
BMB
   Reports

*Corresponding author. Tel: +82-51-510-2262; Fax: +82-51-581-2962;
E-mail: y.jung@pusan.ac.kr
#These authors contributed equally to this work.

https://doi.org/10.5483/BMBRep.2020.53.8.268

Received 5 November 2019, Revised 5 December 2019, 
Accepted 21 February 2020

Keywords: -catenin, CD44, Hepatic stellate cell, Reprogramming, 
TSG-6

ISSN: 1976-670X (electronic edition)
Copyright ⓒ 2020 by the The Korean Society for Biochemistry and Molecular Biology

This is an open-access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/li-
censes/by-nc/4.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

Tumor necrosis factor-inducible gene 6 interacts with CD44, 
which is involved in fate-change of hepatic stellate cells
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Tumor necrosis factor-inducible gene 6 protein (TSG-6) is a 
cytokine secreted by mesenchymal stem cells (MSCs) and regu-
lates MSC stemness. We previously reported that TSG-6 changes 
primary human hepatic stellate cells (pHSCs) into stem-like 
cells by activating yes-associated protein-1 (YAP-1). However, 
the molecular mechanism behind the reprogramming action of 
TSG-6 in pHSCs remains unknown. Cluster of differentiation 44 
(CD44) is a transmembrane protein that has multiple functions 
depending on the ligand it is binding, and it is involved in 
various signaling pathways, including the Wnt/-catenin path-
way. Given that -catenin influences stemness and acts down-
stream of CD44, we hypothesized that TSG-6 interacts with 
the CD44 receptor and stimulates -catenin to activate YAP-1 
during TSG-6-mediated transdifferentiation of HSCs. Immuno-
precipitation assays showed the interaction of TSG-6 with 
CD44, and immunofluorescence staining analyses revealed 
the colocalization of TSG-6 and CD44 at the plasma mem-
brane of TSG-6-treated pHSCs. In addition, TSG-6 treatment 
upregulated the inactive form of phosphorylated glycogen 
synthase kinase (GSK)-3, which is a negative regulator of 
-catenin, and promoted nuclear accumulation of active/ 
nonphosphorylated -catenin, eventually leading to the acti-
vation of YAP-1. However, CD44 suppression in pHSCs 
following CD44 siRNA treatment blocked the activation 
of -catenin and YAP-1, which inhibited the transition of 
TSG-6-treated HSCs into stem-like cells. Therefore, these 
findings demonstrate that TSG-6 interacts with CD44 and 
activates -catenin and YAP-1 during the conversion of TSG- 
6-treated pHSCs into stem-like cells, suggesting that this 
novel pathway is an effective therapeutic target for control-
ling liver disease. [BMB Reports 2020; 53(8): 425-430]

INTRODUCTION

Tumor necrosis factor-inducible gene 6 protein (TSG-6), one of 
cytokines released from mesenchymal stem cells (MSCs), is 
also involved in maintaining the stem cell properties of MSCs 
(1, 2). TSG-6 suppression in bone marrow-derived MSCs 
results in them losing their morphology, proliferative ability 
and differentiation capacity (2). In addition, we previously 
reported that TSG-6 induces hepatic stellate cells (HSCs) to 
gain stemness by activating yes-associated protein 1 (YAP-1), 
which is a well-known factor associated with stemness, resulting 
in reprogramming of HSCs into stem cell-like cells (3). How-
ever, it remains unknown what receptors and intercellular sig-
naling pathways are involved in TSG-6-mediated YAP-1 acti-
vation and fate-change of HSCs.

Cluster of differentiation 44 (CD44) is a multifunctional cell- 
surface receptor that participates in hematopoietic differen-
tiation, lymphocyte activation, inflammation and response to 
bacterial infection (4-7). CD44 is mainly expressed by immune 
cells, such as leukocytes, neutrophils and macrophages, and it 
regulates their functions, such as cell adhesion, proliferation, 
survival, motility, and migration (5). In addition, CD44 is a 
well-known marker of stem cells and cancer stem cells, and it 
plays a pivotal role in maintaining the properties of stem cells 
(8-10). CD44, a major receptor for hyaluronic acid (HA), binds 
components of the extracellular matrix, such as laminin and 
fibronectin, in addition to cytokines and growth factors (11). 
Depending on what ligand is bound to CD44, CD44 can 
activate a series of key signaling pathways, including Rho 
GTPases, Ras-mitogen-activated protein kinase (MAPK), phos-
phatidylinositol 3-kinase (PI3K)/protein kinase B (AKT) and 
Wnt/-catenin pathways, which impact cell behavior and 
function (12-15). A previous study by Choi et al. showed that 
TSG-6 interacts with the CD44 receptor on macrophages to 
inhibit nuclear factor kappa-light-chain-enhancer of activated B 
cells (NF-B) signaling and to suppress the production of 
pro-inflammatory cytokines (16). However, the association 
between CD44 and TSG-6 in the liver is poorly understood. 
-catenin, a core component of Wnt/-catenin signaling, 

plays an important role in embryonic development, adult and 
various human diseases, including cancer (17-19). In the 
activated Wnt signaling pathway, phosphorylated glycogen 
synthase kinase (p-GSK)-3, an inactive form, allows an active 
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Fig. 1. Interaction of TSG-6 with CD44 receptor in human pHSCs. 
(A) Immunoblots with TSG-6 in the immunoprecipitated pHSC 
lysates with CD44. pHSCs were treated with TSG-6 for 30 min, 1 
hour, 2 hours, and 6 hours, respectively and then immunoprecipi-
tated with CD44 antibody or IgG as negative control. Input sam-
ples containing the same amount of TSG-6 protein used for in 
vitro treatment were used as positive controls. Data shown represent 
one of three experiments with similar results. (B) Immunofluo-
rescence staining for FITC-conjugated TSG-6 (green) and CD44 
(red) in pHSCs treated with TSG-6. DAPI was used in staining for 
nucleus. Representative images obtained from three experiments 
with similar results are shown (scale bar = 50 m).

form of nonphosphorylated -catenin in the cytoplasm to enter 
into the nucleus where it regulates target gene expression (20, 
21). In the nucleus, active -catenin forms a complex with 
T-cell factor 4 (TCF4), which drives the transcription of target 
genes including YAP-1 (22, 23). Wnt/-catenin signaling is 
essential for maintaining the pluripotency of stem cells and for 
somatic cell reprogramming (24). Disruption of -catenin leads 
to the failure in maintaining the pluripotency of embryonic 
stem cells and reprogramming of somatic cells (24). Recently, 
it has been suggested that CD44 is a positive upstream regu-
lator of -catenin in developing brain and cancer cells, such as 
chronic myeloid leukemia and glioblastoma (15, 25, 26). 
However, the association of CD44 with -catenin in the liver 
remains unclear. 

Emerging evidence shows that liver resident nonparen-
chymal cells, such as Kupffer cells, progenitor cells, and HSCs, 
express CD44, and CD44 is involved in the proliferation, 
migration and activation of these cells (27-29). Given that the 
CD44 receptor is expressed on the cell surface of activated 
HSCs and that TSG-6 promotes their transdifferentiation into 
stem-like cells, we hypothesized that CD44 is involved in 
TSG-6-mediated reprogramming of HSCs. To test this hypo-
thesis, we investigated whether TSG-6 interacts with CD44 and 
whether CD44 stimulates signals to activate YAP-1 in human 
primary HSCs (pHSCs). We found that TSG-6 interacts with 
CD44 and that its interaction activates -catenin and ulti-
mately YAP-1 to induce the fate-change of pHSCs into stem 
cell-like cells. Therefore, these findings demonstrate that CD44 
is a novel receptor for TSG-6 in inducing the cellular transition 
of HSCs, suggesting that the TSG-6 stimulated CD44 pathway 
is a potential therapeutic target for treating liver disease.

RESULTS 

Extracellular TSG-6 interacts with the cell surface receptor 
CD44 in pHSCs
It was previously demonstrated that TSG-6 switches activated 
pHSCs to stem-like cells (3). Given that CD44 is involved in 
stemness and fate change and is expressed by HSCs (8, 29), we 
first examined whether the TSG-6 peptide interacts with CD44 
to determine the association between CD44 and TSG-6 action 
in HSCs. We conducted an immunoprecipitation assay using 
pHSCs that were treated with TSG-6 for 30 min, 1, 2, and 6 
hours. Cell lysates isolated from TSG-6-exposed pHSCs were 
immunoprecipitated with an anti-CD44 antibody or normal 
IgG and were then analyzed by immunoblot with an anti-TSG-6 
antibody (Fig. 1A). In anti-CD44 immunoprecipitates, TSG-6 
started to be observed at 30 min and showed higher expression 
at 2 and 6 hours after TSG-6 treatment, indicating that the 
greatest amount of interaction between TSG-6 and CD44 
occurred at these time points. TSG-6 was detected in the input 
control, but no band for TSG-6 was detected in anti-IgG immuno-
precipitates from TSG-6-treated pHSC lysates. To verify the 
interaction between TSG-6 and CD44, we performed immuno-

fluorescence staining using fluorescein isothiocyanate (FITC)- 
conjugated TSG-6 peptides to visualize its localization with 
CD44 in pHSCs. Immunofluorescence staining showed that 
CD44 (red), which is a cell surface receptor, was mostly loca-
lized at the plasma membrane of pHSCs treated with or 
without TSG-6 (Fig. 1B). Green fluorescence in pHSCs was not 
detected at 0 hours, and FITC-conjugated TSG-peptides were 
only faintly observed at 30 min. Their presence at the plasma 
membrane of pHSCs became clear, and colocalization of 
TSG-6 with CD44 was evident at 1, 2, and 6 hours after TSG-6 
treatment. Consistent with the immunoprecipitation assay, 
CD44 and TSG-6 were mostly colocalized on the cell surface 
of pHSCs at 2 and 6 hours after TSG-6 treatment. These results 
demonstrate that extracellular TSG-6 peptides interact with 
CD44 on the cell surface of pHSCs, suggesting that CD44 is 
involved in TSG-6-mediated reprogramming of HSCs. 

TSG-6 induces activation of -catenin and subsequently 
YAP-1 in pHSCs
-catenin, which is a main effector molecule in the Wnt 
signaling pathway, is a downstream effector of CD44 (25). In 
addition, Wnt/-catenin signaling has been reported to directly 
regulate the expression of YAP-1 in colorectal cancer (23). 
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Fig. 2. TSG-6 increases the levels of p-GSK3 (inactive form), 
nuclear -catenin, and active YAP-1 in pHSCs. (A) Immunoblot 
and cumulative densitometric analyses of CD44, (B) inactive/ 
phosphorylated (p-) GSK3 and GSK3 in whole lysate of 
pHSCs treated with TSG-6 for 2, 6, and 12 hours, respectively.
GAPDH was used as an internal control. (C) Immunoblot and 
cumulative densitometric analyses of active/non-phosphorylated -cate-
nin and TCF4 in nuclear extracts of these cells. LAMIN B1 was used 
as an internal control for nuclear fraction. (D) Immunofluorescence 
staining for active/non-phosphorylated -catenin (red) in these cells. 
DAPI was used for nuclear counterstaining. Representative images ob-
tained from three experiments with similar results are shown (scale 
bar = 20 m). (E) Immunoblot and cumulative densitometric analyses 
for nuclear YAP-1 and TAZ in these cells. All data shown represent 
one of three experiments with similar results. Mean ± SD results 
are graphed (*P ＜ 0.05 vs. vehicle-treated pHSCs).

Given that TSG-6 induced transdifferentiation of pHSCs into 
stem-like cells through YAP-1 (3) and that it could interaction 
with CD44, we assessed whether TSG-6 and CD44 influenced 
the activation of -catenin in pHSCs. A strong interaction 
between TSG-6 and CD44 was observed at 2 and 6 hours in 
TSG-6-treated pHSCs, as shown by immunoprecipitation and 
immunofluorescence assays. Therefore, later time points (2, 6 
and 12 hours) were analyzed to probe the downstream 
pathway of CD44 following activation by TSG-6. The protein 
level of CD44 was not significantly changed before and after 
TSG-6 treatment (Fig. 2A), as shown by immunofluorescent 
staining analysis for CD44 (Fig. 1B). GSK3 regulates -catenin 
by phosphorylating it, and phosphorylated -catenin undergoes 
ubiquitination-mediated degradation in the cytoplasm. The 
protein level of p-GSK3, which is an inactive form, significantly 
increased at 2 and 6 hours in TSG-6-treated pHSCs compared to 
the vehicle-treated pHSCs (Fig. 2B). The amount of nonphos-
phorylated nuclear -catenin, which is the active form, showed a 
significant increase at 6 and 12 hours in TSG-6-treated pHSCs 
compared to vehicle-treated cells (Fig. 2C). TCF4, the transcrip-
tional partner of nuclear -catenin, was also upregulated in these 
cells. These results were also confirmed by immunofluorescence 
staining for active/nonphosphorylated -catenin. Nuclear accu-
mulation of active -catenin (red) was first observed at 2 hours 
and was apparent in TSG-6-treated pHSCs at 6 and 12 hours, 
whereas nonphosphorylated -catenins were rarely observed in 
the nucleus at 2 hours, and a small quantity of nonphos-
phorylated -catenins was detected in the nucleus at 6 and 12 
hours in the vehicle-treated pHSCs, as observed under a con-
focal microscope (Fig. 2D). YAP-1 activity was examined at 12 
and 24 hours because nuclear -catenin, a regulator of YAP, was 
accumulated at 6 and 12 hours in TSG-6-treated pHSCs. Com-
pared to vehicle-treated pHSCs, the level of YAP-1 in the 
nucleus, where YAP-1 is active, was elevated at 12 and 24 hours 
and showed a significant increase at 24 hours (Fig. 2E). The 
level of transcriptional coactivator with PDZ-binding motif 
(TAZ), the co-activator of Hippo pathway, was also significantly 
elevated at 12 and 24 hours. These results demonstrate that 
TSG-6 promotes GSK3 phosphorylation and translocation of 
-catenin into the nucleus and subsequently activates YAP-1, 
indicating that TSG-6-mediated translocation of -catenin into 
the nucleus is closely associated with YAP-1 activity in 
TSG-6-treated pHSCs.

Suppression of CD44 abrogates the effect of TSG-6 in the 
fate-change of HSCs into stem-like cells 
To probe whether the TSG-6-mediated HSC transition is 
dependent on CD44, CD44 expression in pHSCs was 
suppressed by CD44 siRNA. The knockdown efficiency for 
CD44 was confirmed at both the mRNA and protein levels 
after transfection. Scrambled siRNA (scrRNA) was used as a 
negative control (Supplementary Fig. S1). After siRNA transfection, 
these cells were treated with TSG-6 or a vehicle control for 24 
hours. QRT-PCR analysis showed that the expression of markers 

of HSC activation, including transforming growth factor beta 
(TGF-), collagen 1 alpha 1 (COL11), and alpha smooth muscle 
actin (-SMA), significantly decreased in TSG-6-treated pHSCs 
with (scrRNA ＋ TSG-6 group) or without scrRNA (TSG-6 group) 
compared with vehicle-treated cells. However, the downregu-
lated expression of these markers was restored in CD44-sup-
pressed pHSCs treated with TSG-6 (CD44 siRNA ＋ TSG-6 
group) (Fig. 3A). Furthermore, there was highly upregulated ex-
pression of stem cell markers, such as CD133, epithelial cell 
adhesion molecule (EpCAM), C-KIT, SRY-box transcription 
factor 9 (SOX9), and cytokeratin 7 (CK7), in both the TSG-6 
and scrRNA ＋ TSG-6 groups, and the expression was significantly 
lower in the CD44 siRNA ＋ TSG-6 group. Immunofluorescence 
staining for SOX9 (red) or CK7 (red) confirmed the qRT-PCR 
results by showing that accumulated SOX9- or CK7-positive 
cells in TSG-6-given pHSCs with or without scrRNA were rarely 
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Fig. 3. Depletion of CD44 blocks TSG-6-mediated transition of 
HSCs into stem-like cells. (A) qRT-PCR analysis of fibrotic markers 
including TGF-, COL11, -SMA, and stem cell markers including 
CD133, EpCAM, C-KIT, SOX9, CK7, in vehicle- (vehicle) or TSG-6- 
treated pHSCs (TSG-6) transfected with or without scramble or siRNA 
targeting CD44 (scrRNA ＋ TSG-6, CD44 siRNA ＋ TSG-6). pHSCs 
were treated with scrRNA or CD44 siRNA for 24 hours before 
TSG-6 treatment and then exposed to vehicles or TSG-6 for 24 
hours. Data shown represent one of three experiments with similar 
results. Mean ± SD results are graphed (one-way ANOVA with Tukey 
corrections, $P ＜ 0.05 vs. vehicle, *P ＜ 0.05 vs. scrRNA ＋ TSG-6). 
(B) Immunofluorescent staining for SOX9 (red) or CK7 (red) in these 
cells. DAPI was used for nuclear counterstaining. Representative images 
obtained from three experiments with similar results are shown (scale 
bar = 20 m).

Fig. 4. Inhibition of CD44 decreases expressions of pGSK3, nuclear 
-catenin and active YAP-1 in TSG-6-treated pHSCs. (A) Immunoblot 
and cumulative densitometric analyses of inactive/p-GSK3, GSK3 in 
whole lysate of vehicle- (vehicle) or TSG-6-treated pHSCs (TSG-6) trans-
fected with scramble siRNA (scrRNA ＋ TSG-6) or siRNA targeting 
CD44 (CD44 siRNA ＋ TSG-6). pHSCs were treated with scrRNA 
or CD44 siRNA for 24 hours before TSG-6 treatment and then 
treated with vehicles or TSG-6 for 6 hours. (B) Immunoblot and 
cumulative densitometric analyses of active -catenin and TCF4 in 
nuclear extracts of these cells. LAMIN B1 was used as an internal 
control for nuclear fraction. (C) Immunoblot and cumulative densi-
tometric analyses of nuclear YAP-1 and TAZ in scrRNA or CD44 
siRNA-transfected pHSCs treated with vehicle or TSG-6 for 24 
hours. All data shown represent one of three experiments with si-
milar results. Mean ± SD results are graphed (one-way ANOVA with 
Tukey corrections, $P ＜ 0.05 vs. vehicle, *P ＜ 0.05 vs. scrRNA ＋
TSG-6).

detected in CD44-inhibited HSCs that also had TSG-6 (Fig. 
3B). In addition, the protein levels of p-GSK3, active -cate-
nin, and TCF4 were significantly decreased in the CD44 
siRNA ＋ TSG-6 group compared with the TSG-6 and scrRNA 
＋ TSG-6 groups at 6 hours (Fig. 4A and 4B). The amount of 
YAP-1 and TAZ in the nucleus was lower in pHSCs with CD44 
siRNA than pHSCs with or without scrRNA at 24 hours post 
TSG-6 treatment (Fig. 4C). These results suggest that TSG-6 
interacts with CD44 and activates its downstream effectors 
-catenin and YAP-1 to regulate the HSC transition into 
stem-like cells, indicating that TSG-6 influences HSC trans-
differentiation through CD44.

DISCUSSION

CD44 is a transmembrane protein that has multiple functions 
depending on the ligand that it binds, although the main 
actions of CD44 are to regulate wound healing and to regulate 

the immune system (6). There are several well-known ligands 
for CD44, such as HA, osteopontin, fibronectin, collagens, and 
laminin (11). Among these ligands, HA is known as the main 
ligand for the CD44 receptor, and when HA binds to CD44, 
downstream signaling is activated, including the PI3K/Akt and 
extracellular signal-regulated kinase (Erk) 1/2 pathways, which 
modulate cell proliferation, differentiation, migration, survival 
and angiogenesis (14). CD44 is highly expressed in cancer 
cells, including cancer stem cells, and it has been shown to be 
important in tumor growth and cancer metastasis (9, 30). In 
the liver, CD44 is highly expressed in fibrotic liver compared 
with healthy liver, and it is also expressed by infiltrating 
lymphocytes, Kupffer cells and activated HSCs (28). Hence, 
the CD44 receptor has been regarded as a promising target of 
anti-fibrotic agents. In the current study, we demonstrate for 
the first time that CD44 is a novel receptor for TSG-6 in HSCs. 
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Immunoprecipitation assays and immunofluorescence staining 
showed that TSG-6 interacts with the CD44 receptor on the 
cell surface of pHSCs after TSG-6 treatment (Fig. 1). We 
previously demonstrated that TSG-6 induces inactivation, 
senescence and fate-change of HSCs and that it efficiently 
induces the reprogramming of activated HSCs into functional 
stem cell-like cells by activating YAP-1 during these processes 
(3). However, we did not reveal the molecular mechanisms 
underlying the link between TSG-6 and YAP-1 activation. 
Herein, we reveal that extracellular TSG-6 binds to the CD44 
receptor on the surface of activated HSCs, upregulates the 
level of inactive GSK3, promotes nuclear translocation of 
active -catenin and finally contributes to YAP-1 activation 
(Fig. 1 and 2). The subsequent signaling pathway triggered by 
TSG-6 was abrogated in CD44-depleted pHSCs, and TSG-6 
treatment failed to induce the expression of stem cell markers 
in the absence of CD44 (Fig. 3 and 4), suggesting that TSG-6 
binding to CD44 and the subsequent activation of -catenin/YAP-1 
is essential for the reprogramming action of TSG-6 in HSCs. 

However, there are other possible mechanisms to support 
the actions of CD44 on HSCs, although our findings suggest 
that direct interaction of TSG-6 with CD44 drives the fate- 
change of HSCs. Structural homology analyses report that both 
CD44 and TSG-6 contain an HA-binding domain and that 
TSG-6 has a higher binding affinity for HA than it does for 
CD44 (31, 32). Because HA is known to promote HSC 
activation and liver fibrosis via CD44 (29), it is possible that 
TSG-6 inhibits the binding of HA to CD44 by capturing HA, 
and reduction of HA binding to CD44 promotes HSC inacti-
vation and senescence, leading to the fate-change of HSCs. To 
prove this possibility, further studies are needed to investigate 
possible associations among TSG-6, CD44, and HA.

In conclusion, we demonstrate that TSG-6 interacts with the 
CD44 receptor, and activates -catenin/YAP-1 to drive the 
TSG-6-mediated fate-change of HSCs, suggesting that the 
CD44 pathway could be an effective target of TSG-6-based 
therapy for treating liver fibrosis.

MATERIALS AND METHODS

Additional materials and methods are included in the supple-
mentary materials.

Cell experiments and CD44 siRNA transfection
Human pHSCs (purchased from Zen-Bio Inc., NC, USA) were 
seeded on 10 cm2 plates at a density of 2 × 106 cells or on 6 
well-plates at a density of 2 × 105 cells, and cultured in 
Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco, Life 
Technologies, Carlsbad, CA, USA) supplemented with 10% 
fetal bovine serum (FBS; Gibco) and 1% penicillin/streptomycin 
(P/S; Gibco) at 37oC in a humidified atmosphere containing 5% 
CO2. pHSCs at 70-80% confluence were serum-starved 
overnight in medium containing no FBS, and then, were treated 
with 20 ng/ml of TSG-6 (R&D systems, Minneapolis, MN, 

USA) or vehicle for 30 min, 1, 2, 6, 12, and 24 hours, respectively. 
The concentration of TSG-6 was determined based on our 
previous study (3). For visualizing the localization of TSG-6, 
FITC-conjugated TSG-6 peptides (CUSABIO, Houston, TX, 
USA) were used in the same manner as described above. To 
examine the effect of TSG-6 in CD44-suppressed pHSCs, 
pHSCs at 50-60% confluence were serum-starved overnight, 
cultured in antibiotics-free medium with 2% FBS for 24 hours, 
and then transfected with 25nM of CD44 (Dharmacon, Chicago, 
IL, USA) or scramble siRNA (Dharmacon) using Lipofectamine 
RNAiMAX (Invitrogen, Life Technologies, CA, USA) according 
to the manufacturer’s instructions for 24 hours. After washing, 
TSG-6 or Vehicle was given to CD44-depleted pHSCs for 1 
day. These experiments were repeated at least three times.

Statistical analysis
Results are expressed as the mean ± SD. Statistical differences 
were determined by Student’s t-test or one-way analysis of 
variance (ANOVA) using SPSS statistics 20 software, followed 
by the post hoc Tukey’s test. P-values ＜ 0.05 were considered 
statistically significant.
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