
RESEARCH ARTICLE
Trefoil factor 2 secreted from damaged hepatocytes activates
hepatic stellate cells to induce fibrogenesis
Received for publication, April 16, 2021, and in revised form, June 10, 2021 Published, Papers in Press, June 17, 2021,
https://doi.org/10.1016/j.jbc.2021.100887

Bichen Zhang1, Kalina Lapenta2, Qi Wang1, Jin Hyun Nam3 , Dongjun Chung4 , Marie E. Robert5 ,
Michael H. Nathanson6 , and Xiaoyong Yang1,2,*
From the 1Department of Cellular and Molecular Physiology, Yale University, New Haven, Connecticut, USA; 2Program in
Integrative Cell Signaling and Neurobiology of Metabolism, Department of Comparative Medicine, Yale University School of
Medicine, New Haven, Connecticut, USA; 3Department of Public Health Sciences, Medical University of South Carolina,
Charleston, South Carolina, USA; 4Department of Biomedical Informatics, College of Medicine, Ohio State University, Columbus,
Ohio, USA; 5Department of Pathology, 6Section of Digestive Diseases, Department of Internal Medicine, Yale University School of
Medicine, New Haven, Connecticut, USA

Edited by Gerald Hart
Liver fibrosis is a common characteristic of chronic liver
diseases. The activation of hepatic stellate cells (HSCs) plays a
key role in fibrogenesis in response to liver injury, yet the
mechanism by which damaged hepatocytes modulate the
activation of HSCs is poorly understood. Our previous studies
have established that liver-specific deletion of O-GlcNAc
transferase (OGT)leads to hepatocyte necroptosis and sponta-
neous fibrosis. Here, we report that OGT-deficient hepatocytes
secrete trefoil factor 2 (TFF2) that activates HSCs and con-
tributes to the fibrogenic process. The expression and secretion
of TFF2 are induced in OGT-deficient hepatocytes but not in
WT hepatocytes. TFF2 activates the platelet-derived growth
factor receptor beta signaling pathway that promotes the pro-
liferation and migration of primary HSCs. TFF2 protein
expression is elevated in mice with carbon tetrachloride-
induced liver injury. These findings identify TFF2 as a novel
factor that mediates intercellular signaling between hepato-
cytes and HSCs and suggest a role of the hepatic OGT–TFF2
axis in the process of fibrogenesis.

Chronic liver diseases affect more than 1.5 billion patients
worldwide (1). Without proper intervention, chronic liver dis-
eases progress to liver cancer, which is the global leading cause of
cancer mortality. Liver fibrosis is the common pathological
outcome regardless of the etiology of liver diseases and also a
critical determinant for the development of hepatocellular car-
cinoma (HCC) (2). Liver fibrosis is reversible if the primary cause
of the liver injury is removed or limited. However, no Food and
DrugAdministration–approved drug is available for liver fibrosis
per se. Understanding the cellular and molecular mechanisms
underlying the hepaticfibrogenesis is critical for the identification
of novel drug targets and the development of therapies.

Liver fibrosis is defined by excessive deposition of the
extracellular matrix (ECM) in the tissue. The hepatic stellate
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cell (HSC) is the major cell type that contributes to liver
fibrogenesis. Activated HSCs transdifferentiate from quiescent,
fat-storing cells into proliferative myofibroblasts, which is
marked by the loss of lipid droplets and the expression of
alpha-smooth muscle actin (αSMA) (3). Activated HSCs show
increased proliferation, chemotaxis, and contractility, as well
as synthesis and secretion of the ECM. Lineage-tracing ex-
periments in several animal models of liver fibrosis have shown
that HSCs are the primary source of ECM production (4). In
contrast, HSC apoptosis and senescence promote the resolu-
tion of liver fibrosis (5, 6). Therefore, investigating the mech-
anisms for the activation of HSCs may hold the key to treat
liver fibrosis.

The crosstalk between hepatocytes and nonparenchymal
cells is an emerging paradigm in the pathogenesis of liver
diseases. Located along the sinusoids of the liver, the spread
and elongated morphology of HSCs allows them to make
contact with both hepatocytes and endothelial cells (7).
However, our current knowledge of how paracrine factors
released from damaged hepatocytes affect HSCs remains very
limited, and the contribution of the hepatocyte–HSC crosstalk
to liver fibrogenesis is unknown.

O-GlcNAc modification post-translationally modifies cyto-
plasmic, nuclear, and mitochondrial proteins (8–11). Although
over 1000 targets have been identified for O-GlcNAc modifi-
cation, only one pair of enzymes is responsible for the
attachment and removal of this modification. O-GlcNAc
transferase (OGT) adds O-GlcNAc to serine or threonine
residues on proteins, and O-GlcNAcase removes this sugar
moiety. Maintaining optimal O-GlcNAcylation levels in the
liver has been found to be important for liver metabolism and
tissue homeostasis (12–20). Previously, we have discovered
that deletion of OGT in hepatocytes leads to necroptotic cell
death (21). Mice lacking OGT in hepatocytes spontaneously
develop liver fibrosis, which could only be partially attributed
to hepatocyte necroptosis. Here, we report that the HSCs from
liver-specific OGT KO (OGT-LKO) mice are activated by a
novel secreted factor trefoil factor 2 (TFF2). TFF2 activates
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TFF2 mediates hepatocyte–stellate cell crosstalk
PDGFRβ signaling and promotes the proliferation and
migration of HSCs. TFF2 is also increased in mice with liver
injury, which indicates a potential role in the pathogenesis of
liver diseases.

Results

HSCs are activated in the OGT-LKO mouse model of liver
fibrosis

We generated OGT-LKO mice by crossing Albumin-Cre;
OgtF/Y mice with OgtF/F mice to specifically delete OGT in
hepatocytes (Fig. 1, A and B). We reported that OGT-
deficient hepatocytes undergo excessive necroptosis that
contributes to liver fibrogenesis in these mice (21). We
observed extensive Sirius Red–positive stains in 8-week-old
OGT-LKO mouse liver sections, which confirmed the
spontaneous development of liver fibrosis in these mice
(Fig. 1, C and D). The expression of αSMA is a hallmark of
the transdifferentiation of quiescent HSCs to the activated
fibroblasts. Immunofluorescence staining of liver sections
showed that αSMA is highly expressed in livers of 4-week-
old OGT-LKO mice but not WT mice (Fig. 2, A and B). To
further characterize HSCs from OGT-LKO mice, we isolated
primary HSCs from WT and OGT-LKO livers. Quiescent
HSCs are the major sites in the liver that stores retinoids and
their metabolites in the form of lipid droplets (22). Multiple
lipid droplets were presented in freshly isolated HSCs from
WT livers as demonstrated by the BODIPY staining
(Fig. 2C). In contrast, primary HSCs from OGT-LKO mice
showed a significant decrease in the lipid content, indicating
the transdifferentiation of HSCs into fibroblasts (Fig. 2C)
(23). In agreement with these findings, mRNA levels of a
battery of fibrogenic genes were elevated in primary HSCs
from OGT-LKO mice (Fig. 2D). These results demonstrate
Figure 1. Liver-specific OGT knockout (OGT-LKO) mice show fast-develo
blotting of proteins extracted from primary hepatocytes (PH) and primary hepa
C, Sirius Red stains of liver sections from 8-week-old WT and OGT-LKO mice. T
(n = 4). Data are shown as the mean ± SEM. **p < 0.01 by unpaired Student
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that OGT deletion in hepatocytes promotes the trans-
differentiation and activation of HSCs.

OGT-deficient hepatocytes activate HSCs through a paracrine
mechanism

To understand how the deletion of OGT in hepatocytes
affects the activation of neighboring HSCs, we cultured pri-
mary hepatocytes in fetal bovine serum (FBS)-free media
overnight and harvested secreted proteins in the conditioned
medium. The silver staining of these secreted proteins showed
different patterns between WT and OGT-LKO primary he-
patocytes (Fig. 3A). We therefore hypothesized that changes in
these secreted proteins would affect the status of HSCs. To test
this hypothesis, we treated primary HSCs and LX-2 cells (an
immortalized human stellate cell line) with the conditioned
medium harvested from WT and OGT-deficient hepatocytes
for 16 h (Fig. 3B) (24). The expression of key fibrogenic genes,
Acta2 and Col1a1, was significantly increased in both primary
HSCs and LX-2 cells treated with the OGT-deficient hepato-
cyte-conditioned medium compared with those treated with
the WT hepatocyte-conditioned medium (Fig. 3, C and D).
The immunofluorescence analysis confirmed that the αSMA
protein level was increased in primary HSCs treated with the
OGT-deficient hepatocyte-conditioned medium (Fig. 3, E and
F). These results demonstrate that proteins secreted from
OGT-deficient hepatocytes can induce the activation of HSCs.

OGT-deficient hepatocytes show elevated expression and
secretion of TFF2

To identify potential candidates in the conditioned medium
that mediate the effect on HSC activation, we re-examined the
RNA-sequencing data of the OGT-LKO livers (21). A variety
of genes that encode secreted proteins were differently
ped liver fibrosis. A, the breeding strategy of OGT-LKO mice. B, Western
tic stellate cells (HSCs). All primary cells were isolated from 4-week-old mice.
he scale bar represents 100 μm. D, quantification of Sirius Red–positive area
’s t test. OGT, O-GlcNAc transferase.



Figure 2. Primary HSCs are activated in OGT-LKO mice. A and B,
immunofluorescence images of liver sections stained with the antibody
against alpha-smooth muscle actin (αSMA, red) and 40 ,6-diamidino-2-phe-
nylindole (blue). Fluorescence intensity was quantified with ImageJ (n = 4).
The scale bar represents 100 μm. C, BODIPY stains of primary HSCs isolated
from 4-week-old WT and OGT-LKO mice. 40 ,6-diamidino-2-phenylindole was
used to stain the nucleus. The scale bar represents 500 μm. D, mRNA
expression of fibrogenic genes in primary HSCs isolated from 4-week-old
WT and OGT-LKO mice, n = 3. Data are shown as the mean ± SEM. *p < 0.05;
**p < 0.01; ***p < 0.001 by unpaired Student’s t test. HSCs, hepatic stellate
cells; OGT, O-GlcNAc transferase; OGT-LKO, liver-specific OGT KO.

TFF2 mediates hepatocyte–stellate cell crosstalk
expressed in WT and OGT-LKO livers (Fig. 4A). To identify
secreted factors that may mediate the crosstalk between he-
patocytes and HSCs, we chose Tff2, Bmp8b, and Gpnmb for
the initial validation. These factors were chosen because they
were upregulated in OGT-LKO livers and highly relevant to
the pathogenesis of chronic liver diseases based on the analysis
of the Gene Expression Omnibus database. We found that the
mRNA levels of all three candidates were increased in OGT-
LKO primary hepatocytes and livers, confirming the cell-
autonomous upregulation of these genes in OGT-deficient
hepatocytes (Fig. 4, B–D). To test whether the increase in
these gene transcripts results in elevated secretion of the
corresponding proteins, we analyzed the protein extracts from
the WT and OGT-LKO hepatocyte-conditioned medium. We
found that TFF2 but not BMP8b and GPNMB was present in
the OGT-LKO hepatocyte-conditioned medium (Fig. 4E).
Immunofluorescence staining of primary hepatocytes further
demonstrated the expression of TFF2 protein in OGT-LKO
but not WT hepatocytes (Fig. 4F). There are three members
in the TFF family: Tff1, Tff2, and Tff3 (25). We found no sig-
nificant changes in Tff1 and Tff3 mRNA levels in OGT-LKO
hepatocytes, indicating the specificity of increased Tff2 tran-
scription in response to Ogt deletion (Fig. 4, G and H). In
summary, these results show that OGT deficiency in hepato-
cytes induces the expression and secretion of TFF2.

TFF2 promotes the proliferation and migration of HSCs

To investigate whether secreted TFF2 might mediate the
crosstalk between hepatocytes and HSCs, we treated freshly iso-
lated primary HSCs with recombinant TFF2. Activated HSCs
demonstrate the increased capability to proliferate and migrate
(3).We found that TFF2 treatment promoted the proliferation of
primary HSCs compared with the control group (Fig. 5A). To
determine whether this effect is specific to HSCs, we also treated
primary hepatocytes with recombinant TFF2 and observed no
difference in the cell number compared with the control group
(Fig. 5B). We further tested the effect of TFF2 on LX-2 cells and
found that TFF2 increased the proliferation of these human
stellate cells in a dose-dependent manner (Fig. 5C). We then
examined whether TFF2 can affect HSC migration with a
modified Boyden chamber (Fig. 5D). Transforming growth factor
beta was used as a positive control in the assay. With TFF2
treatment, more cells were migrated to the lower membrane in
the Boyden chamber (Fig. 5, E and F). Similarly, TFF2 facilitated
themigrationof LX-2 cells in a dose-dependentmanner (Fig. 5G).
Taken together, these results indicate that secreted TFF2 pro-
motes the proliferation and migration of HSCs.

TFF2 treatment induces PDGFR phosphorylation and
activation of downstream signaling

We next sought to dissect the signaling pathways mediated
by TFF2 in the activation of HSCs. Previous research demon-
strated that the activation of the PDGFRβ signaling pathway
governs the proliferation and migration of HSCs (26). We
examined whether TFF2 can activate the PDGFRβ signaling
pathway in primary HSCs. Immunofluorescence staining of
cells treated with recombinant TFF2 or PDGF-bb for 10 min
showed a marked increase in phospho-PDGFRβ but not total
PDGFRβ protein levels, which indicated the activation of the
PDGFRβ signaling (Fig. 6, A and B). Protein kinase B (AKT)
and extracellular signal-regulated kinases (ERK) signaling
pathways are downstream of PDGFRβ activation. We found
that TFF2 treatment increased the phosphorylation of AKT
and ERK in primary HSCs in a time- and dose-dependent
manner (Fig. 6, C and D). These results together indicate
that TFF2 exerts its effect on HSC proliferation and migration
at least partially through the PDGFRβ signaling pathway.

Increased expression of TFF2 in mice with carbon
tetrachloride-induced liver injury

TFF2 has been shown to be a poor prognostic marker for
gastric cancer (27). We probed the cancer genome atlas
J. Biol. Chem. (2021) 297(1) 100887 3



Figure 3. OGT-deficient hepatocytes secrete proteins that activate HSCs. A, silver staining of proteins extracted from WT and OGT-LKO primary
hepatocyte–conditioned medium (CM). Primary hepatocytes were cultured in FBS-free medium for 16 h. The conditioned medium was centrifuged using
the Amicon filter system with a molecular weight cutoff of 3 kDa. Secreted proteins were precipitated with trichloroacetic acid and solubilized with urea. B,
schematic view of the experimental design. C, mRNA expression of Acta2 and Col1a1 in primary HSCs treated with WT or KO hepatocyte-conditioned
medium. D, mRNA expression of Acta2 and Col1a1 in LX-2 cells treated with WT or KO hepatocyte-conditioned medium. E and F, immunofluorescence
images of HSCs treated with WT or KO hepatocyte-conditioned medium. Cells were stained with the antibody against αSMA (red) and 40 ,6-diamidino-2-
phenylindole (blue). Fluorescence intensity was quantified with ImageJ (n = 4). The scale bar represents 100 μm. Data are shown as the mean ± SEM. *p <
0.05; **p < 0.01 by unpaired Student’s t test. FBS, fetal bovine serum; HSCs, hepatic stellate cells; OGT, O-GlcNAc transferase; OGT-LKO, liver-specific OGT KO.

TFF2 mediates hepatocyte–stellate cell crosstalk
database and found a similar trend in HCC: patients with
higher expression of Tff2 showed a lower survival rate
(Fig. 7A). Because liver fibrosis is highly correlated to the
development of HCC, we ask whether TFF2 is involved in the
progression of liver diseases. To test the potential role of
TFF2 in the mouse model of liver injury, we induced an acute
liver injury by injecting carbon tetrachloride (CCl4) to
C57BL/6J mice for 1 week (28). The fibrogenic program was
initiated in CCl4-treated mice as demonstrated by increased
4 J. Biol. Chem. (2021) 297(1) 100887
mRNA expression of major fibrogenic genes (Fig. 7B). We
found that TFF2 protein expression was increased in CCl4-
treated mice along with the increased levels of αSMA and
phospho-PDGFRβ proteins (Fig. 7, C and D). Immunohis-
tochemistry staining of livers from mice injected with CCl4
for 3 weeks also showed higher expression of TFF2 than that
from vehicle-treated mice (Fig. 7E). These results indicate a
strong association between TFF2 expression and the early
stage of liver fibrosis in these mice.



Figure 4. The expression and secretion of trefoil factor 2 (TFF2) is increased in OGT-deficient hepatocytes. A, the expression of genes that encode
secreted proteins in WT and OGT-LKO livers. Top 50 genes are shown based on the ranks of fold change. B–D, mRNA expression of Tff2 (B), Bmp8b (C), and
Gpnmb (D) in primary hepatocytes (PH) and liver lysates. Cell and liver lysates were isolated from 4-week-old WT and OGT-LKO mice. n = 3 to 5. E, Western
blotting of proteins extracted from WT and KO hepatocyte-conditioned medium. F, immunofluorescence imaging of primary hepatocytes with the antibody
against TFF2 (green) and 40 ,6-diamidino-2-phenylindole (blue). The scale bar represents 25 μm. G and H, mRNA expression of Tff1 and Tff3 in primary
hepatocytes and liver lysates. Cell and liver lysates were isolated from 4-week-old WT and OGT-LKO mice. n = 4 to 5. Data are shown as the mean ± SEM.
*p < 0.05; **p < 0.01 by unpaired Student’s t test. HSCs, hepatic stellate cells; OGT, O-GlcNAc transferase; OGT-LKO, liver-specific OGT KO.

TFF2 mediates hepatocyte–stellate cell crosstalk
Discussion

Hepatocytes show a remarkable capability to synthesize and
secrete proteins that mediate intercellular and interorgan
crosstalk. Changes in the intercellular crosstalk are observed in
various liver pathological conditions, which indicate the
critical role of this signaling network in the pathogenesis of
liver diseases. Here, we report that TFF2, a novel secreted
factor from OGT-deficient necroptotic hepatocytes, induced
the activation of HSCs (Fig. 7F). We found that TFF2 pro-
moted HSC proliferation and migration at least partially
through the activation of PDGFRβ signaling. TFF2 was
J. Biol. Chem. (2021) 297(1) 100887 5



Figure 5. TFF2 promotes the proliferation and migration of HSCs. A and B, cell proliferation analysis of primary HSCs (A) and primary hepatocyte (B)
determined by MTT assay. Cells were treated with 40 nM TFF2 for 5 days. Cells in the control group were treated with 0.1% bovine serum albumin PBS. Fresh
medium was replaced every 48 h. C, cell proliferation analysis of LX-2 cells treated with indicated concentration of TFF2. D, schematic view of the modified
Boyden chamber assay. E and F, crystal violet staining and quantification of primary HSCs migrated to the lower membrane after 4 h treatment. The scale
bar represents 500 μm. G, quantification of migrated LX-2 cells treated with indicated concentration of TFF2. Cells were isolated from 4-week-old mice, n = 3
to 4. Data are shown as the mean ± SEM. *p < 0.05; **p < 0.01 by unpaired Student’s t test and one-way ANOVA followed by Tukey-adjusted multiple
comparisons. HSCs, hepatic stellate cells; TFF2, trefoil factor 2.

TFF2 mediates hepatocyte–stellate cell crosstalk
increased in mice with CCl4-induced liver injury. Given that
liver injury triggers the development of HCC, these findings
could potentially provide an explanation for the poor prog-
nosis of HCC patients with a higher Tff2 mRNA level and
suggest that TFF2 may serve as a biomarker for early detection
of liver injury.

The role of TFFs has not been understood in the liver until
very recently. TFFs are broadly expressed in the gastroin-
testinal (GI) tract, liver, pancreas, kidney, and brain (29).
Previous research on TFFs focused on their roles in the GI
tract. Injured intestinal epithelial cells release TFFs, which
promote cell proliferation and migration to restore the
mucosal integrity of the GI tract (30). Interestingly, our re-
examination of the RNA-sequencing data from intestinal
epithelial cell–specific OGT KO mice showed the increased
expression of Tff2 transcripts (31). This result indicates that
OGT may regulate Tff2 expression in different types of cells
6 J. Biol. Chem. (2021) 297(1) 100887
through an unknown yet conserved mechanism. One
possible mechanism is that OGT regulates Tff2 gene tran-
scription. It has been well established that OGT can suppress
gene expression through direct or indirect interaction with
the promoter of its target (32). A recent study reported that
O-GlcNAcylation of FOXA2 suppressed its transcriptional
activity and decreased the expression of FOXA2 target genes
in various liver cell lines (33). FOXA2 is predicted to bind to
the promoter region of Tff2 (34). It is possible that the
deletion of OGT in the liver or GI epithelial cells releases the
inhibition of FOXA2 transcriptional activity and thus in-
creases the gene expression of Tff2.

Hepatic TFF1 expression is increased in patients with hep-
atectomy, hepatolithiasis, cholangiocarcinoma, and HCC
(35–37). The TFF3 level is commonly found in HCC patients
and correlates with tumor grade (38). It has also been shown
that TFF3 is involved in hepatic glucose and lipid metabolism



Figure 6. TFF2 promotes the activation of PDGFRβ signaling. A and B, immunofluorescence imaging of HSCs with recombinant TFF2 treatment. PDGF-
bb was used as a positive control. The scale bar represents 25 μm. B, quantification of the immunofluorescence images. The fluorescence intensity of p-
PDGFRβ/total PDGFRβ was quantified and then normalized to the control group. n = 30. C, Western blots of primary HSCs treated with 40 nM TFF2 for 5, 15,
and 30 min. D, Western blots of primary HSCs treated with different doses of TFF2 for 5 min. Cells were isolated from 4-week-old mice. Data are shown as
the mean ± SEM. ***p < 0.001 by one-way ANOVA followed by Tukey-adjusted multiple comparisons. HSCs, hepatic stellate cells; TFF2, trefoil factor 2.

TFF2 mediates hepatocyte–stellate cell crosstalk
(39–42). However, the role of TFF2 is unknown in the liver.
Our results reveal that TFF2, expressed and secreted by
damaged hepatocytes, mediates the crosstalk between hepa-
tocytes and HSCs. We found increased TFF2 expression in
mice with CCl4-induced liver injury. Consistently, Tff2 mRNA
expression is also increased in a mouse model of non-alcoholic
steatohepatitis fibrosis (43). A single-cell RNA-sequencing
analysis of human samples revealed that Tff2 expression is
increased in hepatocytes from cirrhotic livers (44). These re-
sults suggest that TFF2 could potentially serve as a biomarker
for chronic liver disease. Whether TFF2 represents a general
marker for hepatic stress response or a specific modulator
under certain pathological conditions is a question that re-
mains to be answered. Future research will be needed to
determine whether TFF2 could be detected in the circulation
and whether neutralizing TFF2 would ameliorate liver fibrosis
in different models of liver injury.

In this study, we demonstrated that the PDGFRβ
signaling pathway was potentiated by TFF2 in HSCs. It has
been known that AKT and ERK1/2 act downstream of
PDGFRβ phosphorylation. The activation of these pathways
modulates cell proliferation and migration (45). However,
it is not known whether TFF2 stimulates PDGFRβ phos-
phorylation through direct or indirect interaction. No bona
fide receptor has been identified for TFFs (30, 46, 47).
Previous studies showed that TFF2 exerts its mitogenic
effect through the CXCR4 signaling pathway in pancreatic
beta cells and several other cancer cell lines (48, 49). There
is also evidence that PDGFRβ functionally interacts with
CXCR4 to promote cell proliferation and migration
(50, 51). It is thus possible that TFF2 interacts with the
CXCR4–PDGFRβ axis to promote the activation of HSCs.
Future mechanistic studies are needed to elucidate the
bona fide receptor of TFF2 in HSCs.

Previous findings have shown that O-GlcNAcylation is
important for normal liver physiology, and OGT-LKO mice
represent an effective animal model to investigate the
cellular and molecular mechanisms underlying liver fibrosis
(15–18, 21). Our results suggest that the perturbation of
O-GlcNAc homeostasis in hepatocytes signals to non-
parenchymal cells through paracrine factors. A recent study
of in vivo secretome profiling suggests that the secretion
patterns of hepatocytes vary greatly under environmental
challenges, which potentially modulates liver homeostasis
(52). Intracellular O-GlcNAc levels in hepatocytes are highly
sensitive to environmental stress and physiologic perturba-
tions (32). It is likely that O-GlcNAc signaling dynamically
reprograms the hepatocyte secretome that acts on other cell
types to coordinate tissue responses. In the RNA-seq data
obtained from OGT-LKO mice, we found that a battery of
upregulated genes encode secretory proteins. We cannot
exclude the possibility that secreted factors other than TFF2
also affect HSC function. Further analysis of the secretome
of OGT-LKO hepatocytes would likely uncover a wealth of
paracrine factors that mediate intercellular signaling in liver
physiology and diseases.
J. Biol. Chem. (2021) 297(1) 100887 7



Figure 7. Increased expression of TFF2 in mice with CCl4-induced liver injury. A, Kaplan–Meier plot for patients with hepatocellular carcinoma. Data
source: the cancer genome atlas. Visualization: https://xenabrowser.net/. B, mRNA expression of fibrogenic genes in mice with 1-week vehicle or CCl4
injection. C, Western blotting of liver lysates from mice treated with vehicle or CCl4 for 1 week. D, quantifications of Western blot images. E, immuno-
histochemistry stains of TFF2 in mice treated with vehicle or CCl4 for 3 weeks. The scale bar represents 100 μm. F, working model of the intercellular
signaling between OGT-deficient hepatocytes and HSCs. Data are shown as the mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001 by unpaired Student’s t
test. HSCs, hepatic stellate cells; OGT, O-GlcNAc transferase; TFF2, trefoil factor 2.

TFF2 mediates hepatocyte–stellate cell crosstalk
Experimental procedures

Primary HSC isolation

The isolation of HSCs followed the protocol as described
(53). Briefly, mice were perfused with a buffer containing
pronase, collagenase D, and DNAse I. Cells were digested in
the digestion buffer for no longer than 20 min and filtered
through a 70-μm cell strainer into a 50-ml tube. After
centrifugation at 580g for 10 min at 4 �C, cells were washed
and resuspended in Gey0s balanced salt solution B (GBSS/B)
buffer. To perform gradient-mediated separation of HSCs,
cells were mixed with Nycodenz solution and overlapped with
1.5 ml GBSS/B solution per 13- to 14-ml cell suspension. The
cells were then centrifuged at 1380g for 17 min at 4 �C. After
8 J. Biol. Chem. (2021) 297(1) 100887
the centrifugation, HSCs were visible as a thin white layer at
the interface. The cells were collected with a 5-ml pipette and
resuspended in GBSS/B buffer. HSCs were centrifuged again at
580g for 10 min at 4 �C and then resuspended in 10-ml warm
medium.

Cell culture and conditioned medium assay

Primary hepatocytes were plated on Collagen I–coated plates
(BD) in Williams’ Medium E supplemented with 10% FBS,
1 μM dexamethasone, 4 μg/ml insulin, 10 mM Hepes buffer,
2 mM L-glutamine, 8 mg/l gentamicin, antibiotic-antimycotic,
and 1 mM glucose. Primary HSCs were cultured in 10% FBS
Dulbecco’s modified Eagle’s medium (DMEM), and LX-2 cells

https://xenabrowser.net/


Table 1
Primer sequences

Name Oligo sequence

Tff1-F AGCACAAGGTGATCTGTGTCC
Tff1-R GGAAGCCACAATTTATCCTCTCC
Tff2-F CCTTGGTGTTTCCACCCACTT
Tff2-R AGCAGCAGTTTCGACTGGC
Tff3-F TTGCTGGGTCCTCTGGGATAG
Tff3-R TACACTGCTCCGATGTGACAG
Gpnmb-F AGAAATGGAGCTTTGTCTACGTC
Gpnmb-R CTTCGAGATGGGAATGTATGCC
Bmp8b-F TCCACCAACCACGCCACTAT
Bmp8b-R CAGTAGGCACACAGCACACCT
Acta2-F GTTCAGTGGTGCCTCTGTCA
Acta2-R ACTGGGACGACATGGAAAAG
Col1a1-F TAGGCCATTGTGTATGCAGC
Col1a1-R ACATGTTCAGCTTTGTGGACC
Col2a1-F CAGGATGCCCGAAAATTAGGG
Col2a1-R ACCACGATCACCTCTGGGT
Col3a1-F CTGTAACATGGAAACTGGGGAAA
Col3a1-R CCATAGCTGAACTGAAAACCACC
Mmp2-F GGGGTCCATTTTCTTCTTCA
Mmp2-R CCAGCAAGTAGATGCTGCCT
Timp1-F AGGTGGTCTCGTTGATTCGT
Timp1-R GTAAGGCCTGTAGCTGTGCC
Tgfβ-F CAACCCAGGTCCTTCCTAAA
Tgfβ-R GGAGAGCCCTGGATACCAAC

TFF2 mediates hepatocyte–stellate cell crosstalk
were cultured in 2% FBS DMEM. To collect the conditioned
medium from WT and OGT-LKO hepatocytes, cells were
replaced with FBS-free Williams’ Medium E 4 h after seeding
and cultured overnight. The medium was then collected and
filtered with a 0.2-μm strainer. The medium was added to
HSCs, and the cells were cultured in the conditioned medium
for 16 h before harvested for further analysis. DMEM, FBS,
William’s medium E, Hepes buffer, glutamine stock solution,
antibiotic-antimycotic, gentamicin, and amphotericin were
from Gibco. Dexamethasone, insulin, and glucose were pur-
chased from Sigma-Aldrich.

Silver stain of secreted proteins

The conditioned medium was harvested from the hepato-
cytes cultured in FBS-free William’s Medium E overnight. The
medium was filtered through a 0.2-μm strainer and then applied
to the centrifugal filter units Amicon 15 (Millipore) with a
molecular weight cutoff of 3K. After 50-min centrifugation at
4000 rpm at 4 �C, the concentrated medium was precipitated
with trichloroacetic acid (Sigma-Aldrich). The mixture was
then centrifuged at 14k rpm for 5 min at 4 �C. The pellet was
resuspended in 8 M urea resolubilization buffer, and proteins
were quantified. The proteins were then boiled with SDS at 95
�C for 10 min. One microgram of total proteins were resolved
on SDS-PAGE gels to perform the silver staining of secreted
proteins. The silver staining was performed with the Pierce
Silver Stain kit (Thermo Fisher) per manufacturer’s protocol.
The gel was imaged with the ChemiDoc imaging system.

Western blot

Liver tissues and cells were lysed in a buffer containing 1%
Nonidet P-40, 150 mM NaCl, 0.1 mM EDTA, 50 mM Tris HCl,
proteinase inhibitors, and protein phosphatase inhibitors. The
lysates were then washed and boiled in SDS loading buffer.
Equal amounts of protein lysates were resolved on SDS-PAGE
gels and transferred to the polyvinylidene fluoride membrane.
The membranes were blocked in 5% bovine serum albumin
(BSA) and incubated with various primary antibodies overnight
at 4 �C. After three washes, the membranes were incubated with
peroxidase-conjugated secondary antibodies for 1 h and visual-
ized with ECL chemiluminescent substrate. Antibody against p-
AKT Ser 473 (4060), pan-AKT (4691), p-p44/42 MAPK (4370),
p44/42 MAPK (4695), and GAPDH (2118) were purchased from
Cell Signaling Technology. Antibody against PDGFRβ (ab32570)
was purchased from Abcam. Antibody against αSMA (A2547)
was purchased Sigma-Aldrich. Antibody against p-PDGFRβ (sc-
365464) was purchased Santa Cruz. Antibodies against TFF2
(LS-C296796) and BMP8b (LS-C372895) were purchased from
LSBio. Antibody against GPNMB (PA5-89716) was purchased
from Invitrogen.

RNA extraction and qPCR

Total RNA was extracted from frozen liver samples or cells
with TRIzol reagent (Invitrogen). cDNA was reverse-
transcribed from total RNA with Superscript III enzyme
(Bio-Rad) and amplified with SYBR Green Supermix (Bio-Rad)
using a LightCycler 480 real-time PCR system (Roche). All
data were normalized to the expression of 36b4. Primer se-
quences are listed in Table 1.

Immunofluorescence

Primary hepatocytes and HSCs were plated on 8-well
chamber slides for immunofluorescence imaging. After indi-
cated treatments, cells were washed three times with ice-cold
PBS and fixed with 4% paraformaldehyde (PFA) for 20 min.
To obtain better staining of intracellular target proteins, cells
were permeabilized in 0.5% Triton X-100 for 10 min at room
temperature (RT). Cells were blocked with 2% BSA in 0.5%
Tween 20 in PBS and then incubated with indicated primary
antibodies at 4 �C overnight in a humidified chamber. On the
second day, the cells were moved from 4 �C to RT and stayed
for 30 min before incubation with Alexa Fluor 488–conjugated
secondary antibodies (Thermo Fisher Scientific) for 1 h in dark
followed by staining with 40,6-diamidino-2-phenylindole. The
slides were mounted with VECTASHIELD antifade mounting
medium (Vector Laboratories) and saved at 4 �C until imaging.
For immunofluorescence of liver sections, frozen sections were
moved from −80 to −20 �C for 20 min and then equilibrated at
RT for another 30 min. Slides were blocked in 5% serum and
0.3% Triton PBS for 1 h in a staining box. Slides were then
incubated with the primary antibody at 4 �C overnight and
with the secondary antibody and 40,6-diamidino-2-phenyl-
indole at RT for 1 h. The slides were mounted with the fluo-
rescence mounting medium (Dako) and stored at 4 �C.

Cell proliferation assay

The proliferation of HSCs and LX-2 cells was determined
with the Cell Proliferation kit (Millipore). HSCs were cultured
in 2% FBS DMEM, and LX-2 cells were cultured in 0.5% FBS
DMEM for cell proliferation assays. Cells were plated in a
black-wall, clear-bottom, 96-well plate. The medium was
J. Biol. Chem. (2021) 297(1) 100887 9
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replaced every other day with indicated treatment. Recombi-
nant TFF2 (Novus) was dissolved in 0.1% BSA PBS, and the
final concentration used was 40 nM. The plates were harvested
every other day, and the assays were performed per manu-
facturer’s protocol. The luminescence was determined with the
Tecan Infinite M200 plate reader.

Cell migration assay

The cell migration assay was performed with the modified
Boyden chamber (54). 100 μl primary HSCs suspended in 10%
FBS DMEM was plated in the insert with 8-μm pores (Corn-
ing), which was placed in the well of a 24-well plate with 600-
μl medium. 4 h after plating, the medium in the insert was
replaced with FBS-free medium, while the medium in the well
was replaced with 2% FBS DMEM with indicated treatment.
The cells were incubated for 24 h. The insert was washed with
PBS and fixed with 4% PFA for 2 min. The insert was then
stained with 0.2% crystal violet solution (Sigma-Aldrich) for
15 min and briefly rinsed in water. Cells on the upper mem-
brane were swabbed by a cotton tip. The insert was imaged
with the ChemiDoc imaging system.

Immunohistochemistry

Mouse livers were dissected and fixed in 4% PFA for 48 h.
Immunohistochemistry was performed with the Vectastain
Elite ABC HRP kit (Vector Laboratories). Paraffin-embedded
sections were deparaffined, and antigen retrieval was carried
out in a preheated steamer. The slides were then blocked for
background peroxidase activity with hydrogen peroxide solu-
tion and unspecific binding with the blocking buffer provided
in the kit. The slides were incubated with 1:50 primary anti-
body overnight at 4 �C and secondary antibody for 30 min at
RT. The slides were counterstained with Meyer’s hematoxylin
solution, dehydrated, and mounted.

CCl4-induced liver injury model

CCl4 (Sigma-Aldrich) solution was made freshly before each
injection. CCl4 was mixed 1:1 with olive oil (Sigma-Aldrich)
and was injected at the dosage of 1 μl/g body weight. The
injection was performed every other day. All procedures have
been approved by the Institutional Animal Care and Use
Committee of Yale University.
Statistics

Results are presented as the mean ± SEM. The comparisons
were carried out using two-tailed unpaired Student’s t test
between two groups or one-way ANOVA followed by Tukey-
adjusted multiple comparisons. Data were plotted with
GraphPad Prism. A p value less than 0.05 was considered
significant.

Data availability

All data are contained within the article. RNA-sequencing
data are available at Gene Expression Omnibus with the
accession number GSE134993.
10 J. Biol. Chem. (2021) 297(1) 100887
Acknowledgments—We thank Kathy Harry, Dr Masatake Tanaka,
Dr Jittima Weerachayaphorn, and Dr Mateus T. Guerra for
generous help with experimental procedures. We are grateful to Dr
Yasuko Iwakiri, Dr Nancy Carrasco, and Dr Scott Friedman for
critical inputs.

Author contributions—B. Z. and X. Y. conceptualization; B. Z. and
X. Y. data curation; B. Z., K. L., Q. W., J. H. N., D. C., and M. E. R.
formal analysis; B. Z., K. L., D. C., M. E. R., and X. Y. investigation;
B. Z., D. C., and X. Y. visualization; B. Z., K. L., M. H. N., and X. Y.
methodology; B. Z. and X. Y. writing-original draft; X. Y. project
administration; B. Z., K. L., Q. W., D. C., M. E. R., M. H. N., and
X. Y. writing-review and editing; X. Y. supervision; J. H. N. and D. C.
software; M. H. N. and X. Y. resources; M. H. N. and X. Y. funding
acquisition.

Funding and additional information—This work was supported by
the National Institutes of Health (R01DK089098, R01DK102648),
Yale Liver Center (P30DK34989), and American Diabetes Associ-
ation (1-19-IBS-119) to X. Y., the National Institutes of Health
(P01DK57751) to M. E. R., M. H. N., and X. Y. The content is solely
the responsibility of the authors and does not necessarily represent
the official views of the National Institutes of Health.

Conflict of interest—The authors declare that they have no conflicts
of interest with the contents of this article.

Abbreviations—The abbreviations used are: αSMA, alpha-smooth
muscle actin; AKT, protein kinase B; BSA, bovine serum albumin;
CCl4, carbon tetrachloride; ECM, extracellular matrix; ERK, extra-
cellular signal-regulated kinases; FBS, fetal bovine serum; GBSS/B,
Gey0s balanced salt solution B; GI, gastrointestinal; HCC, hepato-
cellular carcinoma; HSC, hepatic stellate cell; OGT, O-GlcNAc
transferase; OGT-LKO, liver-specific OGT KO; PFA, para-
formaldehyde; TFF2, trefoil factor 2; PDGFRβ, platelet-derived
growth factor receptor beta.

References

1. Asrani, S. K., Devarbhavi, H., Eaton, J., and Kamath, P. S. (2019) Burden of
liver diseases in the world. J. Hepatol. 70, 151–171

2. O’Rourke, J. M., Sagar, V. M., Shah, T., and Shetty, S. (2018)
Carcinogenesis on the background of liver fibrosis: Implications for
the management of hepatocellular cancer. World J. Gastroenterol.
24, 4436–4447

3. Friedman, S. L. (2008) Hepatic stellate cells: Protean, multifunctional, and
enigmatic cells of the liver. Physiol. Rev. 88, 125–172

4. Mederacke, I., Hsu, C. C., Troeger, J. S., Huebener, P., Mu, X., Dapito, D.
H., Pradere, J. P., and Schwabe, R. F. (2013) Fate tracing reveals hepatic
stellate cells as dominant contributors to liver fibrosis independent of its
aetiology. Nat. Commun. 4, 2823

5. Kendall, T. J., Hennedige, S., Aucott, R. L., Hartland, S. N., Vernon, M. A.,
Benyon, R. C., and Iredale, J. P. (2009) p75 Neurotrophin receptor
signaling regulates hepatic myofibroblast proliferation and apoptosis in
recovery from rodent liver fibrosis. Hepatology 49, 901–910

6. Krizhanovsky, V., Yon, M., Dickins, R. A., Hearn, S., Simon, J., Miething,
C., Yee, H., Zender, L., and Lowe, S. W. (2008) Senescence of activated
stellate cells limits liver fibrosis. Cell 134, 657–667

7. Wake, K. (2006) Hepatic stellate cells: Three-dimensional structure,
localization, heterogeneity and development. Proc. Jpn. Acad. Ser. B Phys.
Biol. Sci. 82, 155–164

8. Ma, J., and Hart, G. W. (2014) O-GlcNAc profiling: From proteins to
proteomes. Clin. Proteomics 11, 8

http://refhub.elsevier.com/S0021-9258(21)00687-6/sref1
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref1
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref2
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref2
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref2
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref2
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref3
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref3
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref4
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref4
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref4
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref4
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref5
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref5
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref5
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref5
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref6
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref6
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref6
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref7
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref7
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref7
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref8
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref8


TFF2 mediates hepatocyte–stellate cell crosstalk
9. Hahne, H., Sobotzki, N., Nyberg, T., Helm, D., Borodkin, V. S., van
Aalten, D. M., Agnew, B., and Kuster, B. (2013) Proteome wide purifi-
cation and identification of O-GlcNAc-modified proteins using click
chemistry and mass spectrometry. J. Proteome Res. 12, 927–936

10. Clark, P. M., Dweck, J. F., Mason, D. E., Hart, C. R., Buck, S. B., Peters, E.
C., Agnew, B. J., and Hsieh-Wilson, L. C. (2008) Direct in-gel fluorescence
detection and cellular imaging of O-GlcNAc-modified proteins. J. Am.
Chem. Soc. 130, 11576–11577

11. Ong, Q., Han, W., and Yang, X. (2018) O-GlcNAc as an integrator of
signaling pathways. Front. Endocrinol. (Lausanne) 9, 599

12. Housley, M. P., Udeshi, N. D., Rodgers, J. T., Shabanowitz, J., Puigserver,
P., Hunt, D. F., and Hart, G. W. (2009) A PGC-1alpha-O-GlcNAc
transferase complex regulates FoxO transcription factor activity in
response to glucose. J. Biol. Chem. 284, 5148–5157

13. Guinez, C., Filhoulaud, G., Rayah-Benhamed, F., Marmier, S.,
Dubuquoy, C., Dentin, R., Moldes, M., Burnol, A. F., Yang, X.,
Lefebvre, T., Girard, J., and Postic, C. (2011) O-GlcNAcylation in-
creases ChREBP protein content and transcriptional activity in the
liver. Diabetes 60, 1399–1413

14. Xu, W., Zhang, X., Wu, J. L., Fu, L., Liu, K., Liu, D., Chen, G. G., Lai, P. B.,
Wong, N., and Yu, J. (2017) O-GlcNAc transferase promotes fatty liver-
associated liver cancer through inducing palmitic acid and activating
endoplasmic reticulum stress. J. Hepatol. 67, 310–320

15. Ruan, H. B., Han, X., Li, M. D., Singh, J. P., Qian, K., Azarhoush, S.,
Zhao, L., Bennett, A. M., Samuel, V. T., Wu, J., Yates, J. R., and
Yang, X. (2012) O-GlcNAc transferase/host cell factor C1 complex
regulates gluconeogenesis by modulating PGC-1alpha stability. Cell
Metab. 16, 226–237

16. Yang, X., Ongusaha, P. P., Miles, P. D., Havstad, J. C., Zhang, F., So, W. V.,
Kudlow, J. E., Michell, R. H., Olefsky, J. M., Field, S. J., and Evans, R. M.
(2008) Phosphoinositide signalling links O-GlcNAc transferase to insulin
resistance. Nature 451, 964–969

17. Li, M. D., Ruan, H. B., Hughes, M. E., Lee, J. S., Singh, J. P., Jones, S. P.,
Nitabach, M. N., and Yang, X. (2013) O-GlcNAc signaling entrains the
circadian clock by inhibiting BMAL1/CLOCK ubiquitination. Cell Metab.
17, 303–310

18. Ruan, H. B., Ma, Y., Torres, S., Zhang, B., Feriod, C., Heck, R. M., Qian,
K., Fu, M., Li, X., Nathanson, M. H., Bennett, A. M., Nie, Y., Ehrlich, B. E.,
and Yang, X. (2017) Calcium-dependent O-GlcNAc signaling drives liver
autophagy in adaptation to starvation. Genes Dev. 31, 1655–1665

19. Tan, E. P., McGreal, S. R., Graw, S., Tessman, R., Koppel, S. J., Dhakal, P.,
Zhang, Z., Machacek, M., Zachara, N. E., Koestler, D. C., Peterson, K. R.,
Thyfault, J. P., Swerdlow, R. H., Krishnamurthy, P., DiTacchio, L., et al.
(2017) Sustained O-GlcNAcylation reprograms mitochondrial function
to regulate energy metabolism. J. Biol. Chem. 292, 14940–14962

20. Baldini, S. F., Wavelet, C., Hainault, I., Guinez, C., and Lefebvre, T. (2016)
The nutrient-dependent O-GlcNAc modification controls the expression
of liver fatty acid synthase. J. Mol. Biol. 428, 3295–3304

21. Zhang, B., Li, M. D., Yin, R., Liu, Y., Yang, Y., Mitchell-Richards, K. A.,
Nam, J. H., Li, R., Wang, L., Iwakiri, Y., Chung, D., Robert, M. E., Ehrlich,
B. E., Bennett, A. M., Yu, J., et al. (2019) O-GlcNAc transferase sup-
presses necroptosis and liver fibrosis. JCI Insight 4, e127709

22. Wake, K. (1971) “Sternzellen” in the liver: Perisinusoidal cells with special
reference to storage of vitamin A. Am. J. Anat. 132, 429–462

23. Hautekeete, M. L., and Geerts, A. (1997) The hepatic stellate (ito) cell: Its
role in human liver disease. Virchows Arch. 430, 195–207

24. Xu, L., Hui, A. Y., Albanis, E., Arthur, M. J., O’Byrne, S. M., Blaner, W. S.,
Mukherjee, P., Friedman, S. L., and Eng, F. J. (2005) Human hepatic
stellate cell lines, LX-1 and LX-2: New tools for analysis of hepatic
fibrosis. Gut 54, 142–151

25. Thim, L. (1989) A new family of growth factor-like peptides. ’Trefoil’
disulphide loop structures as a common feature in breast cancer associ-
ated peptide (pS2), pancreatic spasmolytic polypeptide (PSP), and frog
skin peptides (spasmolysins). FEBS Lett. 250, 85–90

26. Higashi, T., Friedman, S. L., and Hoshida, Y. (2017) Hepatic stellate cells
as key target in liver fibrosis. Adv. Drug Deliv. Rev. 121, 27–42

27. Dhar, D. K., Wang, T. C., Maruyama, R., Udagawa, J., Kubota, H., Fuji, T.,
Tachibana, M., Ono, T., Otani, H., and Nagasue, N. (2003) Expression of
cytoplasmic TFF2 is a marker of tumor metastasis and negative prog-
nostic factor in gastric cancer. Lab. Invest. 83, 1343–1352

28. Kocabayoglu, P., Lade, A., Lee, Y. A., Dragomir, A. C., Sun, X., Fiel, M. I.,
Thung, S., Aloman, C., Soriano, P., Hoshida, Y., and Friedman, S. L.
(2015) Beta-PDGF receptor expressed by hepatic stellate cells regulates
fibrosis in murine liver injury, but not carcinogenesis. J. Hepatol. 63, 141–
147

29. Hertel, S. C., Chwieralski, C. E., Hinz, M., Rio, M. C., Tomasetto, C., and
Hoffmann, W. (2004) Profiling trefoil factor family (TFF) expression in
the mouse: Identification of an antisense TFF1-related transcript in the
kidney and liver. Peptides 25, 755–762

30. Aihara, E., Engevik, K. A., and Montrose, M. H. (2017) Trefoil factor
peptides and gastrointestinal function. Annu. Rev. Physiol. 79, 357–380

31. Zhao, M., Xiong, X., Ren, K., Xu, B., Cheng, M., Sahu, C., Wu, K., Nie, Y.,
Huang, Z., Blumberg, R. S., Han, X., and Ruan, H. B. (2018) Deficiency in
intestinal epithelial O-GlcNAcylation predisposes to gut inflammation.
EMBO Mol. Med. 10, e8736

32. Yang, X., and Qian, K. (2017) Protein O-GlcNAcylation: Emerging
mechanisms and functions. Nat. Rev. Mol. Cell Biol. 18, 452–465

33. Huang, H., Wu, Q., Guo, X., Huang, T., Xie, X., Wang, L., Liu, Y., Shi, L.,
Li, W., Zhang, J., and Liu, Y. (2021) O-GlcNAcylation promotes the
migratory ability of hepatocellular carcinoma cells via regulating FOXA2
stability and transcriptional activity. J. Cell Physiol. https://doi.org/10.
1002/jcp.30385

34. Wederell, E. D., Bilenky, M., Cullum, R., Thiessen, N., Dagpinar, M.,
Delaney, A., Varhol, R., Zhao, Y., Zeng, T., Bernier, B., Ingham, M., Hirst,
M., Robertson, G., Marra, M. A., Jones, S., et al. (2008) Global analysis of
in vivo Foxa2-binding sites in mouse adult liver using massively parallel
sequencing. Nucleic Acids Res. 36, 4549–4564

35. Sasaki, M., Tsuneyama, K., and Nakanuma, Y. (2003) Aberrant expression
of trefoil factor family 1 in biliary epithelium in hepatolithiasis and
cholangiocarcinoma. Lab. Invest. 83, 1403–1413

36. Ochiai, Y., Yamaguchi, J., Kokuryo, T., Yokoyama, Y., Ebata, T., and
Nagino, M. (2020) Trefoil factor family 1 inhibits the development of
hepatocellular carcinoma by regulating beta-catenin activation. Hepatol-
ogy 72, 503–517

37. Hayashi, Y., Yamaguchi, J., Kokuryo, T., Ebata, T., Yokoyama, Y., and
Nagino, M. (2018) Loss of trefoil factor 1 inhibits biliary regeneration but
accelerates the hepatic differentiation of progenitor cells in mice. Bio-
chem. Biophys. Res. Commun. 506, 12–19

38. Khoury, T., Chadha, K., Javle, M., Donohue, K., Levea, C., Iyer, R., Okada,
H., Nagase, H., and Tan, D. (2005) Expression of intestinal trefoil factor
(TFF-3) in hepatocellular carcinoma. Int. J. Gastrointest. Cancer 35, 171–
177

39. Xue, Y., Shen, L., Cui, Y., Zhang, H., Chen, Q., Cui, A., Fang, F., and
Chang, Y. (2013) Tff3, as a novel peptide, regulates hepatic glucose
metabolism. PLoS One 8, e75240

40. Zhu, Y., Zhao, S., Deng, Y., Gordillo, R., Ghaben, A. L., Shao, M., Zhang,
F., Xu, P., Li, Y., Cao, H., Zagnitko, O., Scott, D. A., Gupta, R. K., Xing, C.,
Zhang, B. B., et al. (2017) Hepatic GALE regulates whole-body glucose
homeostasis by modulating Tff3 expression. Diabetes 66, 2789–2799

41. Wu, X., Zheng, H., Yang, R., Luan, X., Zhang, L., Jin, Q., Jin, Y., and Xue,
J. (2019) Mouse trefoil factor 3 ameliorated high-fat-diet-induced hepatic
steatosis via increasing peroxisome proliferator-activated receptor-alpha-
mediated fatty acid oxidation. Am. J. Physiol. Endocrinol. Metab. 317,
E436–E445

42. Bujak, M., Bujak, I. T., Sobo�canec, S., Mihalj, M., Novak, S., �Cosi�c, A.,
Levak, M. T., Kopa�cin, V., Mihaljevi�c, B., Balog, T., Drenjan�cevi�c, I., and
Loncar, M. B. (2018) Trefoil factor 3 deficiency affects liver lipid meta-
bolism. Cell Physiol. Biochem. 47, 827–841

43. Tsuchida, T., Lee, Y. A., Fujiwara, N., Ybanez, M., Allen, B., Martins, S.,
Fiel, M. I., Goossens, N., Chou, H.-I., Hoshida, Y., and Friedman, S. L.
(2018) A simple diet- and chemical-induced murine NASH model with
rapid progression of steatohepatitis, fibrosis and liver cancer. J. Hepatol.
69, 385–395

44. Ramachandran, P., Dobie, R., Wilson-Kanamori, J. R., Dora, E. F., Hen-
derson, B. E. P., Luu, N. T., Portman, J. R., Matchett, K. P., Brice, M.,
Marwick, J. A., Taylor, R. S., Efremova, M., Vento-Tormo, R., Carragher,
J. Biol. Chem. (2021) 297(1) 100887 11

http://refhub.elsevier.com/S0021-9258(21)00687-6/sref9
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref9
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref9
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref9
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref10
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref10
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref10
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref10
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref11
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref11
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref12
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref12
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref12
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref12
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref13
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref13
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref13
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref13
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref13
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref14
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref14
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref14
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref14
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref15
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref15
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref15
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref15
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref15
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref16
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref16
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref16
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref16
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref17
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref17
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref17
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref17
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref18
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref18
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref18
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref18
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref19
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref19
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref19
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref19
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref19
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref20
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref20
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref20
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref21
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref21
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref21
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref21
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref22
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref22
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref23
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref23
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref24
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref24
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref24
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref24
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref25
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref25
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref25
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref25
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref26
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref26
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref27
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref27
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref27
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref27
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref28
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref28
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref28
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref28
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref28
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref29
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref29
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref29
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref29
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref30
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref30
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref31
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref31
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref31
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref31
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref32
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref32
https://doi.org/10.1002/jcp.30385
https://doi.org/10.1002/jcp.30385
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref34
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref34
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref34
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref34
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref34
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref35
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref35
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref35
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref36
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref36
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref36
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref36
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref37
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref37
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref37
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref37
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref38
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref38
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref38
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref38
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref39
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref39
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref39
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref40
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref40
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref40
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref40
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref41
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref41
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref41
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref41
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref41
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref42
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref42
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref42
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref42
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref42
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref42
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref42
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref42
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref42
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref42
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref42
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref43
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref43
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref43
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref43
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref43
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref44
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref44
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref44


TFF2 mediates hepatocyte–stellate cell crosstalk
N. O., Kendall, T. J., et al. (2019) Resolving the fibrotic niche of human
liver cirrhosis at single-cell level. Nature 575, 512–518

45. Andrae, J., Gallini, R., and Betsholtz, C. (2008) Role of platelet-
derived growth factors in physiology and medicine. Genes Dev. 22,
1276–1312

46. Hoffmann, W. (2020) Trefoil factor family (TFF) peptides and their
diverse molecular functions in mucus barrier protection and more:
Changing the paradigm. Int. J. Mol. Sci. 21, 4535

47. Braga Emidio, N., Hoffmann, W., Brierley, S. M., and Muttenthaler, M.
(2019) Trefoil factor family: Unresolved questions and clinical perspec-
tives. Trends Biochem. Sci. 44, 387–390

48. Orime, K., Shirakawa, J., Togashi, Y., Tajima, K., Inoue, H., Ito, Y.,
Sato, K., Nakamura, A., Aoki, K., Goshima, Y., and Terauchi, Y.
(2013) Trefoil factor 2 promotes cell proliferation in pancreatic
beta-cells through CXCR-4-mediated ERK1/2 phosphorylation.
Endocrinology 154, 54–64

49. Dubeykovskaya, Z., Dubeykovskiy, A., Solal-Cohen, J., and Wang, T. C.
(2009) Secreted trefoil factor 2 activates the CXCR4 receptor in epithelial
and lymphocytic cancer cell lines. J. Biol. Chem. 284, 3650–3662
12 J. Biol. Chem. (2021) 297(1) 100887
50. Sciaccaluga, M., D’Alessandro, G., Pagani, F., Ferrara, G., Lopez, N.,
Warr, T., Gorello, P., Porzia, A., Mainiero, F., Santoro, A., Esposito, V.,
Cantore, G., Castigli, E., and Limatola, C. (2013) Functional cross talk
between CXCR4 and PDGFR on glioblastoma cells is essential for
migration. PLoS One 8, e73426

51. Hagerstrand, D., Hesselager, G., Achterberg, S., Wickenberg Bolin, U.,
Kowanetz, M., Kastemar, M., Heldin, C. H., Isaksson, A., Nistér, M., and
Ostman, A. (2006) Characterization of an imatinib-sensitive subset of
high-grade human glioma cultures. Oncogene 25, 4913–4922

52. Wei, W., Riley, N. M., Yang, A. C., Kim, J. T., Terrell, S. M., Li, V. L.,
Garcia-Contreras, M., Bertozzi, C. R., and Long, J. Z. (2021) Cell type-
selective secretome profiling in vivo. Nat. Chem. Biol. 17, 326–334

53. Mederacke, I., Dapito, D. H., Affò, S., Uchinami, H., and Schwabe, R. F.
(2015) High-yield and high-purity isolation of hepatic stellate cells from
normal and fibrotic mouse livers. Nat. Protoc. 10, 305–315

54. Ikeda, K., Wakahara, T., Wang, Y. Q., Kadoya, H., Kawada, N., and
Kaneda, K. (1999) In vitro migratory potential of rat quiescent hepatic
stellate cells and its augmentation by cell activation. Hepatology 29,
1760–1767

http://refhub.elsevier.com/S0021-9258(21)00687-6/sref44
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref44
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref45
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref45
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref45
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref46
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref46
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref46
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref47
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref47
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref47
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref48
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref48
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref48
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref48
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref48
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref49
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref49
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref49
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref50
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref50
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref50
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref50
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref50
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref51
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref51
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref51
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref51
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref52
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref52
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref52
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref53
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref53
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref53
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref54
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref54
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref54
http://refhub.elsevier.com/S0021-9258(21)00687-6/sref54

	Trefoil factor 2 secreted from damaged hepatocytes activates hepatic stellate cells to induce fibrogenesis
	Results
	HSCs are activated in the OGT-LKO mouse model of liver fibrosis
	OGT-deficient hepatocytes activate HSCs through a paracrine mechanism
	OGT-deficient hepatocytes show elevated expression and secretion of TFF2
	TFF2 promotes the proliferation and migration of HSCs
	TFF2 treatment induces PDGFR phosphorylation and activation of downstream signaling
	Increased expression of TFF2 in mice with carbon tetrachloride-induced liver injury

	Discussion
	Experimental procedures
	Primary HSC isolation
	Cell culture and conditioned medium assay
	Silver stain of secreted proteins
	Western blot
	RNA extraction and qPCR
	Immunofluorescence
	Cell proliferation assay
	Cell migration assay
	Immunohistochemistry
	CCl4-induced liver injury model
	Statistics

	Data availability
	Author contributions
	Funding and additional information
	References


