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1  | INTRODUC TION

Chronic kidney disease (CKD) is currently a worldwide health con-
cern due to affecting approximately 10% of the global population.1 

Renal fibrosis is the common feature of CKD and the final conse-
quence of excessive extracellular matrix (ECM) production and 
accumulation in interstitial spaces of kidney. Multi factors, includ-
ing the activation of Wnt/β-catenin signalling pathway, intrarenal 
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Abstract
The activation of Wnt/β-catenin pathway plays a pivotal role in promoting renal fi-
brosis. The activation of Wnt/β-catenin pathway relies on the binding of Wnts to 
Frizzled receptors on cell membrane. However, the factor regulating Wnts produc-
tion remains unclear. Here, we demonstrated that transcriptional factor FoxM1 was 
significantly increased in obstructed kidneys and patients' kidneys with fibrosis. The 
up-regulation of FoxM1 mainly distributed in tubular epithelial cells. Pharmacological 
inhibition of FoxM1 down-regulated multi-Wnts elevation in UUO mice and attenu-
ated renal fibrosis. In cultured renal tubular epithelial cells, overexpression of FoxM1 
promoted 8 Wnts expression, while knock-down on FoxM1-suppressed multi-Wnts 
including Wnt1, Wnt2b and Wnt3 expression induced by Ang II. Chromatin immuno-
precipitation PCR confirmed that FoxM1 bound to Wnt1, Wnt2b, Wnt3 promoters 
and luciferase assay further identified that the transcriptions of Wnt1, Wnt2b and 
Wnt3 were regulated by FoxM1. Thus, our findings show that multi-Wnt family mem-
bers were regulated by transcriptional factor FoxM1. FoxM1 might be a key switch 
for activating β-catenin pathway and renal fibrosis. Therefore, FoxM1 might be a po-
tential therapeutic target in manipulating renal fibrosis.
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renin-angiotensin system, infiltration of myeloid inflammatory cells, 
sustained inflammation in local tissue and activation of interstitial 
fibroblasts, have been reported to contribute to the progression of 
renal fibrosis.2-4

It has been recently well documented that the activation of 
Wnt/β-catenin signalling pathway is implicated in renal fibrosis.5,6 
Once activated, β-catenin translocates into nucleus and acts as a 
transcriptional co-activator to enhance multiple fibrotic gene ex-
pressions. The activation of Wnt/β-catenin signalling pathway relies 
on the bindings of Wnts to Frizzled receptors on cell membrane. 
Wnts are secretory glycoproteins, and currently, 19 members have 
been identified in Wnt families.6-9 Previous studies have showed 
that multi-Wnt members are elevated in the pathological condition 
of CKDs.10-12 However, the factor lined on the upstream which reg-
ulates Wnts production remains unclear.

Forkhead Box M1 (FoxM1), a member of the Forkhead family, is 
a representative proliferation-related transcription factor.13 FoxM1 
is known as an important factor in regulating cell cycle transition 
and chromosome segregation.14-16 FoxM1 has been found to be 
expressed in alveolar epithelial cells.17 Recent study indicated that 
FoxM1 provoked injured proximal tubular proliferative repair in 
acute kidney injury (AKI).18 Bioinformatic analysis results showed 
that there are computative binding sites of FoxM1 on all human 
Wnts promoter regions and 13 of 19 rat Wnts promoter regions. In 
unilateral ureteral obstruction (UUO)-induced renal fibrosis mice, 
our preliminary study result showed that FoxM1 was persistently 
increased in the fibrotic kidneys.

Based on the clue, the current study clarified that FoxM1 was an 
essential regulator of Wnts. Persistent increase of FoxM1 up-regu-
lated the expression of multi-members of Wnts. Increased Wnts, as a 
consequence, activated β-catenin signalling pathway in renal tubular 
epithelial cells and then promoted renal fibrogenesis. The up-reg-
ulation of FoxM1 was also observed in biopsy samples with renal 
fibrosis.

2  | MATERIAL S AND METHODS

2.1 | Animal models

Male C57BL/6J mice (8-10  weeks old, 20-25  g) were purchased 
from Animal Department of Fudan University (Shanghai, China). 
UUO mice were established as previously described. After anesthe-
tized, the left ureter was exposed and ligated. The sham group was 

operated in the same procedure, except the left ureter ligation. Mice 
were administered with either DMSO or FoxM1 inhibitor Siomycin 
A via the i.p. injection at a dose of 6.25 mg/kg bodyweight at des-
ignated time points (days 1, 5, 9, 13) after UUO surgery. At 14 days, 
the mice were euthanized for the renal tissue harvest. Folic acid (FA) 
mice received a single intraperitoneal injection of FA (250  mg/kg 
bodyweight) dissolved in a 0.3 M sodium bicarbonate solution and 
were euthanized at 28 days. All animal experiments were conducted 
following to the Guidance for Care and Use of Laboratory Animals 
of Fudan University. The protocols complied with the Criteria of the 
Medical Laboratory Animal Administrative Committee of Shanghai 
and were approved by the Ethics Committee for Experimental 
Research of Shanghai Medical College, Fudan University.

2.2 | Cell culture

NRK-52E, a rat renal tubular epithelial cell line, was obtained from 
the Institute of Biochemistry and Cell Biology (Shanghai, China). 
The cells were cultured in DMEM media supplemented with 10% 
FBS at 37°C in an atmosphere of 5% CO2. After starved overnight 
in a serum-free medium, cells were treated with Ang II (Millipore). 
FoxM1 inhibitor Siomycin A (Sigma-Aldrich) was added to cells at 
0.1-1 μmol/L for 0.5 hour prior to Ang II.

2.3 | Western blot

Kidney tissue or cells were lysed in lysis buffer containing 2% SDS 
following centrifugation. The supernatant was separated on SDS-
polyacrylamide gels. Then, proteins were electrophoretically trans-
ferred to polyvinylidene fluoride (PVDF) membrane (Millipore) 
and blocked with 5% non-fat milk. Proteins were detected with 
primary antibody against E-cadherin (610181; BD Transduction 
Laboratories), Snail (3879; Cell Signaling Technology), Fibronectin 
(F3648; Sigma-Aldrich), FoxM1 (ab1807.10; Abcam), collagen I (Col 
I) (ab34710; Abcam), Wnt1 (ab15251; Abcam), Wnt2b (ab15251; 
Abcam), Wnt3 (ab172612; Abcam) from Abcam (Cambridge, MA, 
USA), active β-catenin (05-665; Millipore), β-catenin (51067-2-
AP; Proteintech), Col I (14695-1-AP; Proteintech), α-smooth mus-
cle actin (α-SMA) (14395-1-lg; Proteintech), GAPDH (60004-1-lg, 
Proteintech) from Proteintech. The bands were visualized by an ECL 
detection kit (AmerSham Biosciences) and quantitated via densito-
metric analysis using the Image J software (NIH).

F I G U R E  1   FoxM1 was elevated in tubular epithelial cells from UUO or FA-induced fibrotic kidneys. A, Representative Western blot 
of FoxM1 in UUO mice kidneys. B, Quantitative data for FoxM1 in mice kidneys at 3, 7 and 14 d after UUO (n = 6). **P < .01 vs Sham. C, 
Representative Western blot of FoxM1 in FA mice kidneys. D, Quantitative data for FoxM1 in mice kidneys at 28 d after FA treatment 
(n = 9). **P < .01 vs Con. E, Immunohistological staining of FoxM1 in sham and UUO mice at 14 d after surgery. Scale Bar: 50 μm (left 
panels) and 25 μm (right panels). F, Co-immunofluorescence staining of FoxM1 (green) with AQP1 (red) and DAPI (blue). Scale bar: 50 μm. 
G, Immunohistological staining of FoxM1 (Scale bar: 50 μm) and Masson staining (Scale bar: 100 μm) in kidney biopsies from CKD patients. 
AQP1, aquaporin-1; CKD, chronic kidney disease; Con, control; DAPI, 4′6-diamidino-2-phenylindole; DN, diabetic nephropathy; FA, folic 
acid; IgAN, IgA nephropathy; MCD, minimal change disease; MN, membranous nephropathy; UUO, unilateral ureteral obstruction
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F I G U R E  2   The FoxM1 inhibitor Siomycin A attenuated renal fibrosis in UUO mice. A, Representative HE and Masson stained kidney 
images . Scale bar: 100 μm. B, Quantitative determination of tubular injury score (n = 6). **P < .01 vs Sham. #P < .05 vs UUO. C, Assessment 
of interstitial fibrosis based on Masson staining (n = 6). **P < .01 vs Sham. #P < .05 vs UUO. D, Representative Western blot E, Quantitative 
data of fibronectin, Col I and α-SMA from different groups (n = 6). **P < .01 vs Sham. #P < .05, ##P < .01 vs UUO. Col I, collagen I; HE, 
hematoxylin-eosin; Masson, Masson's trichrome; UUO, unilateral ureteral obstruction; α-SMA, α-smooth muscle actin
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2.4 | RNA extraction and real-time quantitative PCR

Total RNA was extracted using the TRIzol reagent (Life 
Technologies). For mRNA quantification, cDNA was synthesized 
using PrimeScript™ RT reagent Kit (Takara) and quantitative PCR 
was performed on Applied Biosystems 7300 Plus using SYBR 
Green PCR master mix (Toyobo). The primers sequences were 
listed in Supplemental Table S2. The relative abundance of target 
mRNA was normalized to the glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH).

2.5 | Renal histology and 
Immunohistochemistry staining

Mouse kidneys fixed in 10% formalin were embedded into paraf-
fin and cut into 4-μm thick sections. HE and Masson's trichrome 
staining were conducted following a protocol described previously. 
The tubular injury was assessed by HE staining based on tubular 
changes including tubule dilation, epithelial swelling, loss of brush 
borders and protein cast formation.19 Masson's trichrome staining 
was used to evaluate interstitial fibrosis. Fibrotic areas in 5 dis-
cretionary fields of each mouse were quantified. The average per-
centage of fibrotic area relative to the total area was regarded as 
fibrotic score. The mouse kidneys and human kidney biopsy sec-
tions were stained using specific anti-FoxM1 antibody (ab1807.10; 
Abcam).

2.6 | Construction of Vectors

Rat FoxM1 gene was cloned into pcDNA3.1 as described previ-
ously.10 Wnt1, Wnt2b and Wnt3 promoter fragments were ampli-
fied from rat genomic DNA with appropriate primers. Mutated 
Wnt1, Wnt2b and Wnt3 promoter regions were constructed by 
deleting FoxM1 binding site on the corresponding promoter re-
gion. The PCR products were cloned into the luciferase vector 
pGL3-basic. Adenoviral expression vector GV314 encoding rat 
FoxM1 gene (Ad-3  ×  FLAG-EGFP-FoxM1) was constructed ac-
cording to the manufacturer's protocol. Transduction was con-
firmed via FoxM1 expression. All constructs were verified by 
sequencing.

2.7 | RNA interference

FoxM1 siRNA (5′-GAAUCAAGAUUAUCAACCA-3′), β-catenin 
siRNA (5′-GCAACUCAAGCAGAUCUAA-3′) were designed and 
synthesized by Biotend (Shanghai, China). NRK-52E cells were 
transfected with FoxM1, β-catenin siRNA (50 nM) or non-silencing 
negative siRNA (50  nM) using Lipofectamine RNAiMAX reagent 
(13778030; Thermo Fisher Scientific) according to the manufac-
turer's instructions.

2.8 | Immunofluorescence staining

Double immunofluorescence staining was implemented as established 
protocols.10 The mouse kidney sections were incubated with anti-
FoxM1 (ab1807.10; Abcam) and anti-AQP1 (ab9566; Abcam). NRK-52E 
cells were incubated with adenovirus expressing rat FoxM1 gene (Ad-
FoxM1) or empty vector (Ad-null), then followed by fixation at 37°C 
using 4% paraformaldehyde for 20 minutes. Fixed cells were hybridized 
with primary antibodies against FoxM1 (sc-271746; Santa Cruz) and 
active β-catenin (05-665; Millipore) at 4°C overnight. Then, second-
ary antibodies (Proteintech) and 4′,6-Diamidino-2-phenylindole (DAPI; 
Beyotime) visualized primary antibodies and nuclei, respectively. Cells 
were viewed using a confocal biological microscope (ZEISS).

2.9 | Isolation of nuclear proteins

Cells were pre-treated with and without 1 μmol/L of Siomycin A for 
0.5 hour prior to Ang II. Then, cells were harvested and conducted 
nuclear protein extraction using the Nuclear and Cytoplasmic 
Protein Extraction Kit (P0028; Beyotime) based on the manufactur-
er's instructions. The nuclear fraction was dissociated using nuclear 
lysis buffer and subjected to Western blot.

2.10 | Luciferase assay

The luciferase assay was performed as described previously. Briefly, 
human embryonic kidney (HEK) 293T cells were co-transfected of 
FoxM1 overexpression plasmid and β-galactosidase (β-gal) plasmid 
with the wild-type Wnt1, Wnt2b, Wnt3 or mutant Wnt1, Wnt2b 
and Wnt3 luciferase reporter plasmid using Lipofectamine 3000 
reagent. After cultured for 48 hours, the cells were harvested, and 
luciferase activity was measured with the Luciferase Assay Kit 
(Promega). Relative luciferase activity was calculated as the ratio of 
Luc/β-gal activity.

2.11 | Chromatin immunoprecipitation assay

The assay was performed with EZ-Chromatin immunoprecipitation 
(ChIP)TM assay kit (17-371; Millipore) according to the manufactur-
er's protocols. In brief, NRK-52E cells were transfected with adenovi-
rus harbouring FoxM1 for 48 hours. The crosslink was performed by 
adding 1% formaldehyde to the lysate for 10 minutes at room tem-
perature and terminated by glycine. After sonicated, the DNA frag-
ments in cell lysates were subjected to immunoprecipitation using 
rabbit anti-FLAG antibody (14793; Cell Signaling Technology) or nor-
mal rabbit IgG (as a control). The reverse crosslinked complexes were 
purified and amplified by real-time qPCR. PCR primers to analyse 
Wnt1, Wnt2b and Wnt3 were listed in Supplemental Table S3. Fold 
enrichment of bound area was defined by DNA amount relative to 
the total DNA.
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2.12 | Human kidney tissue samples

Human residual kidney biopsy samples were obtained from the 
Department of Nephrology, Tongji Hospital, Tongji University, 
Shanghai, China. Samples included different types of CKD with renal 
fibrosis (membranous nephropathy, MN; IgA nephropathy, IgAN; 
diabetic nephropathy, DN,) while minimal change disease (MCD) 
was used as control. All operations were conformed to the guide-
lines established by the Science Council of China and approved by 
the Medical Ethics Committee of Tongji Hospital Ethics Committee 
K-W-2019-008.

2.13 | Statistical analysis

Data are shown as the mean ± SEM. The analysis of data was per-
formed by SPSS 19.0 (Chicago, IL, USA). Comparisons between 
groups were performed by one-way ANOVA with post hoc analysis 
using Tukey's test. P < .05 was considered as statistically significant.

3  | RESULTS

3.1 | FoxM1 was increased in UUO or FA-induced 
fibrotic kidneys

The expression of transcriptional factor FoxM1 in fibrotic mice was 
detected by Western blot. The result showed that FoxM1 was signif-
icantly increased at 3 days after UUO surgery and sustained to the 
end of experiment (14 days) (Figure 1A,B). The elevation of FoxM1 
was also observed in FA-induced renal fibrosis animals (Figure 1C,D). 
Immunohistochemistry result showed that FoxM1 was mainly dis-
tributed in renal tubules (Figure 1E). To identify the tubular segment 
specificity of FoxM1 expression in the kidneys, we performed dou-
ble-immunostaining for FoxM1 (green) and aquaporin-1 (AQP1, red), 
a marker of proximal tubule. The result indicated that the increased 
FoxM1 was predominantly localized in nucleus of proximal renal tu-
bules (Figure 1F).

To identify the relevance of FoxM1 in clinic, the expression of 
FoxM1 was observed in residual kidney biopsies from CKDs patients 
with renal fibrosis. Compared with MCD, FoxM1 was remarkably in-
creased in biopsy samples of MN, IgAN and DN patients with renal 
fibrosis. Immunohistochemistry result showed that the expression 
of FoxM1 was also principally located in the nucleus of tubular epi-
thelial cells (Figure 1G).

3.2 | Selective FoxM1 inhibitor Siomycin A 
significantly alleviated fibrosis in UUO mice

To identify the effect of FoxM1 on renal fibrosis, Siomycin A, a se-
lective FoxM1 inhibitor, was injected intraperitoneally into UUO 
mice. HE and Masson staining results showed that the injection of 
Siomycin A did not exhibit obvious effect in sham mice. The ob-
structed kidneys displayed typical fibrosis characteristics, which 
was evidenced as the loss of brush border, tubule dilatation and cast 
formation by HE staining analysis and interstitial extracellular ma-
trix deposition by Masson staining analysis. Inhibition of FoxM1 by 
Siomycin A delivery significantly alleviated the pathological changes 
in obstructed kidneys (Figure  2A-C). Western blot result revealed 
that the expression of extracellular matrix components, fibronectin, 
Col I and renal fibrosis maker α-SMA was significantly increased in 
the obstructed kidneys. Siomycin A treatment did not obviously af-
fect the expression of extracellular matrix components in sham mice, 
but effectively inhibited the increase in fibronectin, Col I and α-SMA 
in obstructed kidneys (Figure 2D,E).

3.3 | Overexpression of FoxM1-induced 
mRNA and protein expression of Wnts in renal 
tubular epithelial cells

The changes of Wnts in the obstructed kidneys were detected by 
qPCR. The result showed that 17 of 19 Wnts (except Wnt 8b and 
Wnt 9b) were significantly up-regulated in the obstructed kidneys at 
14 days after surgery (Figure 3A).

Bioinformatic analysis result showed that there are computative 
binding sites of FoxM1 on all human Wnts and 13 of 19 rat Wnts pro-
moter regions. (Supplemental Table S1). To identify whether FoxM1 
regulated the expression of Wnts, an adenovirus vector harbouring 
FoxM1 gene (Ad-FoxM1) was transfected into cultured NRK-52E. 
qPCR result showed that 8 of 19 Wnts mRNA were apparently in-
creased following Ad-FoxM1 transfection (Figure 3B). Among the in-
creased Wnts, the changes in Wnt1, Wnt2b and Wnt3 were further 
validated by Western blot. After FoxM1 overexpression, FoxM1 was 
significantly increased (Figure  3C,D). Consistent with the changes 
in mRNA, Wnt1, Wnt2b and Wnt3 protein levels were dramatically 
increased (Figure  3E,F). We also identified the changes in major 
ECM proteins and fibrosis-related gene expressions after FoxM1 
overexpression. The result showed that transfection of Ad-FoxM1 
significantly increased the expression of fibronectin, Col I, α-SMA 
and snail, by contrast, decreased the expression of E-cadherin. 

F I G U R E  3   Overexpression of FoxM1 increased the expression of Wnts in tubular epithelial cells. A, qPCR analysis for Wnts mRNA 
in the kidneys at 14 d after UUO (n = 3-5 mice per group). *P < .05, **P < .01, ***P < .001 vs Sham. B, qPCR analysis for Wnts mRNA in 
NRK-52E after transfection of Ad-FoxM1 or Ad-null for 48 h (n = 4-6). *P < .05, **P < .01 vs Ad-null. C and E, Representative Western blot 
of FoxM1 and Wnts in NRK-52E. D and F, Quantitative data from C and E, respectively, (n = 3). *P < .05, **P < .01 vs Ad-null. G, Cells were 
transfected with Ad-FoxM1, NC siRNA or β-catenin siRNA. Representative Western blot of snail, E-cadherin and extracellular proteins. 
H, Quantitative data from G (n = 3). *P < .05, **P < .01, ***P < .001 vs Con. #P < .05, ##P < .01 vs Ad-FoxM1 + NC siRNA. Ad-FoxM1, 
recombinant adenovirus containing rat FoxM1 gene; Ad-null, empty adenovirus vectors; Col I, collagen I; Con, control; UUO, unilateral 
ureteral obstruction; α-SMA, α-smooth muscle actin
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F I G U R E  4   Knock-down on FoxM1 reduced Ang II-induced Wnts expression and β-catenin pathway activation in NRK-52E. A, 
Representative Western blot of FoxM1. Cells were treated with Ang II at a concentration of 10−8, 10−7, 10−6 M for 48 h. B, Quantitative data 
for FoxM1 after Ang II treatment (n = 4). *P < .05, **P < .01 vs Con. C, Representative Western blot of FoxM1. Cells were treated with Ang 
II (10−6 M) and harvested at 12, 24 and 48 h. D, Quantitative data for FoxM1 after Ang II treatment (n = 3). *P < .05, **P < .01 vs Con. E, G, I 
and K, Representative Western blot of FoxM1, Wnts, β-catenin activation and fibrosis-associated genes. Cells were pre-treated with FoxM1 
siRNA (50 nmol/L) or NC siRNA (50 nmol/L) for 24 h and then exposed to Ang II (10−6 M) for 24 h. F, H, J and L, Quantitative data from E, G, 
I and K, respectively (n = 3). *P < .05, **P < .01 vs NC siRNA. #P < .05 vs Ang II + NC siRNA. Con, control; Col I, collagen I; α-SMA, α-smooth 
muscle actin

F I G U R E  5   Siomycin A diminished Ang II-induced β-catenin activation and profibrotic responses in NRK-52E. Cells were pre-treated 
with Siomycin A (0, 0.1, 0.5, 1 μM) for 0.5 h and then treated with Ang II (10−6 M) for 48 h. A, C and E, Representative Western blot, B, 
quantitative data for FoxM1, D, quantitative data for Wnt1, Wnt2b, Wnt3 and F, quantitative data for active β-catenin, Snail, E-cadherin, 
fibronectin, Col I and α-SMA (n = 3). *P < .05, **P < .01 vs Con. #P < .05, ##P < .01 vs Ang II. Con, control; Col I, collagen I; α-SMA, α-smooth 
muscle actin
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Knock-down on β-catenin by siRNA reversed the changes induced 
by FoxM1 overexpression (Figure 3G,H). These data indicated that 
the overexpression of FoxM1 promoted multi-Wnts and β-caten-
in-mediated fibrotic gene expressions in renal tubular epithelial cells.

3.4 | Knock-down on FoxM1 suppressed Ang II-
induced the expression of Wnts and fibrosis-related 
gene expressions in vitro

To verify the result observed in vivo, cultured renal tubular epithelial 
cells were treated with Ang II, the major effector in renin-angioten-
sin system.20 As showed in Figure 4A-D, Ang II-induced significant 
increase in FoxM1 expression in a dose and time-dependent manner. 
Western blot result showed that FoxM1 siRNA markedly reversed 
the increase of FoxM1 induced by Ang II (Figure 4E,F). Meanwhile, 
the increases of Wnt1, Wnt2b and Wnt3 were attenuated by knock-
down on FoxM1 (Figure  4G,H). Ang II-induced increase in active 
β-catenin, snail, fibronectin, Col I, α-SMA and decrease in E-cadherin 
were also reversed by knock-down on FoxM1 (Figure 4I-L).

3.5 | FoxM1 inhibitor Siomycin A suppressed Ang 
II-induced Wnts and fibrosis-related gene expressions 
in vitro

Consistent with the results from FoxM1 knock-down, pharmacologi-
cal inhibition of FoxM1 by Siomycin A alleviated Ang II-induced up-
regulation of FoxM1, Wnt1, Wnt2b and Wnt3 in a dose-dependent 
manner (Figure 5A-D). Meanwhile, Ang II-induced changes, includ-
ing the increases in active β-catenin, snail, fibronectin, Col I, α-SMA 
and decrease in E-cadherin, were also inhibited in dose-dependent 
manner (Figure 5E,F). These results suggested FoxM1-mediated Ang 
II-induced β-catenin activation in renal epithelial cells.

3.6 | FoxM1 augmented β-catenin nuclear 
distribution via enhancing Wnts transcription in renal 
tubular epithelial cells

To identify the role of FoxM1 in β-catenin activation, the nuclear 
β-catenin was detected by Western blot. Exposure of the renal 

tubular epithelial cells to Ang II enhanced β-catenin nuclear distri-
bution, whereas pre-treatment with Siomycin A evidently blunted 
β-catenin nuclear translocation (Figure  6A,B). Overexpression of 
FoxM1 also induced a significant increase in β-catenin nuclear dis-
tribution (Figure 6C).

ChIP-qPCR assay was performed to determine whether FoxM1 
directly regulates Wnts gene transcription. Compared with IgG, 
the precipitated Wnt1, Wnt2b and Wnt3 promoter DNAs were 
dramatically increased (Figure 6D). To further confirm the binding 
of FoxM1, original or mutant Wnt1, Wnt2b and Wnt3 promoter 
luciferase plasmids were co-transferred into HEK 293T cells with 
FoxM1 overexpression plasmid or empty vector for 48  hours. 
When wide-type (WT) Wnt1, Wnt2b or Wnt3 promoter luciferase 
plasmid was co-transfected with FoxM1 overexpression vector, 
luciferase activity was significantly increased while the mutation 
of Wnt1, Wnt2b or Wnt3 promoter region by deleting FoxM1 
binding site abolished the effect (Figure 6E). The data indicated 
that FoxM1 was able to bind to the promoter region of Wnt1, 
Wnt2b and Wnt3 and positively regulated the expression of those 
Wnts.

3.7 | FoxM1 inhibition alleviated the Wnts and 
fibrotic-related gene expressions in UUO mice

To observe the effects of FoxM1 on expressions of Wnts and 
renal fibrosis-related genes, UUO mice were treated with FoxM1 
inhibitor Siomycin A. The result showed that Siomycin A did not 
exhibit obvious effects on the expression of FoxM1 in sham-op-
erated kidneys, but dramatically abrogated the increase in FoxM1 
in obstructed kidneys (Figure  7A,B). As expected, Siomycin A 
significantly attenuated the increase in Wnt1, Wnt2b and Wnt3 
in UUO mice (Figure  7C,D). Similarly, Siomycin A administra-
tion did not exhibit obvious influence on β-catenin activation, 
snail and E-cadherin in sham-operated kidneys, but significantly 
suppressed the increase in β-catenin activation, snail and the 
decrease in E-cadherin in UUO kidneys (Figure 7E,F). Besides, im-
munostaining confirmed the Wnt1 expression was increased in 
UUO mice and mainly distributed in the renal tubules (Figure 7G). 
These data supported the idea that FoxM1 promoted renal fibro-
sis via Wnts secretion and subsequently initiated β-catenin path-
way activation.

F I G U R E  6   FoxM1 augmented nuclear distribution of β-catenin and directly regulated Wnts transcription in renal tubular epithelial cells. 
A, Representative Western blot of β-catenin in nuclear fractions. NRK-52E were treated with Ang II (10−6 M) for 48 h with or without FoxM1 
inhibitor Siomycin A. B, Quantitative data for β-catenin in nuclear fractions (n = 3). **P < .01 vs Con. #P < .05 vs Ang II. C, Representative 
immunofluorescence images of FoxM1 (green), active β-catenin (red) and DAPI (blue). Cells were infected with Ad-FoxM1 or Ad-null for 48 h. 
Bar = 50 μm. D, Chromatin immunoprecipitation assay was conducted with antibody against IgG or Flag and normalized to the input DNA. 
Amplifications of Wnt1, Wnt2b and Wnt3 were performed by qPCR (n = 3). *P < .05, **P < .01 vs IgG. E, HEK 293T cells were co-transfected 
with the plasmids expressing FoxM1, β-gal and luciferase promoter containing Wnt1, Wnt2b, Wnt3 WT or Wnt1, Wnt2b and Wnt3 MU 
promoter sequence. Luciferase activity was detected 48 h after transfection (n = 3). **P < .01 vs Wnt1 WT, *P < .05 vs Wnt2b WT or Wnt3 
WT. Ad-FoxM1, recombinant adenovirus containing rat FoxM1 gene; Ad-null, empty adenovirus vectors; Con, control; DAPI, 4′, 6-diamidino-
2-phenylindole; MU, luciferase promoter containing mutant promoter sequences of Wnts; WT, luciferase promoter containing wild-type 
promoter sequences of Wnts; β-gal, β-galactosidase
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4  | DISCUSSION

Under pathological conditions, original injury in renal tubular epi-
thelial cells is a pivotal driver of secondary renal injury, including 

the development and progression of renal fibrosis. The injured epi-
thelial cells switch into secretory phenotype and release plentiful 
fibrogenic and proinflammatory factors and thus promote renal 
fibrosis.21
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It has been well documented that the activation of Wnt/β-
catenin plays a pivotal role in promoting renal fibrosis. As de-
scribed in previous study, pharmacological inhibition of β-catenin 
in tubular epithelium suppressed the progression of renal fibrosis 
under pathological circumstances.5,6 Activation of β-catenin re-
quires molecular Wnts binding to their receptors.9 Conditional 
expression of Wnt1 in the proximal tubules effectively activated 
fibroblasts and promoted renal fibrosis.22 In human proximal tu-
bular cells, overexpression of Wnt1 apparently activated β-cat-
enin nuclear translocation and promoted cellular senescence.23,24 
A latest study illustrated tubule-specific deficiency of Wnts suf-
ficiently reduced renal fibrosis.25,26 All these studies indicate the 
renal tubular epithelial cells are an important source of Wnts in 
kidneys.

Nineteen Wnt family members have been identified. In the pres-
ent study, our result showed that almost all Wnts expressions were 
increased in UUO-induced fibrotic kidneys, which was consistent 
with the previous observations.10 This result also suggested sub-
duction on any Wnt production and secretion may not be able to 
effectively block the progression of renal fibrosis. Thus, finding out 
the master switch on Wnt/β-catenin signalling pathway becomes es-
sential in manipulating renal fibrosis.

Here, we identified that FoxM1 was a key transcriptional reg-
ulator of multi-Wnts. The expression of FoxM1 was increased in 
both UUO and FA-induced fibrotic kidneys. The distribution of 
FoxM1 was mainly in renal tubular epithelial cells, the major source 
of Wnts. Pharmacological inhibition of FoxM1 expression signifi-
cantly attenuated the progression of renal fibrosis. This result was 
accompanied by suppressing Wnt1, Wnt2b, Wnt3 elevation in ob-
structed kidneys, and alleviating phenotype changes in epithelial 
cells. In cultured epithelial cells, overexpression of FoxM1 up-regu-
lated 8 of 19 Wnts expressions, while knock-down or inhibition on 
FoxM1 suppressed Ang II-induced Wnts expression and β-catenin 
nuclear translocation. ChIP-qPCR and promoter luciferase activity 
assay results also suggested that multi-Wnts might be downstream 
target genes of FoxM1. All these results prompt the idea that 
transcriptional factor FoxM1 is an important regulator for Wnts 
expressions. The increase in FoxM1 under pathological condition 
is implicated in renal fibrosis via up-regulating multi-Wnts expres-
sion in epithelial cells, then promoting the activation of β-catenin 
signalling pathway. The preliminary observation on biopsies from 
patients with renal fibrosis suggested that the expression of FoxM1 
was increased in different renal fibrosis and mainly located in renal 
tubular epithelial cells, which strengthened the clinical relevance 
of the study.

However, the increase in Wnts expressions induced by overex-
pression of FoxM1 in cultured renal tubular epithelial cells were not 
completely match what observed in UUO kidneys, which suggested 
that other factors other than FoxM1 might be involved in regulating 
Wnts expression. Moreover, FoxM1 was able to regulate β-catenin 
transcription27,28 and facilitate β-catenin nuclear translocation.29-31 
These studies indicated that the effect of FoxM1 in promoting renal 
fibrosis may not completely rely on regulating Wnts expressions. 
The results in the study suggest that FoxM1 is a pivotal regulator in 
promoting renal fibrosis, but what is line on the upstream of FoxM1 
still need to be elucidated.

In conclusion, our data demonstrated that up-regulated tran-
scriptional factor FoxM1 stimulates multi-Wnts transcription and 
then promotes renal fibrosis via activating Wnt/β-catenin signalling 
pathway. FoxM1 might be a master switch to turn on the abnormal 
activation of Wnt/β-catenin signalling pathway under pathological 
conditions.
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F I G U R E  7   Siomycin A inhibited Wnt/β-catenin pathway activation and fibrotic-related gene expressions in UUO mice. A and C, 
Representative Western blot B and D, Quantitative analysis of renal FoxM1, Wnt1, Wnt2b and Wnt3 expression at 14 d following UUO 
(n = 6). **P < .01, ***P < .001 vs Sham. #P < .05, ##P < .01 vs UUO. E, Representative Western blot F, Quantitative analysis of renal active 
β-catenin, Snail and E-cadherin expression at 14 d following UUO (n = 6). *P < .05, **P < .01 vs Sham. #P < .05 vs UUO. G, Representative 
immunohistological staining for Wnt1 in sham and UUO mice. Scale bar: 50 μm. UUO, unilateral ureteral obstruction



     |  1971XIE et al.

R E FE R E N C E S
	 1.	 Collins AJ, Foley RN, Chavers B, et al. 'United States Renal Data 

System 2011 Annual Data Report: atlas of chronic kidney disease 
& end-stage renal disease in the United States. Am J Kidney Dis. 
2012;59(A7):e1-e420.

	 2.	 Djudjaj S, Boor P. Cellular and molecular mechanisms of kidney fi-
brosis. Mol Aspects Med. 2019;65:16-36.

	 3.	 Boor P, Ostendorf T, Floege J. Renal fibrosis: novel insights 
into mechanisms and therapeutic targets. Nat Rev Nephrol. 
2010;6:643-656.

	 4.	 Zeisberg M, Neilson EG. Mechanisms of tubulointerstitial fibrosis. J 
Am Soc Nephrol. 2010;21:1819-1834.

	 5.	 Hao S, He W, Li Y, et al. Targeted inhibition of beta-catenin/CBP 
signaling ameliorates renal interstitial fibrosis. J Am Soc Nephrol. 
2011;22:1642-1653.

	 6.	 MacDonald BT, Tamai K, He X. Wnt/beta-catenin signaling: compo-
nents, mechanisms, and diseases. Dev Cell. 2009;17:9-26.

	 7.	 Zhou D, Tan RJ, Fu H, Liu Y. Wnt/beta-catenin signaling in kidney 
injury and repair: a double-edged sword. Laboratory Invest; J Tech 
Methods Pathol. 2016;96:156-167.

	 8.	 Kawakami T, Ren S, Duffield JS. Wnt signalling in kidney diseases: 
dual roles in renal injury and repair. J Pathol. 2013;229:221-231.

	 9.	 Clevers H. Wnt/beta-catenin signaling in development and disease. 
Cell. 2006;127:469-480.

	10.	 He W, Dai C, Li Y, Zeng G, Monga SP, Liu Y. Wnt/beta-catenin 
signaling promotes renal interstitial fibrosis. J Am Soc Nephrol. 
2009;20:765-776.

	11.	 DiRocco DP, Kobayashi A, Taketo MM, McMahon AP, Humphreys 
BD. Wnt4/beta-catenin signaling in medullary kidney myofibro-
blasts. J Am Soc Nephrol. 2013;24:1399-1412.

	12.	 Surendran K, Simon TC, Liapis H, McGuire JK. Matrilysin (MMP-7) 
expression in renal tubular damage: association with Wnt4. Kidney 
Int. 2004;65:2212-2222.

	13.	 Littler DR, Alvarez-Fernandez M, Stein A, et al. Structure of the 
FoxM1 DNA-recognition domain bound to a promoter sequence. 
Nucleic Acids Res. 2010;38:4527-4538.

	14.	 Korver W, Schilham MW, Moerer P, et al. Uncoupling of S phase and 
mitosis in cardiomyocytes and hepatocytes lacking the winged-he-
lix transcription factor Trident. Curr Biol. 1998;8:1327-1330.

	15.	 Wang Z, Ahmad A, Li Y, Banerjee S, Kong D, Sarkar FH. Forkhead 
box M1 transcription factor: a novel target for cancer therapy. 
Cancer Treat Rev. 2010;36:151-156.

	16.	 Laoukili J, Kooistra MR, Bras A, et al. FoxM1 is required for execu-
tion of the mitotic programme and chromosome stability. Nat Cell 
Biol. 2005;7:126-136.

	17.	 Balli D, Ustiyan V, Zhang Y, et al. Foxm1 transcription factor is re-
quired for lung fibrosis and epithelial-to-mesenchymal transition. 
EMBO J. 2013;32:231-244.

	18.	 Chang-Panesso M, Kadyrov FF, Lalli M, et al. FOXM1 drives prox-
imal tubule proliferation during repair from acute ischemic kidney 
injury. J Clin Investig. 2019;129:5501-5517.

	19.	 Huang M, Zhu S, Huang H, et al. Integrin-linked kinase deficiency 
in collecting duct principal cell promotes necroptosis of principal 

cell and contributes to kidney inflammation and fibrosis. J Am Soc 
Nephrol. 2019;30:2073-2090.

	20.	 Miao NJ, Xie HY, Xu D, et al. Caspase-11 promotes renal fibrosis 
by stimulating IL-1beta maturation via activating caspase-1. Acta 
Pharmacol Sin. 2019;40:790-800.

	21.	 Liu BC, Tang TT, Lv LL, Lan HY. Renal tubule injury: a driving force 
toward chronic kidney disease. Kidney Int. 2018;93:568-579.

	22.	 Maarouf OH, Aravamudhan A, Rangarajan D, et al. Paracrine Wnt1 
drives interstitial fibrosis without inflammation by tubulointerstitial 
cross-talk. J Am Soc Nephrol. 2016;27:781-790.

	23.	 Zhou L, Li Y, Zhou D, Tan RJ, Liu Y. Loss of Klotho contributes to 
kidney injury by derepression of Wnt/beta-catenin signaling. J Am 
Soc Nephrol. 2013;24:771-785.

	24.	 Schmidt-Ott KM, Barasch J. WNT/beta-catenin signaling in 
nephron progenitors and their epithelial progeny. Kidney Int. 
2008;74:1004-1008.

	25.	 Zhou D, Fu H, Zhang L, et al. Tubule-derived Wnts are required 
for fibroblast activation and kidney fibrosis. J Am Soc Nephrol. 
2017;28:2322-2336.

	26.	 Lu X, Rudemiller NP, Ren J, et al. Opposing actions of renal tubu-
lar- and myeloid-derived porcupine in obstruction-induced kidney 
fibrosis. Kidney Int. 2019;96:1308-1319.

	27.	 Kim H, Park KJ, Ryu BK, et al. Forkhead box M1 (FOXM1) transcrip-
tion factor is a key oncogenic driver of aggressive human meningi-
oma progression. Neuropathol Appl Neurobiol. 2019;46(2):125-141.

	28.	 Mirza MK, Sun Y, Zhao YD, et al. FoxM1 regulates re-annealing of 
endothelial adherens junctions through transcriptional control of 
beta-catenin expression. J Exp Med. 2010;207:1675-1685.

	29.	 Zhang N, Wei P, Gong A, et al. FoxM1 promotes beta-catenin nu-
clear localization and controls Wnt target-gene expression and gli-
oma tumorigenesis. Cancer Cell. 2011;20:427-442.

	30.	 Yang K, Jiang B, Lu Y, et al. FOXM1 promotes the growth and me-
tastasis of colorectal cancer via activation of beta-catenin signaling 
pathway. Cancer Manag Res. 2019;11:3779-3790.

	31.	 Chen Y, Li Y, Xue J, et al. Wnt-induced deubiquitination 
FoxM1 ensures nucleus beta-catenin transactivation. EMBO J. 
2016;35:668-684.

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Xie H, Miao N, Xu D, et al. FoxM1 
promotes Wnt/β-catenin pathway activation and renal fibrosis 
via transcriptionally regulating multi-Wnts expressions. J Cell 
Mol Med. 2021;25:1958–1971. https://doi.org/10.1111/
jcmm.15948

https://doi.org/10.1111/jcmm.15948
https://doi.org/10.1111/jcmm.15948

