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Abstract
Chronic kidney disease (CKD) has a high prevalence worldwide. Renal fibrosis is the 
common pathological feature in various types of CKD. However, the underlying 
mechanisms are not determined. Here, we adopted different CKD mouse models 
and cultured human proximal tubular cell line (HKC-8) to examine the expression of 
C-X-C motif chemokine receptor 4 (CXCR4) and β-catenin signalling, as well as their 
relationship in renal fibrosis. In CKD mice and humans with a variety of nephropa-
thies, CXCR4 was dramatically up-regulated in tubules, with a concomitant activation 
of β-catenin. CXCR4 expression level was positively correlated with the expression 
of β-catenin target MMP-7. AMD3100, a CXCR4 receptor blocker, and gene knock-
down of CXCR4 significantly inhibited the activation of JAK/STAT and β-catenin 
signalling, protected against tubular injury and renal fibrosis. CXCR4-induced renal 
fibrosis was inhibited by treatment with ICG-001, an inhibitor of β-catenin signalling. 
In HKC-8 cells, overexpression of CXCR4 induced activation of β-catenin and dete-
riorated cell injury. These effects were inhibited by ICG-001. Stromal cell–derived 
factor (SDF)-1α, the ligand of CXCR4, stimulated the activation of JAK2/STAT3 and 
JAK3/STAT6 signalling in HKC-8 cells. Overexpression of STAT3 or STAT6 decreased 
the abundance of GSK3β mRNA. Silencing of STAT3 or STAT6 significantly blocked 
SDF-1α-induced activation of β-catenin and fibrotic lesions. These results uncover a 
novel mechanistic linkage between CXCR4 and β-catenin activation in renal fibrosis 
in association with JAK/STAT/GSK3β pathway. Our studies also suggest that targeted 
inhibition of CXCR4 may provide better therapeutic effects on renal fibrosis by inhib-
iting multiple downstream signalling cascades.
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1  | INTRODUC TION

CKD has a high prevalence in worldwide population.1 Even though 
with multiple pathological changes, various types of CKD are char-
acterized with the common pathological feature of renal fibrosis. 
However, to date, there are not completely effective therapeutics 
to renal fibrosis.2 Although dialysis and transplantation serve as 
the alternative treatments to renal fibrosis, they could only provide 
very limited remission for the frequent occurrence of cardiovascu-
lar complications in dialysis patients and high rate of recurrence of 
the original diseases in the transplanted kidneys.3,4 Hence, to better 
understand the underlying mechanisms and identify therapeutic tar-
gets of renal fibrosis would be of great importance to CKD.

As the most abundant cells in kidneys, renal tubular cells play 
fundamental roles in executing renal functions.5 Upon damage, they 
could undergo apoptosis, epithelial-mesenchymal transition, cel-
lular senescence and dedifferentiation. Large bodies of evidences 
have reported that damaged tubular cells could secret transform-
ing growth factor-β1 (TGF-β1), the critical mediator leading to inter-
stitial fibroblasts activation. However, the underlying mechanisms of 
renal tubular cell injury need to be elucidated.

As a G-protein–coupled seven-span transmembrane recep-
tor, C-X-C motif chemokine receptor 4 (CXCR4) serves as the key 
molecule to leash haematopoietic stem cells to quiescence in bone 
marrow.6 Recently, some reports indicate CXCR4 plays a crucial role 
in various types of CKD such as rapidly progressive glomerulone-
phritis (RPGN), IgA nephropathy (IgAN), lupus and tubulo-interstitial 
nephritis.7-11 Although CXCR4 exists in various types of cells such 
as podocytes, macrophages and endothelial cells, it is predomi-
nantly localized in tubular cells, especially proximal tubular epithe-
lial cells.7,8,10,12 Through the binding of CXC chemokine ligand 12 
(CXCL12; stromal cell–derived factor 1 (SDF-1)), CXCR4 exerts mul-
tiple effects in cell survival, differentiation and injury.6,7,13 However, 
the role of CXCR4 in renal tubular cell injury and the underlying 
mechanisms remain poorly understood.

Wnt/β-catenin signalling is a conserved developmental pathway 
that plays a critical role in organ development.14 Different from its 
silent expression in normal adult's kidneys, Wnt/β-catenin signalling 
is dramatically up-regulated in CKD-affected kidneys. The activa-
tion of Wnt/β-catenin signalling is highly associated with oxidative 
stress, inflammation and cellular senescence.15-18 Upon the binding 
of Wnt ligands to the receptors frizzled (Fzd) and lipoprotein recep-
tor–related protein (LRP) 5/6, GSK3β activity is repressed, and then, 
β-catenin would be released and activated to trigger cell injury and 
renal fibrosis. Although β-catenin could be up-regulated in multiple 
cells such as podocytes, interstitial fibroblasts, endothelial cells and 
inflammatory cells,15,17,19-21 it is predominantly localized in renal tu-
bular cells in injured kidneys.18,22 These observations suggest the 
potential relationship between CXCR4 and β-catenin in renal tubular 
cell injury and fibrosis.

In this study, we examined CXCR4 and β-catenin signalling and 
assessed their relationship in vivo and in vitro. The results indicate 
CXCR4 plays a crucial role in mediating renal tubular cell injury and 

is associated with activation of β-catenin. Furthermore, JAK/STAT/
GSK3β pathway mediates SDF-1α/CXCR4-induced activation of 
β-catenin. These findings suggest that CXCR4 mediates renal fibro-
sis through activating JAK/STAT/GSK3β/β-catenin pathway.

2  | MATERIAL S AND METHODS

2.1 | Animal models

Male C57BL/6 mice, weighing 22-24 g, were purchased from 
Southern Medical University Animal Center (Guangzhou, China) and 
housed in a standard environment on a regular light/dark cycle with 
free access to water and chow. For the unilateral ureteral obstruc-
tion (UUO) model, male C57BL/6 mice were performed double-ligat-
ing of the left ureter using 4-0 silk after a midline abdomen incision. 
Sham-operated mice had their ureters exposed and manipulated but 
not ligated. Mice were killed 7 and 14 days after UUO. The ischae-
mia-reperfusion injury (IRI) model was established by bilateral renal 
pedicles clipped for 32 minutes using microaneurysm clamps. During 
the ischaemic period, body temperature was maintained between 
37°C and 38°C using a temperature-controlled heating system. 
After removal of the clamps, reperfusion of the kidneys was visually 
confirmed. Mice were killed 7 and 10 days after IRI. For the unilat-
eral IRI (UIRI) model, male C57BL/6 mice were subjected to unilat-
eral renal IRI by an established protocol, as described previously.18 
Briefly, left renal pedicles were clipped for 35 minutes using microa-
neurysm clamps for IRI injury. After removal of the clamps, reperfu-
sion of the kidneys was visually confirmed. Ten days later, the intact 
right kidney was removed via a right flank incision. The mice were 
killed 11 days after IRI surgery. AMD3100 (A5602; Sigma-Aldrich, 
St. Louis, MO) and ICG-001(847591-62-2, Chemleader, Shanghai, 
China) were intraperitoneally injected at the doses of 1 mg/kg/d 
and 5 mg/kg/d, respectively. The detailed experimental designs 
were presented in Figures 2A, 4A, 6A and 10A. Mouse CXCR4siRNA 
sequence (5’-CGAUCAGUGUGAGUAUAUATT-3’) was ligated into 
an shRNA expression plasmid (pLVX-shRNA). Groups of mice were 
injected with the mouse CXCR4 expression plasmid (pFlag-CXCR4) 
or shRNA expression plasmid (pLVX-shCXCR4) by rapid injection of 
a large volume of DNA solution through the tail vein, as described 
previously.23

2.2 | Cell culture and treatment

Human proximal tubular epithelial cells (HKC-8) were provided by Dr 
L. Racusen (Johns Hopkins University, Baltimore, MD). Cell culture 
was carried out according to the procedures described previously.23 
HKC-8 cells were treated with SDF-1α (SRP4388; Sigma-Aldrich, St. 
Louis, MO), Wnt3a (H17001; Sigma-Aldrich, St. Louis, MO) or ICG-001 
(847591-62-2, Chemleader, Shanghai, China) at indicated concentra-
tions. Some cells were transfected with the CXCR4 expression plas-
mid (pFlag-CXCR4), STAT3 expression plasmid (pFlag-STAT3) or STAT6 
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expression plasmid (pHA-STAT6). Oligonucleotide siRNA duplex was 
synthesized by Shanghai Gene Pharma (Shanghai, China). Human 
STAT3 siRNA sequence was 5’- GCAACAGAUUGCCUGCAUUTT-3’, 
and STAT6 siRNA was 5’- CCAAGACAACAAUGCCAAATT-3’. The se-
quence of scramble siRNA was 5’-UUCUCCGAACGUGUCACGUTT-3’. 
The transfection of expression plasmid or siRNA in HKC-8 cells was 
carried out with lipofectamine 2000 (Invitrogen, Carlsbad, CA) accord-
ing to the manufacturer's instruction.

2.3 | Western blot analysis

Protein expression levels were analysed by Western blot analysis 
as described previously.15,18 The primary antibodies used were as 
follows: anti-SDF-1α (ab25117; Abcam), anti-fibronectin (F3648; 
Sigma-Aldrich), anti-α-SMA (ab5694; Abcam), anti-collagen I 
(ab34710; Abcam), anti-vimentin (SAB1305447, Sigma-Aldrich), 
anti-CXCR4 (BA0747-2; Boster), anti-p-GSK3β (ser 9) (5558; Cell 

F I G U R E  1   CXCR4 increases in fibrotic kidneys and is associated with activation of β-catenin signalling. A, Representative micrographs 
show the expression of CXCR4 was up-regulated in unilateral ureteral obstruction (UUO) mice. Paraffin kidney sections were stained 
with an antibody against CXCR4. Frozen sections were stained with an antibody against β-catenin. Arrows indicate positive staining. 
Scale bar, 50 μm. B, Sequential paraffin-embedded kidney sections from UUO mice were immunostained for CXCR4 and active β-catenin. 
Colocalization of CXCR4 and active β-catenin in renal tubules 7 or 14 d after UUO were indicated by yellow arrows. Scale bar, 50 μm. C, The 
relative abundance of CXCR4 mRNA was analysed by quantitative real-time PCR in UUO mice. *P < .05 versus sham controls (n = 5-6). D, 
Linear regression analysis showing an positive correlation between renal CXCR4 and MMP-7 mRNA. The correlation coefficient (rs) is shown. 
E, The relative abundance of CXCR4 mRNA was analysed by quantitative real-time PCR in IRI mice. *P < .05 versus sham controls (n = 5-6). F, 
Linear regression analysis showing an positive correlation between renal CXCR4 and MMP-7 mRNA in IRI mice. The correlation coefficient 
(rs) is shown. G, Representative micrographs show CXCR4 was expressed predominantly in renal tubular cells in humans with IgAN, RPGN 
and FSGS. Yellow arrows indicate positive staining in tubules. Scale bar, 50 μm. CXCR4, C-X-C chemokine receptor type 4; FSGS, focal 
segmental glomerulosclerosis; IgAN, immunoglobulin A nephropathy; RPGN, rapidly progressive glomerulonephritis.
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Signaling Technology), anti-β-catenin (610 154; BD Transduction 
Laboratories), anti-PAI-1 (AF3828; R&D Systems), anti-snail1 
(ab180714; Abcam), anti-MMP-7 (104 658; GTX), anti-E-cadherin 
(3195; Cell Signaling Technology), anti-active β-catenin (19807s; 
Cell Signaling Technology), anti-Kim1 (BA3537; Boster, Wuhan, 
China), anti-α-tubulin (RM2007, Ray Antibody Biotech, Beijing, 
China) and p-STAT antibody sampler kit (9914; Cell Signaling 
Technology), p-JAK family antibody sampler kit (97 999; Cell 
Signaling Technology), STAT antibody sampler kit (9939; Cell 
Signaling Technology) and anti-GAPDH (RM2000, Ray Antibody 
Biotech, Beijing, China).

2.4 | Histology and immunohistochemical staining

Paraffin-embedded mouse kidney sections (4 µm thickness) 
were prepared by a routine procedure. Periodic acid-Schiff (PAS), 
Masson trichrome staining and Sirius red staining (DC0040, 
Leagene Biotechnology, Beijing, China) were performed by a 
standard protocol or according to the manufacturer's instruction. 
Immunohistochemical staining was performed using routine pro-
tocol. Primary antibodies used were as follows: CXCR4 (BA0747-2; 
Boster), β-catenin (610 154; BD Transduction Laboratories), colla-
gen I (ab34710; Abcam), α-SMA (ab5694; Abcam), E-cadherin (3195; 

F I G U R E  2   Blockade of CXCR4 ameliorates renal fibrosis in UUO mice. A, Experimental design. AMD3100 was dissolved in sterile 
saline and intraperitoneally injected at the dose of 1 mg/kg/d after UUO operation. The mice were killed 7 d after UUO surgery. B-C, 
Representative (B) Western blots and graphical representation of (C) CXCR4 protein expression in different groups. *P < .05 versus 
sham control mice (n = 5-6); †P < .05 versus UUO mice (n = 5-6). D, Representative micrographs show renal fibrotic lesions in different 
groups. Paraffin kidney sections were performed Masson trichrome staining. Yellow arrow indicates positive staining. Scale bar, 50 μm. E, 
Graphical representation of the quantification of renal fibrotic lesions. *P < .05 versus sham control mice (n = 5); †P < .05 versus UUO mice 
(n = 5-6). F-J, Representative (F) Western blots and graphical representations of (G) fibronectin, (H) α-SMA, (I) collagen I and (J) vimentin 
in three groups. Numbers 1-3 indicate each individual animal in given group. *P < .05 versus sham control mice (n = 5-6); †P < .05 versus 
UUO mice (n = 5-6). K, Representative micrographs show collagen I and α-SMA expression in three groups. Paraffin kidney sections were 
immunostained with antibodies against collagen I and α-SMA. Yellow arrows indicate positive staining. Scale bar, 50 μm
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Cell Signaling Technology), fibronectin (F3648; Sigma-Aldrich) and 
active β-catenin (19807s; Cell Signaling Technology), anti-p-GSK3β 
(ser 9) (5558; Cell Signaling Technology), p-STAT3 or p-STAT6 (9914; 
Cell Signaling Technology) and p-JAK2 (97 999; Cell Signaling 
Technology).

2.5 | Immunofluorescence staining and 
confocal microscopy

Frozen kidney sections (3 µm) were fixed with 4% paraformalin for 
15 minutes at room temperature. HKC-8 cells cultured on coverslips 

F I G U R E  3   Blockade of CXCR4 represses β-catenin signalling in UUO mice. A, Representative micrographs show the expression of 
p-GSK3β (Ser9) in different groups. Paraffin kidney sections were immunostained with an antibody against p-GSK3β (Ser9).Yellow arrow 
indicates positive staining. Scale bar, 50 μm. B-D, Representative (B) Western blots and graphical representation of (C) p-GSK3β (Ser9) and 
(D) β-catenin in three groups as indicated. Numbers 1-3 indicate each individual animal in given groups. *P < .05 versus sham control mice 
(n = 5-6); †P < .05 versus UUO mice (n = 5-6). E, Representative micrographs show renal expression of β-catenin in different groups. Paraffin 
kidney sections were immunostained with an antibody against β-catenin. Yellow arrow indicates positive staining. Scale bar, 50 μm. F-J, 
Representative (F) Western blots and graphical representations of (G) PAI-1, (H) Snail 1, (I) MMP-7 and (J) E-cadherin protein expression in 
three groups. Numbers 1-3 indicate each individual animal in a given group. *P < .05 versus sham control mice (n = 5-6); †P < .05 versus UUO 
mice (n = 5-6). K, Representative micrographs show renal expression of E-cadherin. Paraffin kidney sections were immunostained with an 
antibody against E-cadherin. Yellow arrows indicate positive staining. Scale bar, 50 μm. L and M, Graphical representations show the relative 
abundance of (L) neutrophil gelatinase associated lipocalin (NGAL) and (M) transforming growth factor-β1 (TGF-β1) mRNA in three groups. 
*P < .05 versus sham control mice (n = 5-6); †P < .05 versus UUO mice (n = 5-6)
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were fixed with cold methanol:acetone (1:1) for 10 minutes at −20°C. 
The slides were blocked with normal donkey serum and incubated 
with primary antibodies as follows: anti-fibronectin (F3648, Sigma-
Aldrich), anti-β-catenin antibody (ab15180; Abcam), anti-STAT3 anti-
body (4904; Cell Signaling Technology), anti-STAT6 antibody (5397; 
Cell Signaling Technology) and anti-E-cadherin (3195; Cell Signaling 
Technology). After washing, the slides were incubated with Cy3- 
or Cy2-conjugated donkey anti-mouse or donkey anti-rabbit IgG 
(Jackson Immuno-Research Laboratories, West Grove, PA). Nuclei 
were stained with DAPI (Sigma-Aldrich) according to the manufac-
turer's instruction. Images were taken by confocal microscopy (Leica 
TCS SP2 AOBS; Leica Microsystems, Buffalo Grove, IL) or Olympus 
DP80 microscope with EMCCD camera.

2.6 | Reverse transcriptase (RT)-PCR

Total RNA was prepared using TRIzol RNA isolation system (Life 
Technologies, Grand Island, NY) according to the manufacturer's in-
struction. The first strand of complementary DNA was synthesized 
using 1 μg of RNA in 20 μL of reaction buffer using AMV-RT and 
random primers at 42°C for 60 minutes. PCR amplification was per-
formed using a HotStarTaq Master Mix kit (Qiagen, Valencia, CA). 
The sequences of the primer pairs are shown in Table S1.

2.7 | Serum creatinine (Scr) and blood urea nitrogen 
(BUN) assay

Determination of Scr and BUN was analysed by an automatic chem-
istry analyzer (AU480; Beckman Coulter Inc; Kraemer Boulevard 
Brea, CA). The level of Scr or BUN was expressed as mg/dL or 
mmol/L, respectively.

2.8 | Statistical analyses

All data examined were expressed as mean ± SEM. Statistical analy-
sis of the data was carried out using SPSS 19.0 (SPSS Inc, Chicago, 

IL). Comparison between groups was made using one-way ANOVA 
followed by Student-Newman-Keuls test or Dunnett's T3 procedure. 
P < .05 was considered significant.

3  | RESULTS

3.1 | CXCR4 is up-regulated in fibrotic kidneys and 
accompanied by activation of β-catenin

To identify the role of CXCR4 in renal fibrosis, we first examined the 
expression of CXCR4 and CXCL12 (SDF-1α), the ligand of CXCR4, in 
various CKD models. The protein expression of CXCL12 (SDF-1α) 
was elevated time-dependently in UUO and IRI mice (Figure S1). 
Consistently, as shown in Figure 1A, the expression of CXCR4 was 
time-dependently up-regulated in UUO mice and predominantly lo-
calized in renal tubular cells. Furthermore, the expression of β-catenin 
was also evidently up-regulated in UUO-affected kidneys, especially 
at the late stage of UUO. Notably, both CXCR4 and β-catenin expres-
sion were up-regulated in renal tubular cells. To clarify the correlation 
between CXCR4 and β-catenin, we examined the colocalization of 
CXCR4 and active β-catenin in sequential paraffin-embedded kidney 
sections. As shown in Figure 1B, the expression of CXCR4 largely colo-
calized with active β-catenin in tubular cells. We then analysed mRNA 
expression levels of CXCR4 and MMP-7, an important downstream 
target of β-catenin.24 As shown in Figure 1C and Figure S2, CXCR4 
and MMP-7 mRNA levels were significantly up-regulated in UUO mice 
in a time-dependent fashion. Notably, there was a significant positive 
correlation between CXCR4 and MMP-7 (Figure 1D). Similarly, in IRI 
kidneys, CXCR4 and MMP-7 mRNA abundance also increased and 
positively correlated (Figure 1E and F, Figure S2). It is notable that the 
increased abundance of CXCR4 mRNA was much less than that of 
MMP-7, suggesting the amplification in signalling cascades. We next 
investigated CXCR4 expression in humans with immunoglobulin A 
nephropathy (IgAN), rapidly progressive glomerulonephritis (RPGN) 
and focal segmental glomerulosclerosis (FSGS). A shown in Figure 1G, 
CXCR4 was predominantly localized in renal tubular cells in human dis-
eased kidneys, suggesting the intimate correlation of CXCR4 in tubular 
cell injury and renal fibrosis.

F I G U R E  4   Blockade of CXCR4 mitigates renal fibrosis in UIRI mice. A, Experimental design. Green arrows indicate the injections of 
AMD3100. Red arrows indicate the timing of renal IRI surgery. B, Representative micrographs show renal expression of CXCR4 in different 
groups. Paraffin kidney sections were immunostained with an antibody against CXCR4. Arrow indicates positive staining. Scale bar, 50 μm. 
C, Representative micrographs show PAS and Masson trichrome staining in different groups. Arrows indicate positive staining. Scale bar, 
50 μm. D and E, Graphical representations of quantitative analyses of (D) injured tubules and (E) renal fibrotic lesions in three groups. 
Kidney sections were subjected to PAS and Masson trichrome staining. At least 20 randomly selected fields were evaluated under x400 
magnification, and results were averaged for each kidney. *P < .05 versus sham control. †P < .05 versus UIRI alone (n = 5). F-J, Representative 
(F) Western blots and graphical representations of (G) fibronectin, (H) collagen I, (I) α-SMA and (J) vimentin protein expression levels in 
three groups. Numbers 1-3 indicate each individual animal in given group. *P < .05 versus sham control (n = 5-6); †P < .05 versus UIRI alone 
(n = 5-6). Scale bar, 50 μm. (K)Representative micrographs show renal expression of fibronectin and collagen I in three groups. Paraffin 
kidney sections were immunostained with antibodies against fibronectin and collagen I. Yellow arrows indicate positive staining. Scale bar, 
50 μm. L and M, Quantitative analysis of (L) serum creatinine (Scr) and (M) blood urea nitrogen (BUN) levels in three groups as indicated. 
*P < .05 versus sham control (n = 5-6); †P < .05 versus UIRI alone (n = 5-6). Scr was expressed as milligrams per decilitre, and BUN was 
expressed as millimole per litre
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3.2 | Blockade of CXCR4 ameliorates renal fibrosis 
in UUO mice

To investigate the potential role of CXCR4 in renal fibrosis, we injected 
mice with AMD3100,7 a specific inhibitor of CXCR4 signalling in UUO 
model (Figure 2A). The mice were killed 7 days after UUO surgery. The 
expression of CXCR4 was first analysed. As shown in Figure 2B and 
C, the protein expression of CXCR4 was significantly up-regulated in 
UUO mice. However, treatment with AMD3100 obviously inhibited the 
expression of CXCR4. We then performed Masson trichrome staining 
and the quantification of renal fibrotic lesions. As shown in Figure 2D 
and E, treatment with AMD3100 significantly retarded renal fibrosis in 
UUO mice. Similar results were observed when the protein expression 
levels of fibronectin, α-SMA, collagen I and vimentin were assessed by 
Western blot analyses (Figure 2F-J). Furthermore, the immunostaining 
results of collagen I and α-SMA also confirmed the therapeutic effects 
of AMD3100 on matrix deposition in UUO mice (Figure 2K).

3.3 | Blockade of CXCR4 represses β-catenin 
activation in UUO mice

We then examined the correlation between CXCR4 and β-catenin. 
First, we assessed the expression of GSK3β, a serine/threonine pro-
tein kinase that mediates β-catenin degradation and its phospho-
rylation at Ser9 suggests the deactivation of GSK3β.25 As shown 
in Figure 3A, B and C, the protein expression of p-GSK3β (Ser9) 
was extremely up-regulated in UUO mice, but blocked by admin-
istration of AMD3100, the antagonist of CXCR4 receptor.7 Similar 
results were observed when the expression of β-catenin was ana-
lysed by Western blot (Figure 3B and D) and immunohistochemical 
staining (Figure 3E). We next checked renal expression of plasmi-
nogen activator inhibitor-1 (PAI-1), Snail 1 and matrix metallopro-
teinase-7 (MMP-7), the three downstream targets of β-catenin and 
the important players in tubular epithelial-mesenchymal transition 
and fibrotic injury.26,27 As shown in Figure 3F-I, all of them were 

F I G U R E  5   Blockade of CXCR4 represses β-catenin signalling in UIRI mice. A, Representative micrographs show renal expression of 
p-GSK3β (Ser9) and β-catenin in three groups. Paraffin sections were immunostained with antibodies against p-GSK3β (Ser9) and β-catenin. 
Yellow arrows indicate positive staining. Scale bar, 50 μm. B-D, Representative (B) Western blots and graphical representations of (C) 
p-GSK3β (Ser9) and (D) β-catenin in three groups. Numbers 1-3 indicate each individual animal in a given group. *P < .05 versus sham control 
(n = 5-6); †P < .05 versus UIRI alone (n = 5-6). E-I, Representative (E) Western blots and graphical representations of (F) PAI-1, (G) Snail 1, 
(H) MMP-7 and (I) E-cadherin in three different groups. Numbers 1-3 indicate each individual animal in a given group. *P < .05 versus sham 
controls (n = 5-6); †P < .05 versus UIRI alone (n = 5-6)
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F I G U R E  6   ICG-001 inhibits CXCR4-aggravated renal fibrosis in UUO model. A, Experimental design. Green arrows indicate the injections 
of empty vector (pcDNA3) or a Flag-tagged CXCR4 expression plasmid (pFlag-CXCR4). Green bar indicates the timing of administration of 
ICG-001. B, Representative micrographs show the expression of CXCR4 and Sirius red staining in four groups. Paraffin kidney sections were 
immunostained with an antibody against CXCR4 or performed Sirius red staining. Black arrows indicate positive staining. Scale bar, 50 μm. 
C-E, Representative (C) Western blots and graphical representations of (D) CXCR4, (E) α-SMA and vimentin in four groups. Numbers 1-2 
represent individual animal in a given group. *P < .05 versus sham controls (n = 5-6); †P < .05 versus UUO alone (n = 5-6); #P < .05 versus 
UUO plus pCXCR4 (pFlag-CXCR4) (n = 5-6). F, Representative micrographs show renal expression of active β-cat (active β-catenin) and 
E-cadherin in four groups. Paraffin kidney sections were immunostained with an antibody against active β-catenin or E-cadherin. Arrows 
indicate positive staining. Scale bar, 50 μm. G-J, Representative (G) Western blots and graphical representations of (H) active β-catenin, (I) 
MMP-7 and (J) E-cadherin in four groups. *P < .05 versus sham controls (n = 5-6); †P < .05 versus UUO alone (n = 5-6); #P < .05 versus UUO 
plus pCXCR4 (pFlag-CXCR4) (n = 5-6)
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significantly up-regulated in UUO mice, but inhibited by administra-
tion of AMD3100. Moreover, the expression of E-cadherin, an im-
portant protein maintaining normal epithelial integrity,28 was greatly 

down-regulated in UUO-affected kidneys. However, it was largely 
preserved by treatment with AMD3100 (Figure 3F, J, and K). To fur-
ther confirm the role of CXCR4 in tubular cell injury, we examined 

F I G U R E  7   CXCR4/β-catenin axis plays a critical role in tubular cell injury. A and B, Representative (A) Western blots and graphical 
representation of (B) p-GSK3β (Ser9) protein expression in HKC-8 cells. HKC-8 cells were transfected with CXCR4 expression plasmid 
(pFlag-CXCR4) or empty vector (pcDNA3) for 24 h. Whole cell lysates were analysed by Western blot analyses. Numbers 1-3 represent 
each individual well in a given group. *P < .05 versus pcDNA3 group (n = 3). C, Representative micrographs show administration of SDF-1α 
induced nuclear translocation of β-catenin. HKC-8 cells were treated with SDF-1α (100 ng/mL) for 12 h. Cells were then stained for β-catenin 
and DAPI, the nuclear marker. White arrows indicate positive nuclear staining. Scale bar, 10µm. D and E, Representative (D) Western blots 
and graphical representation of (E) active β-catenin protein expression in different groups. HKC-8 cells were treated with SDF-1α (100 ng/
mL) and/or Wnt3a (100 ng/mL) for 12 h. *P < .05 versus control group (n = 3); †P < .05 versus Wnt3a alone (n = 3); ＃P < .05 versus SDF-1α 
alone (n = 3). F and G, Representative (F) Western blots and graphical representation of (G) active β-catenin protein expression in different 
groups. HKC-8 cells were transfected with pFlag-CXCR4 or pcDNA3 and then treated with or without Wnt3a (100 ng/mL) for 24 h. *P < .05 
versus pcDNA3 group (n = 3); †P < .05 versus Wnt3a alone (n = 3); ＃P < .05 versus pCXCR4 (pFlag-CXCR4) alone (n = 3). H, Representative 
micrographs show fibronectin expression (red) in four groups. HKC-8 cells were transfected with pFlag-CXCR4 or pcDNA3 plasmid, then 
treated with Wnt3a (100 ng/mL) for 24 h. Cells were then immunostained for fibronectin and counterstained with DAPI. White arrows 
indicate positive staining. I-M, Representative (I) Western blots and graphical representations of (J) active β-catenin, (K) MMP-7, (L) 
fibronectin and (M) Kim-1 in three groups. HKC-8 cells were pretreated with ICG-001 (5 µM) and then transfected with pFlag-CXCR4 or 
pcDNA3 plasmid for 24 h. *P < .05 versus pcDNA3 group (n = 3); †P < .05 versus pCXCR4 (pFlag-CXCR4) alone (n = 3)
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the mRNA expression of neutrophil gelatinase–associated lipocalin 
(NGAL) and transforming growth factor-β1 (TGF-β1), two markers 
of tubular cell injury29,30 by quantitative real-time PCR. As shown in 
Figure 3L and M, administration of AMD3100 significantly blocked 
UUO-induced up-regulation of NGAL and TGF-β1. It was previously 
reported that signalling crosstalk between β-catenin and TGF-β1 is 
an important mechanism in tubular epithelial cell injury.31 Hence, 
these data further suggest that CXCR4 plays an important role in 
tubular cell injury and is associated with β-catenin activation.

3.4 | Blockade of CXCR4 mitigates renal fibrosis in 
UIRI mice

To further confirm the role of CXCR4 in renal fibrotic lesions, we 
carried out the mouse model of unilateral ischaemia-reperfusion in-
jury (UIRI). Groups of mice were subjected to UIRI and administered 
AMD3100 at the dose of 1 mg/kg/d (Figure 4A). The immunostaining 
results revealed that the up-regulation of CXCR4 in UIRI mice was 
blocked by administration of AMD3100 (Figure 4B). Furthermore, 
PAS staining showed tubular cell injury, characterized by tubular di-
lation, hyaline casts and tubular atrophy with thickened basement 
membranes, as well as detached epithelial cells in tubular lumens, 
was dramatically induced in UIRI mice. However, these effects were 
clearly blocked by administration of AMD3100 (Figure 4C). Similarly, 
Masson trichrome staining showed AMD3100 largely decreased the 
fibrotic lesions in UIRI mice (Figure 4C).The extent levels of tubular 
cell injury and fibrotic lesions were assessed by a semiquantitative 
analysis and presented in Figure 4D and E. Consistently, the pro-
tein expression levels of fibronectin, collagen I, α-SMA and vimentin 
were tested by Western blot analyses. As shown in Figure 4F-J, all 
of them were significantly inhibited by administration of AMD3100. 
Similar results were observed when fibronectin and α-SMA were 
analysed by immunostaining (Figure 4K). We then tested the levels 
of serum creatinine (Scr) and blood urea nitrogen (BUN). As shown 
in Figure 4L and M, treatment with AMD3100 significantly reduced 
their up-regulation in UIRI mice. These data further indicate that 
CXCR4 activation serves as a major driver of tubular cell injury and 
renal fibrosis.

3.5 | Blockade of CXCR4 represses β-catenin 
signalling in UIRI mice

We then assessed β-catenin signalling in UIRI mice. First, the expres-
sion of p-GSK3β (Ser9) was assessed. As shown in Figure 5A, B and 
C, administration of AMD3100 significantly inhibited the up-regula-
tion of p-GSK3β (Ser9) in UIRI mice. Consequently, the expression 
of β-catenin was induced by UIRI injury but inhibited by treatment 
with AMD3100 (Figure 5A, B and D), suggesting the role of CXCR4 in 
β-catenin activation. Similarly, the protein expression levels of PAI-
1, Snail 1 and MMP-7, the downstream targets of β-catenin, were 
significantly down-regulated by treatment with AMD3100 in UIRI 

mice (Figure 5E-H). We next analysed E-cadherin, the tubular epi-
thelial cell marker. As shown in Figure 5E and I, the down-regulation 
of E-cadherin induced by UIRI injury was significantly reversed by 
administration of AMD3100.

3.6 | Inhibition of β-catenin retards CXCR4-
aggravated renal fibrosis in UUO model

To further establish the role of CXCR4 in β-catenin signalling, mice 
were delivered a flag-tagged CXCR4 expression plasmid (pFlag-
CXCR4) by a hydrodynamic-based gene therapy23 and adminis-
tered ICG-001, a small molecule inhibiting β-catenin-mediated gene 
transcription in a CBP-dependent manner,22 after UUO surgery 
(Figure 6A).The expression of CXCR4 was identified by immunohis-
tochemistry and Western blot analyses. As shown in Figure 6B-D, 
CXCR4 protein level was up-regulated in UUO mice, predominantly 
in renal tubular cells, but further elevated by injection of CXCR4 
plasmid. However, administration of ICG-001 could greatly inhibit it. 
We next investigated renal fibrotic lesions through Sirius red stain-
ing, a technique that collagen fibre would be stained as red colour. As 
shown in Figure 6B, ectopic expression of CXCR4 evidently aggra-
vated renal fibrosis in UUO mice. However, administration of ICG-
001 largely retarded CXCR4-induced renal fibrotic lesions. Similar 
results were observed when the protein expression levels of α-SMA 
and vimentin were assessed by Western blot analyses (Figure 6C and 
E). We next assessed β-catenin signalling. As shown in Figure 6F, the 
expression of active β-catenin was significantly induced by ectopic 
expression of CXCR4 in UUO mice, but diminished by administration 
of ICG-001. Similar results were observed when the protein expres-
sion level of active β-catenin was analysed by Western blot analy-
ses (Figure 6G and H). Furthermore, the protein expression level of 
MMP-7 was also significantly inhibited by treatment with ICG-001 
(Figure 6G and I). Moreover, administration of ICG-001 significantly 
reversed CXCR4-aggravated down-regulation of E-cadherin in UUO 
mice (Figure 6F, G and J). These data further suggest the mediating 
role of β-catenin in CXCR4-induced renal fibrosis.

3.7 | CXCR4/β-catenin axis plays a critical role in 
cell injury in vitro

To further figure out the important role of β-catenin activation in 
CXCR4-induced tubular injury, we performed analysis in a human 
proximal tubular cell line (HKC-8). First, HKC-8 cells were trans-
fected with CXCR4 expression plasmid (pFlag-CXCR4) or treated 
with SDF-1α, the ligand of CXCR4. As shown in Figure 7A and B, 
overexpression of CXCR4 triggered the up-regulation of p-GSK3β 
(Ser9), a deactivated form of GSK3β which allows β-catenin stabili-
zation and activation. Furthermore, treatment with SDF-1α induced 
the nuclear translocation of β-catenin in HKC-8 cells (Figure 7C), 
suggesting the induction of β-catenin activation. We next treated 
HKC-8 cells with SDF-1α in the absence or presence of Wnt3a, a 
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canonical Wnt which triggers activation of β-catenin. As shown in 
Figure 7D and E, SDF-1α and Wnt3a could induce the activation of 
β-catenin, respectively. SDF-1α significantly increased the expres-
sion of active β-catenin after co-culture with Wnt3a recombinant 
protein. Similar results were observed when HKC-8 cells were 
transfected with CXCR4 expression plasmid and co-cultured with 
Wnt3a (Figure 7F and G). Then, we checked fibrotic injury in HKC-8 
cells. The immunofluorescence staining of fibronectin showed that 

CXCR4 had a cooperative effect with Wnt3a in cell fibrotic injury 
(Figure 7H). Furthermore, we pretreated HKC-8 cells with ICG-001 
and then transfected with pFlag-CXCR4 plasmid. Western blot anal-
yses indicated administration of ICG-001 significantly inhibited the 
up-regulation of active β-catenin and its target MMP-7 by ectopic 
expression of CXCR4 (Figure 7I-K). Moreover, treatment with ICG-
001 also largely inhibited CXCR4-induced up-regulation of fibronec-
tin and Kim-1, a glycoprotein serving as a marker of tubular injury 
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(Figure 7I, L and M).32 These findings strongly suggest that β-catenin 
activation has a decisive role in meditating CXCR4 signalling.

3.8 | JAK/STAT pathway mediates activation of 
β-catenin in CXCR4 signalling

It was previously reported that the cytoplasmic domain of CXCR4 
protein involves in JAK2 and STAT3 phosphorylation.33 To fur-
ther clarify the underlying mechanisms of CXCR4 in activation of 
β-catenin, JAK/STAT pathway was studied in SDF-1α-treated HKC-8 
cells. As shown in Figure 8A and B, administration of SDF-1α in-
duced the phosphorylation of JAK2/STAT3 and JAK3/STAT6 in 
a time-dependent manner, suggesting the potential role of JAK/
STAT pathway in CXCR4 signalling. We next assessed the role of 
STAT3 or STAT6 in CXCR4-induced β-catenin signalling. HKC-8 cells 
were transfected with CXCR4, STAT3 or STAT6 expression plas-
mid and then assessed the abundance of GSK3β mRNA. As shown 
in Figure 8C, ectopic expression of CXCR4, STAT3 or STAT6 could 
all significantly decrease the mRNA level of GSK3β. Furthermore, 
treatment with SDF-1α induced the colocalization of β-catenin with 
STAT3 or STAT6 (Figure 8D). Administration of SDF-1α also induced 
the up-regulation of p-GSK3β (Ser9) and active β-catenin protein 
expression (Figure 8E-G). However, siRNA-mediated inhibition 
of STAT3 or STAT6 blocked these effects in SDF-1α-treated cells. 
Similar results were observed when the expression of fibronectin 
was assessed by immunofluorescence staining (Figure 8H). These 
data undoubtedly demonstrate that JAK2/STAT3 and JAK3/STAT6 
signalling play the important roles in CXCR4-induced β-catenin ac-
tivation. Taken together, as summarized in Figure 8I, it is concluded 
that through the binding of SDF-1α to CXCR4, JAK2 and JAK3 are 
phosphorylated to trigger the activation and nuclear translocation 
of STAT3 and STAT6, which repress the transcription of GSK3β and 
the assembly of the β-catenin degradation complex. The release of 
β-catenin from degradation complex in the cytoplasm would lead to 
the accumulation of nuclear β-catenin, which mediates fibrotic injury 
in tubular cells through binding to transcription factors TCF/LEF.

3.9 | Blockade of CXCR4 inhibits the activation of 
JAK/STAT in vivo

To further testify the modulation of JAK/STAT pathway by CXCR4, 
we next analysed the activity of JAK2/STAT3 and JAK3/STAT6 in 
UUO and UIRI mice administered AMD3100. The detailed experi-
mental designs were presented in Figures 2A and 4A. As shown in 
Figure 9A, the expression of p-JAK2 was evidently up-regulated 
in renal tubular cells in UUO mice. Administration of AMD3100 
greatly decreased the expression of p-JAK2 in UUO mice. Similar 
results were observed when the protein expression levels of JAK2, 
JAK3, p-STAT3 and p-STAT6 were assessed by Western blot anal-
yses (Figure 9B-E). Consistently, in UIRI mice, administration of 
AMD3100 clearly diminished the up-regulation of p-JAK2, p-STAT3 
and p-STAT6 (Figure 9F). Similar results were observed when the 
protein expression levels of JAK2, JAK3 and p-STAT3 were assessed 
by Western blot analyses (Figure 9G-I). These results further clarify 
the mediating roles of JAK/STAT in CXCR4 signalling.

3.10 | Knockdown of CXCR4 blocks renal 
fibrosis through inhibition of JAK/STAT/GSK3β/β-
catenin pathway

To further prove the role of CXCR4 in renal fibrosis, we knocked 
down renal CXCR4 expression in vivo. The mice were injected with 
shRNA vector encoding the interference sequence of CXCR4 (pLVX-
shCXCR4) through a hydrodynamic-based gene delivery approach. 
The detailed experimental design was shown in Figure 10A. The ef-
ficacy of CXCR4 knockdown was confirmed by Western blot analy-
ses (Figure 10B and C). We then examined the expression of JAK/
STAT signalling. As shown in Figure 10D-F, knockdown of CXCR4 
significantly decreased the activation of JAK2, JAK3, p-STAT3 and 
p-STAT6 in UUO mice. Consequently, the activation of p-GSK3β 
(ser9), β-catenin and Snail 1 induced in UUO mice were greatly pre-
vented by knockdown of CXCR4 (Figure 10G-K). In addition, the 
expression of E-cadherin was restored by interference of CXCR4 in 

F I G U R E  8   JAK/STAT pathway mediates β-catenin activation in CXCR4 signalling. A, Representative Western blots show JAKs and 
p-JAKs expression in HKC-8 cells. HKC-8 cells were incubated with SDF-1α (100 ng/mL) for 0, 5, 10, 15, 30 and 60 min. B, Representative 
Western blots show STATs and p-STATs expression in HKC-8 cells. HKC-8 cells were incubated with SDF-1α (100 ng/mL) for 0, 15, 30, 60, 
120 and 240 min. C, The relative abundance of GSK3β mRNA was assessed by quantitative real-time PCR. HKC-8 cells were transfected 
with CXCR4 or STAT3 or STAT6 expression plasmid (pFlag-CXCR4, pFlag-STAT3 or pHA-STAT6) or pcDNA3 for 24 h. Total RNA was 
extracted and analysed by real-time PCR. *P < .05 versus pcDNA3 group (n = 3). D, Representative micrographs show the colocalization 
of β-catenin and STAT3 or STAT6 inHKC-8 cells. HKC-8 cells were treated with SDF-1α (100 ng/mL) for 12 h. White arrows indicate the 
colocalization of β-catenin and STAT3 or STAT6 in nuclei. E-G, Representative (E) Western blots and graphical representations of (F) 
p-GSK3β (Ser9) and (G) active β-catenin expression in four groups. HKC-8 cells were transfected with siRNA to STAT3 or STAT6 or negative 
control (NC) and then treated with SDF-1α for 12 h.*P < .05 versus control group (n = 3 to 4); †P < .05 versus SDF-1α plus NC group (n = 3 to 
4). H, Representative micrographs show the expression of fibronectin in four groups as indicated. HKC-8 cells were transfected with siRNA 
to STAT3 or STAT6 or NC and then treated with SDF-1α for 12 h. Cells were then immunostained for fibronectin (red) and counterstained 
with DAPI (blue).White arrow indicates positive staining. I, Schematic presentation maps show that through binding of SDF-1α to its 
receptor CXCR4, JAK2 and JAK3 are phosphorylated to trigger the activation and nuclear translocation of STAT3 and STAT6, which repress 
the transcription of GSK3β and the assembly of the β-catenin degradation complex. The release of β-catenin from degradation complex in 
the cytoplasm would lead to the accumulation of nuclear β-catenin, which mediates fibrotic injury in tubular cells through binding to TCF/
LEF transcription factors
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F I G U R E  9   Blockade of CXCR4 inhibits JAK/STAT signalling in vivo. A, Representative micrographs show renal expression of p-JAK2 in 
three groups. Paraffin kidney sections were immunostained with an antibody against p-JAK2. Yellow arrow indicates positive staining. Scale 
bar, 50 μm. B-E, Representative (B) Western blots and graphical representations of (C) JAK2 and JAK3, (D) p-STAT3 and (E) p-STAT6 in three 
groups. Numbers 1-3 indicate each individual animal in a given group. *P < .05 versus sham control (n = 5-6); †P < .05 versus UUO alone 
(n = 5-6). F, Representative micrographs show renal expression of p-JAK2, p-STAT3 and p-STAT6 in three groups. Paraffin kidney sections 
were immunostained with an antibody against p-JAK2 or p-STAT3 or p-STAT6. Yellow arrows indicate positive staining. Scale bar, 50 μm. 
G-I, Representative (G) Western blots and graphical representations of (H) JAK2 and JAK3, and (I) p-STAT3 in different groups. Numbers 1-3 
indicate each individual animal in a given group. *P < .05 versus sham control (n = 5-6); †P < .05 versus UIRI alone (n = 5-6)
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UUO mice (Figure 10G, H and L). We next assessed the fibrotic le-
sions. As shown in Figure 10M-P, the expression levels of α-SMA 
and fibronectin were induced in UUO mice, but significantly dimin-
ished by interference of CXCR4. These results further demonstrated 
that CXCR4 triggers renal fibrosis through induction of JAK/STAT/
GSK3β/β-catenin pathway.

4  | DISCUSSION

More than 10% of the global populations are suffering from CKD. 
Unfortunately, a large portion of them would inevitably progress into 
the end-stage renal disease (ESRD).34 Renal fibrosis is the common 
feature of morphologic changes in various types of CKD. However, 
because of the complicated mechanisms,35,36 renal fibrosis is an in-
tractable problem to nephrologists worldwide.

Renal fibrosis is initially characterized by the excessive matrix 
deposition in the interstitial area. With the progression of disease, 
the massive collagen deposition in the interstitial area could invade 
nearby nephron, the basic structural and functional unit of the kid-
ney, and spread quickly. In humans with a variety of nephropathies 
and experimental CKD models, it is often seen that tubular cells 
may undergo cell injury in different ways with the secretion of fi-
brosis-related molecules, especially in the late stage of disease.37,38 
Large numbers of reports show that tubular epithelial cells could 
transit into mesenchymal, dedifferentiated and senescent pheno-
types to secret matrix-synthesizing molecules such as TGF-β1 and 
proinflammatory cytokines such as IL-6.18,26 Notably, TGF-β1 and 
IL-6 are the major mediators in interstitial fibroblast activation and 
macrophage bursting,39,40 two key factors in the progression of 
renal fibrosis. These suggest tubular cell injury occupies a funda-
mental position in controlling the fate of CKD patients.41 Hence, to 
deeply understand the molecular mechanisms of tubular cell injury 
would undoubtedly provide new insights and strategies in the man-
agement of CKD.

C-X-C motif chemokine receptor (CXCR) family is a member 
of seven-transmembrane receptors, which exerts chemoattractant 
effects on leucocytes and other cell types in controlling cell acti-
vation and guiding cell movements under basal and inflammatory 
conditions.42 There are 8 members of C-X-C motif chemokine re-
ceptors (CXCR1-8), which play the critical roles in immune, neuro-
degenerative and cardiovascular diseases.43-45 Recent reports show 
that several C-X-C motif chemokine receptors also play the funda-
mental roles in the progression of CKD, such as CXCR1,46 CXCR647 
and particularly CXCR4.7,8,10 It was reported in our previous study, 
in glomeruli of CKD patients and mouse models, CXCR4 expression 
is up-regulated predominantly in podocytes and is responsible for 
oxidative stress.7 Furthermore, in lupus nephritis patients, CXCR4 
aggravates the severity of diseases through activating CD19 + B cells 
and CD4 + T cells.9,48 Another report shows macrophage-expressed 
CXCR4 aggravates renal fibrosis.8 In that study, they also found ab-
lation of tubular CXCR4 attenuates renal fibrosis. However, the role 

of CXCR4 in tubular cell injury and the underlying mechanisms need 
to be elucidated in detail.

β-catenin is the downstream effector of Wnt signalling in tubu-
lar cell senescence,18 podocyte dedifferentiation 15and fibroblast 
activation.49 Although β-catenin expression is silent in normal adult 
kidneys, it is reactivated at an early stage and keeps activation in 
the progression of CKD.50,51 β-catenin could express in various cells; 
however, it is predominantly located in tubular cells in injured kid-
neys.23 Except Wnt signalling, β-catenin also plays a functional role 
in the signal transduction of ET-1 receptor, a member of G-protein–
coupled receptors (GPCRs).52 Interestingly, CXCR4 is a receptor that 
belongs to the superfamily of GPCRs. These prompt us to check the 
correlation between CXCR4 and β-catenin.

We first assessed the expression of CXCR4 and β-catenin in 
experimental mouse models. The results show that CXCR4 and 
β-catenin were both up-regulated predominantly in injured tubular 
cells in a time-dependent manner. The results of staining on se-
quential sections further claim the co-localization of CXCR4 and 
β-catenin in tubular cells. Furthermore, the expression of CXCR4 
has a positive correlation to the expression of MMP-7 and triggers 
signal amplification of MMP-7, the downstream target of β-cat-
enin (Figure 1). We also found in humans with IgAN, RPGN and 
FSGS, the up-regulation of CXCR4 was mainly localized in tubular 
cells (Figure 1). Large amounts of recent reports have shown that 
β-catenin is up-regulated in tubular cells and plays a critical role in 
cell injury in these diseases.53-55 Hence, these data suggest that 
CXCR4 has a potential role in tubular cell injury and is associated 
with β-catenin activation.

We next performed the analysis in experimental mouse mod-
els and in cultured tubular cells. In UUO and UIRI mice, blockade 
of CXCR4 by AMD3100 significantly inhibited the activation of 
p-GSK3β/β-catenin signalling, thereby protected against renal fi-
brotic lesions and preserved kidney functions (Figures 2-5). We 
also testified the effects of ICG-001, the inhibitor of β-catenin 
signalling, on CXCR4-aggravated renal fibrosis. Interestingly, ad-
ministration of ICG-001 could significantly block CXCR4-induced 
renal fibrosis (Figure 6), further suggesting the mediating role of 
β-catenin in CXCR4 cascade. The in vitro studies show that CXCR4 
cooperatively acted with Wnt on β-catenin signalling activation and 
fibrotic lesions (Figure 7). Meanwhile, SDF-1α, the ligand of CXCR4, 
evidently induced the phosphorylation and activation of JAK2/
STAT3 and JAK3/STAT6 (Figure 8), the two key effectors of signal-
ling cascade in JAK/STAT pathways.56 Furthermore, overexpression 
of STAT3 or STAT6 repressed GSK3β transcription, and siRNA-me-
diated inhibition of STAT3 or STAT6 could significantly inhibit SDF-
1α-induced β-catenin activation and fibrotic lesions (Figure 8). The 
mediating roles of JAK/STAT in CXCR4 signalling were also proved 
in AMD3100-administered and CXCR4 gene-silenced CKD mouse 
models (Figures 9 and 10). These data clearly demonstrate that 
β-catenin signalling mediates CXCR4 cascade in tubular cell in-
jury. The regulation of GSK3β by JAK/STAT pathway plays a cen-
tral role in CXCR4-induced β-catenin activation. Consistently, it 
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was reported that the cytoplasmic domain of CXCR4 protein could 
phosphorylate JAK2.33

One of the novel findings in the present study is that the tran-
scription factors STAT3 and STAT6 could regulate GSK3β/β-catenin 
signalling in renal tubular cells (Figure 8).This observation, for the 
first time, unequivocally links intercellular messenger's signals to 
β-catenin activation, which would provide broad implications be-
yond tubular pathology. GSK3β is the serine/threonine protein 
kinase mediating β-catenin degradation.57 Compared with the in-
hibitors of β-catenin signalling such as ICG-001,58 GSK3β inducers 
would undoubtedly provide unique inhibition to β-catenin signalling, 
as it would trigger the degradation of β-catenin other than the single 
inhibition of transcriptional activity. Additionally, although Wnt in-
hibitors such as DKK1 have inhibitory effects on activation of β-cat-
enin,59 however, the broad-spectrum inhibition of multiple Wnts 
activity would certainly induce both good and bad effects as some 
Wnts may have the blocking effects on renal fibrosis.60,61 Hence, 
to develop the therapeutics from the promoters of GSK3β would 
provide new insights to block the reactivated β-catenin signalling 
in tubular cell injury and renal fibrosis. In motion, a clinical trial of 
JAK2 inhibitor in diabetic kidney diseases is ongoing with good signs 
for protecting efficacy.62 Although JAK/STAT pathways exert vari-
ous functions in renal fibrosis,63-66 we believe that GSK3β/β-catenin 
signalling is an important downstream effector that should not to 
be ignored. We admit CXCR4 could mediate diverse signalling in-
cluding JAK/STAT pathway,67 which also plays an important role in 
renal fibrosis.68 However, our studies explicitly establish a role of 
CXCR4 in activation of β-catenin signalling. Furthermore, JAK/STAT 
signalling plays very important roles in activation of β-catenin trig-
gered by CXCR4. Our studies provide new insights into the intricate 
mechanisms and give potential implications in the treatment of renal 
fibrosis and CKD.
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sham control mice (n = 6); †P < .05 versus UUO mice (n = 6)
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