNA-pull-down experiment, where the in vitro transcribed
biotinylated Fendrr and an antisense control were mixed with
the extracts from the murine hepatocyte cell line AML12,
respectively. We resolved the RNA-associated proteins on
SDS-PAGE gel and found that an obvious band at approxi-
mately 120 kDa was specifically enriched (Fig. 4A). Mass
spectrometry (MS) analysis of the band identified STAT2 as
specifically associated with Fendrr (Table S1). This was then
validated by independent Western blot (Fig. 4B). Using STAT2



Figure 3. Knockdown of Fendrr attenuates CCl4-induced liver fibrosis. Mice were injected with oil (oil, n = 5), CCl4 (CCl4, n = 10), CCl4 in combination
with injection of control lentivirus (CCl4+shNC, n = 10), and CCl4 in combination with injection of lentivirus capable of expressing Fendrr shRNA
(CCl4+shFendrr, n = 10). The lentivirus was injected once at 2 days before the first CCl4 injection. A, liver fibrosis was evaluated by H&E staining, sirius red
staining as well as collagen I immunohistochemical staining and a-SMA immunofluorescence staining. The scale bar represents 100 mm. B, quantification of
the sirius red positive area. C, quantitative evaluation of hepatic hydroxyproline. The hydroxyproline contents are expressed as mg/mg wet liver weight. D,
Fendrr expression was examined by qRT-PCR. E, quantitative evaluation of Col I staining area. F, quantification of a-SMA staining area. G, hepatic collagen I
and a-SMA were detected by Western blot (left). Relative protein level was calculated, respectively, by band intensity against b-tubulin (right). H, hepatic
Tgfb1, Pdgfa, Col1a1, and Timp1 mRNA expressions were examined by qRT-PCR. The results are shown as fold change compared with oil group mice. I,
knockdown of Fendrr suppresses the increase of serum ALT levels in CCl4-treated mice. Data are the mean ± SD of at least three independent experiments.
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. a-SMA, smooth muscle a-actin; ALT, alanine aminotransferase; Col I, collagen I; qRT-PCR, quantitative
real-time PCR; TIMP, tissue inhibitors of metalloproteinase.

LncRNA Fendrr promotes liver fibrosis
specific antibody, we next performed RNA immunoprecipita-
tion (RIP) and measured the levels of Fendrr in the immu-
noprecipitates. Compared to immunoglobulin G (IgG)
controls, Fendrr, but not albumin mRNA, was significantly
enriched in the STAT2-pull-down samples (Fig. 4C). Together,
these results suggest a specific interaction between Fendrr and
STAT2 protein.

To further clarify the mechanism by which Fendrr exerts its
effect on liver fibrosis, we generated AML12 subline that stably
overexpresses Fendrr (referred to as AML12-Fendrr) using
lentiviral vectors (Fig. S6, A and B). Subcellular fractionation
and quantitative assay of the purified cytoplasmic and nuclear
RNA from AML12-Fendrr cells showed that Fendrr is pre-
dominantly enriched in the cytoplasm (Fig. 4D). When
examining the effect of Fendrr on STAT2, we found that
overexpression of Fendrr did not alter STAT2 content at
both mRNA and protein levels in comparison with the control
cells (AML12-Ctrl) (Fig. S6, C and D). Nevertheless, immu-
nostaining assay revealed that Fendrr significantly promoted
the enrichment of STAT2 in the nuclei in comparison with the
J. Biol. Chem. (2024) 300(6) 107376 5



Figure 4. Fendrr binds to STAT2. A, silver staining of proteins bound to Fendrr. The RNA pull-down was performed with AML12 cell lysates. A specific band
was identified as STAT2 by mass spectrometry. B, the interaction between Fendrr and STAT2 was confirmed by RNA pull-down and Western blot. The biotin-
labeled Fendrr and antisense control were mixed with the extracts from AML12 cells, and then incubated with streptavidin agarose beads. The retrieved
proteins were assayed by Western blot. C, RNA immunoprecipitation (RIP) assay revealed that Fendrr interacts with STAT2. Whole-cell lysates of AML12 cells
were immunoprecipitated with STAT2 antibody or IgG. Western blot analysis confirmed IP of endogenous STAT2 from AML12 cells (left). qPCR analysis for
Fendrr and albumin mRNA in the anti-STAT2 or IgG immunoprecipitates revealed the binding of Fendrr to STAT2 (right). The results were shown as the copy
number per mg RNA. D, subcellular fractionation and quantitative assay of Fendrr copy numbers in the cytoplasm and nucleus of AML12-Fendrr cells. About
1 × 106 AML12-Fendrr cells were collected for subcellular fractionation and RNA purification. The results were shown as the copy number of Fendrr per
106 cells. E, Fendrr promotes the enrichment of STAT2 in the nuclei of hepatocytes. AML12-Fendrr cells were stained for STAT2. Nuclei were visualized using
DAPI staining (blue). The scale bar represents 10 mm. F, nuclear fractionation and Western blot assay of STAT2 in the nucleus (left). Relative protein level was
calculated by band intensity against histone 3 (right). Results from at least three independent experiments are shown as mean ± SD. ****p < 0.0001, and ns,
no significant change. DAPI, 4,6-diamidino-2-phenylindole; IgG, immunoglobulin G; IP, immunoprecipitation; qPCR, quantitative PCR.

LncRNA Fendrr promotes liver fibrosis
control cells, where the STAT2 protein was predominantly
accumulated in the cytoplasm (Fig. 4E). To further confirm
this observation, we performed subcellular fractionation assays
and found that overexpression of Fendrr significantly
increased the amount of STAT2 protein in the nuclei of he-
patocytes (Fig. 4F).
Hepatocyte Fendrr promotes the activation of HSC through
inducing IL-6

Previous study has shown that unphosphorylated STAT2
can constitutively bind to IL-6 promoter and drive the
6 J. Biol. Chem. (2024) 300(6) 107376
transcription (23). Given the prominent effect of Fendrr on
STAT2 enrichment in the nuclei, we hypothesized that the
increase of Fendrr might potentially affect IL-6 expression in
hepatocytes. As expected, IL-6 was significantly increased in
AML12-Fendrr cells at both mRNA and protein levels (Fig. 5,
A and B). ELISA assay also confirmed the increase of IL-6
product in the conditioned medium (CM) (Fig. 5C). We then
examined IL-6 production by Western blot in the CCl4-
induced fibrotic livers and found that knockdown of Fendrr
substantially suppressed the upregulation of IL-6 (Fig. S7).

IL-6 can robustly promote the activation of HSC by
potentiating the phosphorylation of STAT3 (8). Accordingly,



Figure 5. Hepatocyte Fendrr promotes the activation of HSC in a paracrine manner through enhancing IL-6 expression. A and B, Fendrr promotes IL-
6 expression in AML12 cells. The increase of IL-6 in AML12-Fendrr cells was detected by qRT-PCR (A) and Western blot (B) respectively. C, detection of IL-6
product in the medium of AML12-Fendrr cells by ELISA. D and E, the CM of AML12-Fendrr cells promotes the activation of HSC. HSC-T6 cells were incubated
with IL-6 at a final concentration of 10 ng/ml or the CM from AML12-Fendrr subline for 48 h. TGF-b1 and a-SMA expressions were assayed by qRT-PCR (D).
STAT3, pSTAT3, and a-SMA were detected by Western blot (E). Relative protein level was calculated by band intensity against b-tubulin. F, delivery of lv-
Fendrr into mouse led to a significant increase of IL-6 mRNA in liver and the isolated hepatocytes. G, serum IL-6 is increased in the lv-Fendrr-injected mice.
H, Western blot assay of IL-6 and a-SMA in the liver of lv-Fendrr-injected mice. I, Immunostaining for a-SMA in the liver sections of lv-Fendrr-injected mice.
Nuclei were visualized using DAPI staining (blue). The scale bar represents top, 50 mm; bottom, 25 mm. J, hepatic IL-6 was detected by Western blot in the
specimens from liver cirrhosis patients. K, IL-6 mRNA expression was determined by qRT-PCR in the specimens from liver cirrhosis patients (n = 41).
Nondiseased liver tissue from the hemangiomas patients was used as normal control (n = 4). L, serum IL-6 in liver cirrhosis patients was assayed by ELISA. M,
the mRNA expression IL-6 is positively correlated with Fendrr, collagen I and a-SMA in the specimens from liver cirrhosis patients (n = 41). The Pearson
correlation coefficient (r) is shown. Data are the mean ± SD of at least three independent experiments. **p < 0.01, ***p < 0.001, ****p < 0.0001, and ns, no
significant change. a-SMA, smooth muscle a-actin; CM, conditioned medium; DAPI, 4,6-diamidino-2-phenylindole; HSC, hepatic stellate cell; IL-6, interleukin
6; qRT-PCR, quantitative real-time PCR; TGFb, transforming growth factor-beta.
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LncRNA Fendrr promotes liver fibrosis
exposure of the cultured HSC cell line HSC-T6 to the CM
from AML12-Fendrr cells promoted the activation of HSC as
indicated by the intensified phosphorylation of STAT3, the
upregulation of a-SMA, and TGF-b1, and the increase of
migration ability (Figs. 5, D and E, and S8, A and B). To
substantiate IL-6 as the mediator of fibroblast activation, we
added the neutralizing antibody against IL-6 into the CM from
AML12-Fendrr cells, and found that administration of the
antibody blockaded the profibrotic potentials of the CM
(Fig. S8, C and D). To confirm the potential of Fendrr on HSC
activation in vivo, we delivered the lentivirus overexpressing
Fendrr (lv-Fendrr) into the mice via tail vein injection and
euthanized the mice 4 weeks later. In line with in vitro results,
the delivery of lv-Fendrr greatly increased IL-6 expression in
liver tissue and the isolated hepatocytes, and thus led to a
significant elevation of serum IL-6 concentration (Fig, 5, F–H).
Although one injection of lv-Fendrr did not cause obvious liver
fibrosis (data not shown), hepatic a-SMA, the representative
marker of HSC activation, was greatly upregulated, suggesting
that the increase of Fendrr is implicated with HSC activation,
most likely by inducing IL-6 (Fig. 5, H and I).

Finally, we assayed the hepatic IL-6 expression in human
biopsies and found that IL-6 is significantly upregulated in the
liver cirrhosis patients as indicated by Western blot and qRT-
PCR (Fig. 5, J and K). Accordingly, serum IL-6 concentration
of liver cirrhosis patients is also higher than normal (Fig. 5L).
Of note, the hepatic Fendrr is positively correlated with IL-6
expression in human biopsies (Fig. 5M). Meanwhile, there
was a positive linear correlation between IL-6 and the
expression of Col I and a-SMA as well (Fig. 5M). Similarly, the
serum IL-6 concentration positively correlates with the
expression of Fendrr, Col I and a-SMA in the specimens of
liver cirrhosis patients (Fig. S9). Collectively, these results
suggest that the profibrotic role of Fendrr is associated the
upregulation of IL-6 and the activation of HSCs.
The profibrotic role of fendrr depends on its interaction with
STAT2

The full-length murine STAT2 consists of 923 amino acid
residues and contains structurally and functionally conserved
domains, for instance, the coiled-coil (CC) domain consisting
of four a-helices wrapped around each other, the Src-
homology 2 (SH2) domain binding to IL-6 promoter
element, and the transcriptional activation domain potenti-
ating the transcriptional activity of the target gene (24). To
derive a clear picture how Fendrr interact with STAT2, we
constructed a series of deletion mutant of STAT2, and over-
expressed them in AML12 cells, respectively (Fig. 6A). We
then mixed the in vitro transcribed biotinylated Fendrr with
the extracts from AML12 cells overexpressing STAT2 mutant
and found that the STAT2 mutant’s lack of N-terminal CC
domain failed to interact with Fendrr (Fig. 6B). When trans-
ferring the plasmid containing STAT2 or the mutant lack of
CC domain (referred as to STAT2-Mut1) into AML12-Fendrr
cells, we found that the WT STAT2 increased the production
of IL-6, whereas ectopic expression of the STAT2-Mut1
8 J. Biol. Chem. (2024) 300(6) 107376
significantly suppressed IL-6 expression (Fig. 6, C and D).
ELISA assay further substantiated the inhibitory effect of
STAT2-Mut1 on IL-6 production in the medium (Fig. 6E). To
substantiate the role of STAT2 on IL-6 expression, we trans-
fected AML12-Fendrr cells with STAT2-specific siRNA and
demonstrated that knockdown of STAT2 greatly suppressed
IL-6 expression and reduced its content in the culture medium
(Fig. S10, A and B). Finally, we performed subcellular frac-
tionation assay, and showed that overexpression of STAT2-
Mut1 significantly blockaded the Fendrr-mediated enrich-
ment of STAT2 in the nuclei of hepatocyte (Fig. S10C).
Collectively, these observations suggest that Fendrr promotes
IL-6 expression through its direct interaction with STAT2 and
enriching the content of STAT2 in the nuclei.

To test the hypothesis that the profibrotic role of Fendrr
depends on its interaction with STAT2 in vivo, we generated
the lentivirus capable of ectopically expressing the STAT2-
Mut1. Injection of the lentivirus into mice via tail vein led to
a robust expression of STAT2-Mut1 in the liver and hepato-
cytes as well, whereas the expression of STAT2 was not altered
(Fig. S11, A and B). We then tested whether overexpression of
STAT2-Mut1 would prevent CCl4-induced liver fibrosis in
mice by intravenously injecting the lentivirus 2 days prior to
the first injection of CCl4. H&E, sirius red staining, and im-
munostaining of Col I and a-SMA, as well as hepatic hy-
droxyproline content assay, revealed that ectopic expression of
STAT2-Mut1 protected the mice from liver fibrosis (Fig. 6,
F–J). When examining STAT2, we found that the expression
of STAT2 did not alter after CCl4 treatment and STAT2-Mut1
overexpression (Fig. S11C). Of note, injection of the STAT2-
Mut1 lentivirus greatly blockaded the increase of serum IL-6
in CCl4-treated mice (Fig. 6K). These observations were
corroborated with the inhibitory effects of STAT2-Mut1 on
serum ALT and the expression of profibrotic TGF-b1, PDGF,
Col I, and TIMP-1 in the CCl4-induced fibrotic liver (Fig. 6, L
and M).

Finally, we injected the lentivirus simultaneous with lv-
Fendrr via tail vein at 2 days before the first injection of
CCl4. As expected, the ectopic expression of STAT2-Mut1
abolished the Fendrr-mediated increase of serum IL-6 in CCl4-
treated mice and greatly suppressed the profibrotic effect of
Fendrr on liver fibrosis (Fig. S12). Collectively, these findings
suggested that the causal role of Fendrr in liver fibrosis is
associated with its interaction with STAT2, which promotes
the induction of IL-6 and activation of HSC in a paracrine
manner (Fig. 7).
Discussion

Liver fibrosis is the hallmark of chronic liver diseases. While
transcriptomic profiling and bioinformatics analysis have
identified a growing body of lncRNAs associated with the
progression of liver fibrosis, experimental validation and
characterization of the underlying mechanism are equally
important. In the present study, we found that Fendrr is barely
detectable in the adult liver, but is exclusively upregulated in
the hepatocytes during the progression of liver fibrosis in



Figure 6. The profibrotic role of Fendrr in liver fibrosis depends on its interaction with STAT2. A, schematic diagram of domain structures of WT STAT2
and STAT2 mutants. B, the CC domain of STAT2 is required for its interaction with Fendrr. AML12 cells were transfected with pCI-STAT2, pCI-STAT2-Mut1,
pCI-STAT2-Mut2, and pCI-STAT2-Mut3, respectively. The interaction between Fendrr and STAT2 mutant was examined by RNA pull-down using the bio-
tinylated Fendrr and Western blot. C and D, ectopic expression of STAT2-Mut1 reduced IL-6 expression in hepatocytes. AML12-fendrr cells were transfected
with pCI-STAT2 or pCI-STAT2-Mut1 and cultured for 48 h. The expression of STAT2, STAT2-Mut1, and IL-6 were detected by qRT-PCR (C) and Western blot
(D), respectively. E, ELISA assay of IL-6 in the medium of AML12-Fendrr cells transfected with pCI-STAT2 or pCI-STAT2-Mut1. F, overexpression of STAT2
mutant protect the mice from CCl4-induces liver fibrosis. Mice were injected with oil (oil, n = 5), CCl4 (CCl4, n = 7), CCl4 in combination with injection of
control lentivirus (CCl4+Ctrl, n = 7), and CCl4 in combination with injection of lv-STAT2-Mut1 (CCl4+ STAT2-Mut1, n = 7). The injection of lentivirus was
started at 2 days before the first CCl4 injection and last for 4 weeks at a frequency of twice per week. The extent of liver fibrosis was evaluated by H&E and
sirius red staining, and immunostaining of collagen I and a-SMA. The scale bar represents 100 mm. G, quantification of the sirius red positive area. H,
quantification of Col I staining area. I, quantification of a-SMA staining area. J, quantitative evaluation of hepatic hydroxyproline. The hydroxyproline
contents are expressed as mg/mg wet liver weight. K, serum IL-6 was assayed by ELISA. L, assessment of serum ALT levels. M, hepatic Tgfb1, Pdgfa, Col1a1,
and Timp1mRNA expression were examined by qRT-PCR. The results are shown as fold change compared with oil group mice. H, data are the mean ± SD of
at least three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, and ns, no significant change. a-SMA, smooth muscle a-actin;
ALT, alanine aminotransferase; CC, coiled-coil; Col I, collagen I; IL-6, interleukin 6; qRT-PCR, quantitative real-time PCR; TIMP, tissue inhibitors of
metalloproteinase.
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Figure 7. Schematic diagram showing how increase of Fendrr in hepatocytes promoting the activation of HSC by inducing IL-6. HSC, hepatic stellate
cell.
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different animal models and the biopsies of liver cirrhosis
patients as well. The progression of liver fibrogenesis is highly
dependent on the activation of HSCs, which is predominantly
mediated by the profibrotic mediators released from different
types of cell, especially the injured hepatocytes. When exam-
ining the role of Fendrr in liver fibrosis, we found that the
upregulation of Fendrr promoted IL-6 production and secre-
tion from hepatocytes. Previous reports have demonstrated
that IL-6 plays a pivotal role in HSC activation (8, 25, 26).
Herein, our results indicated that the increase of Fendrr in
liver cirrhosis patients is positively correlated with IL-6 pro-
duction. Meanwhile, the expression of IL-6 positively corre-
lates with a-SMA, the representative marker of HSC
activation, in the biopsies of liver cirrhosis patients as well.
Considering the important potential of IL-6 in HSC activation,
our findings provide mechanistic and translational insights
into the causative role of Fendrr in promoting HSC activation
and liver fibrosis.

STAT2 is a transcription factor essential for the signal
transduction pathway of type I interferons (IFNs), which are
known as the classic host immune defense system against viral
infections (27). However, the phenotypes of human and mu-
rine that are STAT2-deficient have suggested important and
currently unidentified type I IFN-independent activities (28,
29). Different from the near-pancellular distribution of the
other STAT proteins, STAT2 resides predominantly in the
cytoplasm. Upon tyrosine phosphorylation, STAT2 rapidly
translocates into the nucleus and acquires the ability to bind
specific DNA targets in association with STAT1 and IFN
regulatory factor-9 (IRF9) (30). Although the formation of the
10 J. Biol. Chem. (2024) 300(6) 107376
heterotrimer complex, comprising the phosphorylated
STAT1/2 heterodimers and IRF9, is essential to initiate the
transcription of STAT2-regulated genes, the unphosphory-
lated STAT2 can constitutively associate with IFN-stimulated
response element at IL-6 promoter and drive the transcription
(23). The nuclear translocation of STAT2 depends on its
constitutive association with IRF9, which contains a bipartite
basic nuclear localization signal, but the presence of STAT2 in
the nucleus is transitory (31, 32). STAT2 is effectively exported
from the nucleus to the cytoplasm due to an intrinsic nuclear
export signal at carboxyl terminus, which serves to shuttle the
transcription factor from the nucleus and decrease the effects
on target gene expression (33, 34). Our results suggested that
binding to Fendrr greatly improved the enrichment of STAT2
in the nucleus, therefore, promoting the expression of IL-6.
Nevertheless, the detailed mechanism by which Fendrr helps
the nuclear trafficking of STAT2 or prevents the shuttling of
STAT2 from the nucleus needs to be further investigated.

Accumulating structural and functional evidence indicate
that STAT2 is unique among the STAT proteins because of its
ability to associate with the non-STAT protein IRF9, which
acts as the first step in the cascade leading to nuclear import
(31, 35). The CC domain of STAT2 mediates the binding to
IRF9 protein (32, 36). Thus, STAT2-Mut1 is supposed to lose
the ability of nuclear translocation due to the lack of CC
domain. On the other hand, the dimerization of STAT2 is
required for binding to IRF9 (37, 38). Actually, unphos-
phorylated STATs, including STAT2, were generally present
as stable heterodimers or homodimers in the cytoplasm (24,
38). The amount of free STAT monomers is very small in
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living cells regardless of cytokine treatment or not (39, 40).
Taking these into account, we hypothesize that overexpression
of the CC domain deficient STAT2-Mut1 will interfere with
the formation of STAT2-IRF9 complex in a dominant negative
manner, and, therefore, abolished the potential of Fendrr in
promoting STAT2 nuclear distribution. Our results showed
that overexpressing STAT2-Mut1 in AML12-Fendrr cells
reduced the Fendrr-mediated enrichment of STAT2 in the
nuclei, and, as a consequence, inhibited the upregulation of IL-
6. Based on these observations, we further overexpressed
STAT2-Mut1 in vivo and showed the inhibitory effects on
Fendrr-mediated liver fibrosis.

Fendrr is one of the first lncRNAs that has been identified to
be essential for the embryonic development of mammalian the
heart, lungs, and gastrointestinal system, and its homozygous
loss causes embryonic or perinatal lethality (14). In addition to
embryogenesis, the dysregulation of Fendrr has been impli-
cated in the pathogenesis of various malignant cancers, most
likely, as a tumor suppressor (17, 41). In terms of organ
fibrosis, Fendrr is decreased in the fibrotic human lungs, likely
due to the increased TGFb/Smad3 signaling (19, 42). Mecha-
nistically, Fendrr exerts its antifibrotic effect in lung fibrosis by
sequestering miR-214, which is critical for the activation of
lung fibroblast (19). However, in a mouse fibrotic heart model,
Fendrr is increased and plays a profibrotic role by sponging
miR-106b, which targets profibrotic Smad3 mRNA for
degradation (20). In the present study, we found that the
upregulation of Fendrr occurs mainly in hepatocytes during
the progression of liver fibrosis. Thus, the functional role of
Fendrr in fibrogenesis might be tissue specific and therapeutic
manipulation of Fendrr expression would have to be organ or
tissue specific.

Hepatocyte injury is the key trigger of almost all types of
liver diseases, and initiates a series of events including the
recruitment of inflammatory cells, activation of HSCs, and
excessive ECM synthesis and deposition (7). In response to
injury, hepatocytes alter their gene expression and secretion
profile. To date, the mechanisms linking hepatocyte injury
and the release of profibrotic mediators remain poorly un-
derstood, but appear to be linked to the sustained regenera-
tion of hepatocyte. It is well-known that hepatocyte has a
tremendous proliferative capability to repopulate themselves
in mouse models of chronic liver disease (43, 44). In adult
liver, developmental signaling pathways are tightly restricted,
but these pathways are reawakened upon liver injury and
assemble a coordinated wound-healing response. Fendrr is a
regulatory RNA essential for proper development of tissues
derived from lateral mesoderm. Given its pivotal role in
embryonic development and rapid increasing in hepatocyte
upon liver injury, we reasoned that upregulation of Fendrr
might be a transcriptional response to hepatocyte injury and
is required for the following process of replenishment.
Nevertheless, further studies are required to reveal whether
the sustained increase of Fendrr contributes to the patho-
genesis of liver fibrosis by inducing proliferation of hepato-
cyte and creating a regenerative niche, other than promoting
the secretion of IL-6.
The genomic region coding for Fendrr transcript is adjacent,
approximately 1.7 kb upstream, to the protein-coding Foxf1
gene in the opposite direction. The gene pairing of Fendrr and
Foxf1 indicates that their interval region may harbor the pu-
tative promoters of Fendrr and Foxf1, and suggests their cor-
egulation and the potential involvement of Fendrr in etiology
of some Foxf1-associated disorders. Actually, a previous report
have shown that depletion of Foxf1 in lung fibroblasts by
siRNA led to a substantial (�50%) decrease of Fendrr levels
(45). Similarly, deletion of Foxf1 from endothelial cells reduced
endothelial proliferation and inhibited vascular endothelial
growth factor signaling, partly due to suppressing the expres-
sion of Fendrr, which is critical for vascular development (46).
However, the binding of Foxf1 to the promoters or the
enhancer region of Fendrr has yet to be characterized. To date,
there have been contradictory reports on the role of Foxf1 in
HSC activation and liver fibrosis, probably due to the utiliza-
tion of different animal model of liver fibrosis or the methods
of manipulating Foxf1 expression in vivo (47–49). Thus, the
possible cross talk and mutual regulations between Foxf1 and
Fendrr in both the physiological state and pathological pro-
cesses of liver fibrosis remain to be investigated in future.

In summary, we provide compelling evidences that the in-
crease of Fendrr in hepatocytes promotes the activation of
HSC in a paracrine manner by inducing IL-6. Mechanistically,
Fendrr binds to STAT2 and improve its enrichment in the
nucleus, therefore, promoting the expression of IL-6 in hepa-
tocytes. These observations suggest an important regulatory
cross talk between hepatocyte lncRNA and HSC activation,
which might represent a potential strategy for therapeutic
intervention in liver fibrosis.

Experimental procedures

Reagents and antibodies

Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine
serum and Lipofectamine 2000 were from Invitrogen. Anti-
STAT2 (D9J7L, #72604), anti-pSTAT3 (D3A7, #9145), and
anti-STAT3 (D1B2J, #30835) antibodies were purchased from
Cell Signaling Technology; anti-IL-6 antibody (#DF6087) was
from Affinity Biosciences; anti-a-SMA (BM0002) and anti-
Collagen I (BA0325) antibodies were from Boster. The
neutralizing antibody against IL-6 (MP5-20F3, #A2118) was
from Selleck Chemicals. Other reagents were commercially
available.

Cell culture

The nontumorigenic mouse hepatocyte cell line, AML12
was purchased from the Shanghai Cell Bank, Chinese Acad-
emy of Sciences (Shanghai, China), and maintained in DMEM/
F12 medium (Invitrogen) containing 10% fetal calf serum,
1 × ITS (insulin-transferrin-sodium selenite media supple-
ment, Sigma-Aldrich), dexamethasone (40 ng/ml), penicillin
(100 units/ml), and streptomycin (100 mg/ml). All cells were
incubated at 37 �C in a humidified atmosphere of 5% CO2. To
generate the AML12 cells that stably express Fendrr,
AML12 cells were infected with the recombinant lentivirus
J. Biol. Chem. (2024) 300(6) 107376 11
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expressing Fendrr (lv-Fendrr) or the control virus (lv-Ctrl),
respectively. After lentivirus infection, the stable cell lines were
selected using 0.5 mg/ml of puromycin. The stable lines were
maintained in DMEM supplemented with 10% fetal bovine
serum and 0.25 mg/ml of puromycin. The stable expression of
Fendrr was confirmed by qRT-PCR. To collect conditioned
medium, cells were washed with PBS twice and continued to
incubate with serum-free culture medium for 48 h. The
conditioned medium was then collected by centrifugation, and
stored at −80 �C.

Isolation of hepatocytes

Primary hepatocytes were isolated by pronase/collagenase
perfusion digestion followed by subsequent density gradient
centrifugation as previously described (50). The isolated pri-
mary hepatocytes were counted with a hemocytometer to
determine the number and percentage of viable cells using the
trypan blue method. The isolated cells with the viability above
90% were used for the experiments. To confirm the purity of
isolated hepatocytes and nonhepatocytes, the expression of
hepatocyte-specific alpha-fetoprotein, albumin, CYP2E1,
HNF1a and HNF4a, HSC-specific Desmin, Acta2, and Syn-
taxin 2 (STX2), and Kupffer cell-specific CD68, Emr1, and
Clec4F were examined by qRT-PCR, respectively.

Oligonucleotides and transfection

Mouse STAT2-specific siRNA (sense: 50- GCAGCAGAA-
GUCCUGCAUUTT-30 and antisense: 50- AAUGCAGGA-
CUUCUGCUGCTT-30) was designed and synthesized by
GenePharma. Transfection of RNA duplexes was performed
using Lipofectamine 2000 (Invitrogen). Unless otherwise
indicated, the cells were transfected with the transfection mix
containing 100 nM siRNA in this study.

Wound scratch assay

Cells were grown to confluence on a 6-well plate. A linear
scrape wound was made on the cell monolayer, and the wound
was allowed to heal. The images were then taken under an
inverted microscope (TE2000-U; Nikon) at indicated times.
The distances from the edge to the middle of the scratch were
determined using ImageJ software (https://imagej.nih.gov/ij/).

Animals

Animal protocols were reviewed and approved by the Ani-
mal Care and Use Committee of Nanjing University and
conformed to the Guidelines for the Care and Use of Labo-
ratory Animals published by the National Institutes of Health.
Five-week old male C57BL/6J mice (20 ± 2 g) were obtained
from the Animal Center of Yangzhou University (Yangzhou,
China). Animals were maintained under pathogen-limited
conditions and had free access to rodent chow and water.
CCl4-induced mouse liver fibrosis was induced according to
previously described method (51). Briefly, mice were intra-
peritoneally injected with of 20% CCl4 solution in sterile
mineral oil at a dose of 2.5 ml CCl4 per kilogram body weight
twice per week for 4 weeks. The lentivirus was injected only
12 J. Biol. Chem. (2024) 300(6) 107376
one time via tail vein at 2 days before the first CCl4 injection
(1 × 109 pfu/mouse).

For BDL, we anesthetized mice with intraperitoneal injec-
tion of pentobarbital (50 mg/kg) and opened the abdominal
cavity to expose the bile duct. We then ligated it twice at a
distance of around 3 mm with 4-0 silk and secured them
separately with three surgical knots. The sham operation
group was handled in a similar manner, but without bile duct
ligation. All mice were sacrificed 3 weeks later.

Human liver tissue samples

Liver cirrhosis samples and normal control were obtained
from patients undergoing surgery at Department of Hep-
atobiliary Surgery, the Affiliated Drum Tower Hospital of
Nanjing University Medical School, Nanjing, China. Normal
liver tissues were nondiseased portions of hepatectomy spec-
imens from patients who had undergone surgery to remove
liver hemangiomas. Written informed consent was obtained
from each patient before collecting the sample. This study was
approved by the Institutional Review Board of Nanjing Uni-
versity and abided by the Declaration of Helsinki principles.

Plasmid

The Fendrr complementary DNA (cDNA) was amplified by
RT-PCR with primers as follows: Forward: 50- gcaggcttgaag-
gaattcggtacccgggttccggaaagc -30 and Reverse: 50- acaa-
gaaagctgggttgcggccgctgatagaatttgcattttaatttatgagcaaa -30. The
PCR fragment was inserted into pMD18-T vector, sequenced
and then cloned into lentiviral vector pLVX-IRES-Puro.

The STAT2 cDNA was amplified by RT-PCR with primers
as follows: Forward: 50- gagcaccaggatgacgataaa -30 and Reverse:
50- tgatctctgtcagtgggagt -30. The PCR fragment was sequenced
and cloned into pCI plasmid to obtain pCI-STAT2. The
STAT2 mutant cDNA were then constructed by PCR using
the primers as follows, mutant 1 (Forward: 50- ttggctacctg-
gattgaagac -30 and Reverse: 50- gattggagtctgagctgtagtg -30),
mutant 2 (Forward: 50-atggcgcagtggga -30 and Reverse: 50-
ttcacttctaaggactctgaatc -30) and mutant 3 (Forward: 50- gat-
tagcgtggaggatctgaaa -30 and Reverse: 50- aaatggctgtggtagggtatg
-30)

Generation of lentivirus

The Fendrr cDNA was cloned into the pLVX-IRES-Puro
lentiviral vector to generate pLVX-IRES-Puro-Fendrr. The
infectious virus particles were collected at 48 h after HEK 293T
cells were transfected with pLVX-IRES-Puro-Fendrr, the
packaging plasmid psPAX2 and the VSV-G envelope plasmid
pMD2.G (Addgene) using the Lipofectamine 2000 reagent.

Measurement of hepatic hydroxyproline content

The amount of hydroxyproline was determined with Hy-
droxyproline Testing Kit (Jiancheng Inc). About 100 mg wet
liver samples were weighed and subjected to acid hydrolysis.
The hepatic hydroxyproline levels were then biochemically
measured and calculated according to the manufacturer’s
instruction.

https://imagej.nih.gov/ij/
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Cytoplasmic and nuclear fractionations

The nucleus and cytoplasm were separated by the nuclear
and cytoplasmic extraction kit (Beyotime). The RNA were then
isolated from the pooled fractions for qRT-PCR.

RNA FISH

LncRNA FISH was performed using a Ribo lncRNA FISH
kit (RiboBio) according to the manufacturer’s protocol. The
CY3-labeled FISH probes were designed and provided by
RiboBio. Briefly, the liver sections were fixed with 4% para-
formaldehyde after deparaffinization and rehydration. The
sections were then hybridized with 20 mM CY3-labeled probe
overnight.

RNA pull-down and MS assay

RNA pull-down was performed as previously described (52).
Briefly, biotin-labeled RNAs were transcribed in vitro with
Biotin RNA Labeling Mix (Roche) and T7 RNA polymerase
(Promega), treated with RNase-free DNase I (Promega) and
purified with RNeasy Mini Kit (Qiagen). Three micrograms of
biotinylated RNA in RNA structure buffer (10 mM Tris pH 7,
0.1 M KCl, and 10 mM MgCl2) was heated to 95 �C for 2 min,
placed on ice for 3 min, and then left at room temperature
(RT) for 30 min to allow proper secondary structure forma-
tion. Three micrograms of biotin-labeled RNA was then mixed
with the extract (containing 1 mg proteins) in 500 ml RIP
buffer and then incubated at RT for 1 h in each pull-down
assay. Fifty microliters of washed streptavidin agarose beads
(Invitrogen) were added to each binding reaction and further
incubated at RT for another hour. Beads were washed briefly
with RIP buffer five times and boiled in SDS buffer. Then, the
retrieved proteins were resolved in SDS-PAGE gels. The band
specific to sense Fendrr, as well as the corresponding gel in the
antisense lane was then excised, respectively, and followed by
MS identification.

RNA immunoprecipitation

RNA immunoprecipitation analysis was performed as
described before (52). Briefly, cells were cross-linked with
0.37% formaldehyde and lysed in 1 ml RIP lysis buffer
(150 mM NaCl, 10 mM Hepes, pH 7.4, 3 mM MgCl2, 10%
glycerol, 1% NP-40, 2 mM DTT, and 1 mM PMSF) supple-
mented with protease inhibitor and SUPERase�In RNase In-
hibitor (1000 U/ml, Ambion). Cell extracts were
coimmunoprecipitated using anti-STAT2 or preimmune IgG
(negative control) antibody. RNA samples were extracted with
TRIzol and detected by qRT-PCR.

RNA isolation and quantitative real-time PCR

Total RNA was prepared from the cells or liver tissues by
homogenization and purification using TRIzol Reagent (Invi-
trogen). For mRNA detection, 500 ng of total RNA were used
for cDNA synthesis and real-time PCR was performed in
triplicates using the SYBR PrimeScript RT-PCR Kit (Takara) in
an ABI 7300 Fast Realtime PCR System (Applied Biosystems,)
according to the manufacturer’s instructions. Individual gene
expression was quantified using a standard curve and
normalized to b-actin mRNA expression. The PCR conditions
were as follows: 95 �C for 30 s, and then 40 cycles of ampli-
fication for 5 s at 95 �C and 30 s at 60 �C. Primers are listed in
Table S2.

Absolute quantification of RNA using qRT-PCR.

The absolute copy numbers of Fendrr and Albumin
mRNA were measured using the standard curve method as
previously described (53). Briefly, the plasmids containing
Fendrr and Albumin cDNA were linearized and generated
sense RNA transcript using in vitro T7 promoter tran-
scription system (Promega). After digested with RNAse-free
DNAse and purification, the transcripts were quantified on a
spectrophotometer and converted to the number of copies
using the previously described method (53). The quantified
Fendrr and Albumin mRNA was used as the standard RNA.
The total RNA from RIP, as well as the standard RNAs of
Fendrr and Albumin, were reversely transcribed, respec-
tively, using the reverse primer. The standard cDNAs were
serially diluted in nuclease-free water. Serial dilutions from
106 to 101 copies were used for standard in a final volume of
20 ml. Quantitative PCR was then performed using the
diluted cDNA standards or total cDNA from RIP as tem-
plates. Absolute quantification determines the actual copy
numbers of target genes by relating the cycle threshold value
to a standard curve. The final data were expressed as the
copy number per 10 mg RNA.

Histological examination

Excised liver tissues were fixed in 4% paraformaldehyde,
embedded in paraffin and sectioned. The tissue was then
stained with H&E or Sirius red. For Sirius red staining, the
sections were stained for 1 h in 0.1% (w/v) sirius red (Sigma-
Aldrich) in a saturated aqueous solution of picric acid (Sigma-
Aldrich). After staining, the slides were rinsed twice with two
changes of acidified water. After dehydration in three changes
of 100% ethanol, the slides were mounted and observed. For
semiquantitative analysis of liver fibrosis, at least 10 photo-
graphs of noncontiguous sections per animal were recorded.
We calculated the fibrotic area relative to the total area of the
field as a percentage using Image-Pro Plus 6.0 (Media Cyber-
netics, https://mediacy.com/products/image-pro-plus/).

Immunofluorescence staining

Immunofluorescence staining was performed using the
protocols previously established in our laboratory. Briefly, the
paraffin-embedded liver tissue were sectioned and incubated
with the primary antibody at 4 �C overnight according to the
manufacturer’s recommendation. After the sections were
washed with Tris-buffered saline, they were subsequently
stained with FITC-conjugated secondary antibodies. The
nuclei were counterstained with 4,6-diamidino-2-phenylindole
(DAPI), and the fluorescence was visualized under Nikon
confocal microscope (C2+, Nikon). The positive staining area
J. Biol. Chem. (2024) 300(6) 107376 13
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was quantified by scanning at least 10 photographs of
noncontiguous sections per animal. The results were
expressed as a percentage of the total tissue area.

Immunohistochemical staining

We performed immunohistochemistry in paraffin sections
using a microwave-based antigen retrieval technique.
Following deparaffinization, sections were rehydrated and
subjected to antigen retrieval by microwaving in 0.01 M so-
dium citrate (pH 6.0) for 10 min. Sections were incubated at 4
�C overnight with primary antibody and then incubated with
horseradish peroxidase-conjugated IgG (1:500) according to
the manufacturer’s instructions. The proteins in situ were
visualized with 3,3-diaminobenzidine and examined under
confocal microscopy. The staining intensity was quantified
using Image-Pro Plus 6.0 by scanning 10 nonoverlapping fields
in each liver section.

Western blot

Cell pellets or liver tissues were lysed in lysis buffer (20 mM
Tris–HCl, pH 7.5, 150 mM NaCl, 1% Triton X-100, sodium
pyrophosphate, b-glycerophosphate, EDTA, Na3VO4 and leu-
peptin) containing 1 mM PMSF. After mixing with
2 × Laemmli buffer and heat denaturation at 100 �C for 5 min,
equal amounts of lysate (20 ml) were separated by SDS-PAGE
and then transferred onto polyvinylidene fluoride membranes.
The membranes were probed by antibodies at appropriate
dilutions for 1 h. After washing with phosphate buffered saline
with Tween-20, the membrane was then probed with horse-
radish peroxidase-conjugated anti-rabbit or anti-goat IgG for
1 h at RT. The protein bands were visualized by fluorography
using an enhanced chemiluminescence system (Cell Signaling
Technology).

Serum aminotransferase activity measurement

The blood samples were allowed to clot, and then centri-
fuged at 3000g for 10 min to collect serum for aminotrans-
ferase activity analysis. ALT was measured using commercial
kits (Jiancheng) and expressed as U/L.

ELISA assay

Quantification of IL-6 production was performed with a
commercial ELISA kit (Multisciences Biotech) according to
the manufacturer’s instructions.

Statistical analysis

Results are expressed as the means ± SD of at least three
independent experiments. The data were analyzed for normal
distribution. Differences between multiple groups were
checked using one-way ANOVA with post hoc Bonferroni
correction. Differences between two groups were analyzed by a
two-tailed unpaired Student’s t test. A value of p < 0.05 was
considered statistically significant, and p < 0.01, p < 0.001 and
p < 0.0001 indicated strongly significant difference. Pearson’s
14 J. Biol. Chem. (2024) 300(6) 107376
correlation analysis was performed to determine the correla-
tion between two variables.
Data availability

The RNA-seq data have been deposited in the Gene
Expression Omnibus (GEO) under the accession code
GSE243644 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE243644). The data that support the findings of this
study are available from the corresponding author upon
reasonable request.
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