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Abstract
Fibrosis is a pathological feature of chronic kidney disease and its progression corre-
lates with declining renal function. Kidney fibrosis is driven by multiple profibrotic 
factors. This project examined the regulatory function of WNT1-inducible-signaling 
pathway protein 1 (WISP1) in the development of kidney fibrosis. Induction of 
WISP1 by transforming growth factor beta 1 (TGF-β1), and the role of WISP1 in 
TGF-β1/Smad signaling and fibrotic responses, was examined in multiple kidney 
cells. Kidney expression of WISP1 was examined in mouse models of unilateral 
ureter obstruction (UUO) and streptozotocin-induced diabetic nephropathy. WISP1 
antibody was administered to UUO mice during the induction of kidney injury and 
the impact on kidney fibrosis was examined. WISP1 expression was upregulated in 
both mouse models. TGF-β1-induced expression of WISP1 and profibrotic genes 
in cultured kidney cells via TGF-βR1. Recombinant WISP1-induced expression of 
TGF-βR1 in kidney cells. Suppression of WISP1 by shRNA or neutralizing anti-
body reduced TGF-β1-mediated activation of Smad3, fibrotic gene expression, and 
fibroblast proliferation. Treatment with WISP1 antibody inhibited the development 
of kidney fibrosis in UUO mice. WISP1 mediates the profibrotic effects of TGF-β1 
in kidney cells and in kidney disease. Pharmacological blockade of WISP1 exhibits 
potential as a novel therapy for inhibiting kidney fibrosis.
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1 |  INTRODUCTION

Chronic kidney disease (CKD) is a major clinical problem. 
Obesity, diabetes, and hypertension are among a range of fac-
tors capable of inducing CKD, particularly in older patients, 
and their incidence is growing worldwide. Current medica-
tions can slow but do not halt the progression of CKD, with 
fibrosis being a common end-point, regardless of etiology. A 
hallmark of CKD is the progressive accumulation of colla-
gen, which leads to kidney scarring and declining renal func-
tion. If this fibrotic process is not halted, patients develop 
end-stage kidney disease (ESKD) and require dialysis or 
kidney transplantation in order to survive. Currently, there 
are no therapies available that specifically target kidney fi-
brosis. Therefore, novel strategies are required to specifically 
inhibit kidney fibrosis and prevent CKD patients progressing 
to ESKD.

Transforming growth factor-β1 (TGF-β1) is a key medi-
ator of fibrosis and regulates renal scarring through recep-
tor-mediated activation of the Smad signaling pathway,1 as 
well as Smad-independent signaling pathways.2 During TGF-
β1/Smad signaling, Smad3 is activated by phosphorylation 
and Smad7 is downregulated to prevent it inhibitory effect 
on fibrosis.3

Other regulators and signaling pathways have been ex-
plored recently, including angiotensin II, microRNAs, and 
the Wnt signaling pathway. The Wnt signaling pathway is 
closely associated with kidney pathology. Kidney activation 
of Wnt/β-catenin signaling correlates with renal fibrosis in 
several animal models of kidney injury.4 Furthermore, tar-
geted inhibition of the Wnt pathway reduces collagen deposi-
tion in some of these models of kidney fibrosis.5,6 In addition, 
the epithelial-derived Wnt ligand has been reported to be suf-
ficient to drive interstitial fibrosis without inflammation by 
facilitating tubulointerstitial cross-talk.7

WNT1-inducible-signaling pathway protein 1 (WISP1) 
was originally identified as a Wnt1-and beta-catenin-respon-
sive oncogene in the progression of cancer.8 Recent studies 
have indicated that WISP1 is involved in various fibrotic-re-
lated diseases. For example, WISP1 was demonstrated to 
have a regulatory role in pulmonary fibrosis in experimen-
tal mice.9 In comparison, there has been no direct evidence 
demonstrating a regulatory function of WISP1 in kidney fi-
brosis. However, a recent study showed that serum levels of 
WISP1 were positively correlated with the severity of fibro-
sis in renal biopsies of CKD patients.10

WISP1 belongs to the family of CCN proteins (acro-
nym for Cyr61 (Cysteine rich protein), CTGF (Connective 
tissue growth factor), and NOV (Nephroblastoma overex-
pressed gene) that exhibit common structural motifs, and 
are an important family of matrix-cellular regulatory fac-
tors involved in internal and external cell signaling.11 CCN 
family comprises the members CCN1, CCN2 (CTGF), 

CCN3, CCN4 (WISP1), CCN5 (WISP2), and CCN6 
(WISP3). Increased levels of CCN proteins are associated 
with the development of kidney injury, including that of 
diabetic nephropathy.12 Inhibiting CCN expression or their 
signaling pathways may provide a new therapeutic strategy 
for fibrotic diseases. For example, CCN2/CTGF, acts as an 
important regulator in fibrotic disease, including CKD,13,14 
and studies revealed that CTGF is a potential target for 
treating pulmonary fibrosis.15

WISP1 expression is identified in various cell types, in-
cluding cardiomyocytes,16 osteoblasts,17 and lung fibroblasts9 
and its induction has been associated with MAPK signal-
ing.18 Animal studies have demonstrated a regulatory role for 
WISP1 in the development of fibrosis following lung or liver 
injury.19,20 A report has also found an association between the 
expression of WISP1 and kidney fibrosis in a mouse model of 
obstructive nephropathy.10 In addition, this study identified 
a positive correlation between serum levels of WISP1 and 
the degree of fibrosis in renal biopsies of patients with CKD, 
suggesting that serum WISP1 could potentially be used as a 
noninvasive biomarker of kidney fibrosis.10

Recent studies have demonstrated that IL-1β induced a 
metabolic phenotype in fibrogenic kidney stroma cells, re-
sembling the immunometabolism of monocytes and macro-
phages, which is necessary for the development of kidney 
tubulointerstitial fibrosis.21 Interestingly, WISP1 also acts 
as a novel adipokine linked to inflammation to induce IL-
1β,18 suggesting another mechanisms of WISP1 in fibrosis 
progress.

In addition, recent studies have not identified any direct 
epigenetic links between TGF-β1 and fibrosis.

The current study aims to investigate the involvement of 
WISP1 in TGF-β1-mediated fibrotic responses in kidney 
cells and establish whether WISP1 has a functional role in 
the development of fibrosis in animal models of chronic 
kidney disease, which can be blocked by pharmacological 
inhibition.

2 |  MATERIALS AND METHODS

2.1 | In vitro studies—Cell culture

The rat kidney tubular epithelial cell line (NRK52E) and rat 
kidney fibroblast cells (NRK49F) were obtained from the 
American Tissue Culture Collection (Rockville, MD) and 
maintained in Dulbecco's modified Eagle medium containing 
10% of serum and 25  mmol/L of glucose as previously de-
scribed.22,23 Mesangial cells and proximal tubular epithelial 
cells were isolated from the kidneys of C57BL/6 mice.24,25 
Gene expression in tubular epithelial and mesangial cell cul-
tures was assessed after 3 days of stimulation with recombinant 
TGF-β1 (5 ng/mL) by quantitative real-time PCR.
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2.2 | Drugs and antibodies

Recombinant human TGF-β1 protein, goat IgG, and mouse 
WISP1 antibody were from R&D systems (Minneapolis, 
MN) and used at specified concentrations. WISP1 recom-
binant protein is from Lonza Australia (Mount Waverly, 
Australia). Typically, 24  hours after cells were seeded, 
culture media was replaced and cells were incubated for 
a further 3-5  days with TGF-β1 and WISP1, depending 
on experiments. For Western blotting, primary antibodies 
were used to detect total Smad3 (1:2000; Cell Signaling, 
Danvers, MA), phosphorylated Smad3 (1:1000; Cell 
Signaling), WISP1 (1:2000; Abcam, Cambridge, MA), 
and secondary HRP-conjugated antibodies were either 
goat anti-mouse IgG or goat anti-rabbit IgG (1:2000; Cell 
Signaling).

2.3 | RNA extraction and real-time PCR

RNA was isolated from cells and tissues using the TRIzol 
extraction method (Invitrogen Australia, Scoresby, 
Victoria, Australia). mRNA was reverse transcribed into 
cDNA using the superscript 3 first strand synthesis system 
(Invitrogen). Gene expression was analyzed by real-time 
(RT)-PCR, using the TaqMan system based on real-time 
detection of accumulated fluorescence (ABI Prism 7500; 
Perkin-Elmer, Foster City, CA). Fluorescence for each 
cycle was quantitatively analyzed by an ABI Prism 7500 
Sequence Detection System (Perkin-Elmer). To control 
for variation in the amount of DNA that was available for 
PCR in the different samples, gene expression of the tar-
get sequence was normalized in relation to the expression 
of an endogenous control, 18S rRNA (18S rRNA TaqMan 
Control Reagent kit, ABI Prism 7500; Perkin-Elmer). 
Details of primers and TaqMan probes for these genes 
have been previously reported.22 Each experiment was 
conducted in four or six replicates. Results were expressed 
relative to control (untreated) cells, which were arbitrarily 
assigned a value of 1.

2.4 | Transfection of shRNA of 
WISP1 or WISP1

NRK52E cells were seeded at 3 × 104 cells per well in 12-
well plates. The following day, medium was replaced with 
OptiMEM (Invitrogen), and cells were transfected with lenti-
virus expressing Wisp1 or Wisp1 shRNA using Lipofectamine 
2000 (Invitrogen).

In each case, lentiviral controls were used at the same con-
centration. Cells were harvested 3-5 days post-transfection.

2.5 | Smad3 activity analysis

The CAGA12-luciferase reporter was used to assess Smad3 
activity. The construct contains the luciferase gene, the 
expression of which is driven by a promoter with CAGA 
boxes (CAGA12) to which activated Smad3 binds.26

For transfection, NRK52E cells were seeded 1 × 105 cells 
per well in 6-well plates the day before transfection. Smad3-
reporter plasmids (0.5 g/mL), CMV-galactosidase construct, 
and WISP1 siRNA were co-transfected using Lipofectamine 
2000 in OptiMEM medium. Cells were harvested 48 hours 
post-transfection using the Dual-Luciferase reporter assay 
system (Promega Australia, Alexandria, NSW, Australia), 
and luciferase and galactosidase assays were performed as 
per manufacturers’ recommendations. All experiments were 
performed in triplicate, and each experiment was repeated at 
least twice.

2.6 | Western blot analysis

Whole-cell lysates that contained 10-50 µg of protein were 
subjected to 10%-12% of SDS-PAGE and transferred onto 
polyvinylidene fluoride membranes by semidry transfer. 
Membranes were blocked in 5% of skim milk/Tris-buffered 
saline with 0.1% of Tween 20 for 1 hour at room tempera-
ture. All primary and secondary antibody incubations were 
for 1 hour at room temperature. Detection was by chemilu-
minescence and images captured on the XRS Chemidoc sys-
tem (BioRad, Hercules, CA). All western blots are repeated 
with 4-5 biological replicates (see figures in both manuscript 
and supplemental data). The images are quantified by ImageJ 
with the relative protein expression between target protein/
beta-actin.

2.7 | Animal models

Two well-established animal models were used to explore 
the relationship between WISP1 and the development of 
kidney fibrosis. Unilateral ureter obstruction (UUO) was 
performed on C57BL/6 mice aged 7-8  weeks (20-25  g, 
n  =  7-8/group),27 whereby the left ureter was visualized 
via a flank incision and ligated using double tracks with 5.0 
surgical silk. This procedure results in rapidly progressive 
tubulointerstitial fibrosis, which resembles lesions seen in 
CKD after 7 days. Animal studies were performed at the 
Monash University Animal Facility (Clayton, Australia) 
and were approved by the Monash University Animal 
Ethics Committee in accordance with the Australian Code 
of Practice for the Care and Use of Animals for Scientific 
Purposes, seventh edition (2004).
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Second, we induced type 1 diabetic nephropathy in 
C57BL/6 mice aged 7-8  weeks (20-25  g, n  =  8/group) 
using streptozotocin. Each mouse was administered with 
five daily intraperitoneal injections of streptozotocin 
(55  mg/kg/day) to induce overt diabetes28 and were as-
sessed after 18 weeks for development of chronic kidney 
fibrosis. Animal studies were performed at the Monash 
Medical Center Animal Facility (Clayton, Australia) and 
were approved by the Monash Medical Center Animal 
Ethics Committee in accordance with the Australian Code 
of Practice for the Care and Use of Animals for Scientific 
Purposes, seventh edition (2004).

2.8 | Antibody treatment of UUO mice

Male C57BL/6 mice (20-25 g) were randomly allocated into 
the treatment groups of IgG control or WISP1 antibody (n = 
7/group/time point). UUO surgery was performed on mice 
using 2% of isoflurane as the inhalation anesthesia (Abbott 
Australasia, Kurnell, NSW, Australia) Immediately follow-
ing UUO surgery, osmotic minipumps (ALZET Models 
1007D Alzet, Cupertino, CA) administering control IgG or 
WISP1 antibody (5 µg/g body weight/day for 7 days) were 
placed in the abdominal cavity prior to suturing and recovery. 
Seven days after UUO surgery, kidney fibrosis was assessed.

2.9 | Histopathology analysis of UUO 
kidney samples

Formalin-fixed paraffin-embedded kidneys were sectioned 
at 4 µm and stained with hematoxylin and eosin (H&E) or 
periodic acid-Schiff's reagent (PAS) to assess changes in kid-
ney structure. Picrosirius red (PSR) staining was performed 
on kidney sections to visualize the distribution of interstitial 
collagen under brightfield and polarized microscopy as de-
scribed previously.22

2.10 | Immunohistochemistry

Myofibroblasts were detected in formalin-fixed kidney sec-
tions using rabbit anti-alpha-smooth muscle actin (α-SMA) 
(ab124964; Abcam, Cambridge, UK). Kidney fibrosis was 
assessed in methacarn-fixed kidney sections (4 μm) with a 
goat antibody against collagen IV (Southern Biotechnology, 
Birmingham, AL, USA).

For immunostaining, sections were treated with 20% of 
rabbit or goat serum for 30 minutes, and then, incubated with 
primary antibody in 3% of BSA overnight at 4°C. Sections 
were then placed in 0.6% of hydrogen peroxide in methanol 

for 20 minutes to inactivate endogenous peroxidase. Bound 
primary antibodies were detected using a standard ABC-
peroxidase system: avidin-biotin block, biotinylated second-
ary antibodies (rabbit anti-goat IgG, goat anti-rat IgG or goat 
anti-rabbit IgG), and ABC-peroxidase (Vector Laboratories, 
Burlingame, CA, USA). Sections were developed with 3,3-di-
aminobenzidine (Sigma) to produce a brown color.

For immunofluorescence, 5.0 μm frozen sections were cut 
and fixed in 4% of paraformaldehyde for 20 minutes, incu-
bated with Collagen 1a1 (Invitrogen) overnight. Secondary 
antibody is Alexa Fluor 488 (mouse anti-rabbit). The tissue 
sections were mounted in medium containing DAPI (Life 
Technology, Melbourne, Australia) and analyzed Nikon 
Intensilight microscope (Tokyo, Japan).

2.11 | Statistical analysis

Values are shown as means ± SEM, unless otherwise speci-
fied. GraphPad Prism (GraphPad Software) was used to ana-
lyze data by unpaired Student's t test or by one-way analysis 
of variance followed by a Tukey's multiple comparison test. 
P values <.05 were considered significant.

3 |  RESULTS

3.1 | Upregulation of WISP1 expression in 
mouse models of fibrotic kidney

Compared to nondiabetic controls, mice with streptozo-
tocin (STZ)-induced diabetic nephropathy (DN) had kid-
neys with elevated gene expression of collagen I (P < .05), 
collagen IV (P  <  .05), and alpha-smooth muscle actin 
(α-SMA) (P  <  .05), which was accompanied by an in-
crease in WISP1 gene expression (P <  .01) (Figure 1A). 
Immunohistochemistry demonstrated the kidney areas ex-
pressing increased type IV collagen or α-smooth muscle 
actin (SMA) within glomeruli or the interstitial compart-
ment in the kidneys (Figure 1B).

Similarly, in the UUO model, gene expression of colla-
gen I (Col1a1) (P <  .01), collagen IV (Col4a1) (P <  .05), 
and fibronectin (Fibro) (P < .01) were elevated in obstructed 
kidneys in conjunction with an increase in Wisp1 gene ex-
pression (P < .01) (Figure 1C). Picrosirius red (PSR) staining 
identified an increase in total collagen levels in the obstructed 
kidney of a UUO mouse compared to a nonligated control 
(top panel, Figure 1D). Observation of this staining under po-
larized light provides a clearer image of the marked increase 
in collagen deposition in the obstructed kidney. (bottom 
panel, Figure 1D). These data indicate that an upregulation 
of WISP1 in injured kidneys is linked to kidney fibrosis.
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3.2 | In vitro model of kidney fibrosis 
showed an upregulation of WISP1

Compared to untreated cells, stimulation with TGF-β1 (5 ng/
mL) for 3 days significantly increased the gene expression of 
collagen I, collagen IV, and fibronectin in tubular epithelial 
cells (NRK52E and mouse primary tubular cells) and me-
sangial cells (Figure 2A,C,D), which corresponded with an 
increase in Wisp1 gene expression (Figure  2C,D). Further 
western blot analysis found that TGF-β1 stimulation of 

NRK52E cells also increased the levels of WISP1 protein in 
cell lysates (Figure 2B).

3.3 | WISP1 regulates fibrotic responses in 
kidney cells

To determine whether WISP1 is capable of inducing a fi-
brotic response in kidney tubules, tubular cells (NRK52E 
or primary mouse proximal tubular epithelial cells) were 

F I G U R E  1  Increased WISP1 expression in experimental models of kidney injury. A, The STZ-induced diabetic nephropathy (DN) mice at 
18 weeks demonstrated the increased expression of type I collagen, type IV collagen, and α-SMA gene by qPCR, compared with control mice, and 
the increased expression of WISP1 (n = 8 mice/group). B, DN (STZ18 weeks) kidneys showed the kidney pathology by staining with upregulated 
α-SMA and type IV collagen accumulation, in comparison with nondiabetic control group kidneys. C, The kidneys of mice with 7 days post-
UUO surgery demonstrated an upregulated expression of fibrotic genes, collagen 1a1, collagen IVa1, and an upregulation of WISP1, compared to 
control kidneys (n = 3 mice/group). D, UUO mice demonstrated an upregulated expression of collagen by PSR staining (Mag: ×20) and polarized 
microscope, compared to controls. α-SMA, alpha smooth muscle actin; Col1a1, type I collagen α1; ColIVa1, type IV collagen a1; DN, diabetic 
nephropathy; Fibro, fibronectin; PAS, periodic acid-Schiff; PSR, picrosirius red staining, STZ, streptozotocin; UUO, unilateral ureteral obstruction. 
Results are expressed as the mean ± SEM relative gene expression, **P < .01, *P < .05



14512 |   WANG et Al.

treated with or without recombinant human WISP1 protein 
(from Escherichia coli) at 1 µg/mL for 72 hours. Stimulation 
with WISP1 increased the gene expression of collagens (I 
and IV) (P  <  .05) and α-SMA (P  <  .05) in NRK52E cells 
(Figure  3A) and increased gene expression of collagens (I 
and IV) (P < .05) and fibronectin (P < .01) in mouse proxi-
mal tubular epithelial cells (Figure 3B). In addition, virally 
induced overexpression of WISP1 protein in NRK52E cells 
resulted in a morphological transition from typical epithelial-
like cobblestone appearance to an elongated appearance that 
is seen in fibroblasts (Figure 3C).

To understand the function of WISP1 in regulating 
fibrotic genes, a lentivirus-induced shRNA was used to 
knockdown Wisp1 in kidney cells. Three days after viral 
transfection to induce Wisp1 knockdown (WISP1 KD), a 
marked reduction of WISP1 was seen in NRK52E cells by 
western blotting (Figure 3D). The proliferation of NRK52E 
cells, based on microscopy observations and cell counting, 
was inhibited by WISP1 knockdown (Figure  3E). After 
knockdown of Wisp1, the ability of TGF-β1 to induce fi-
brotic genes was attenuated in NRK52E cells (Figure 3F). 
An additional experiment using a neutralizing WISP1 an-
tibody (10  µg/mL) to pretreat NRK52E cells for 1  hour 
before receiving TGF-β1 for 3  days confirmed the abil-
ity of WISP1 to mediate TGF-β1-induced fibrotic gene 

expression in these cells (Figure 3G). Additional western 
blot showed that knockdown of WISP1 reduced the el-
evated expression of type 1 collagen, in the presence of 
TGF-β1 (Figure 3H).

3.4 | WISP1 regulates the proliferation of 
renal fibroblasts

Treatment of rat kidney fibroblasts (NRK49F cells) with re-
combinant WISP1 resulted in an increase in cell number after 
5 days (Figure 4A), indicating that WISP1 promotes fibroblast 
proliferation. TGF-β1 stimulation (5 ng/mL) of kidney fibro-
blast cells (NRK49F) for 5 days increased the proliferation of 
fibroblasts, based on cell number observations (Figure 4B).

This proliferative response is similar to that previously ob-
served with NRK49F cells or human fibroblasts treated with 
TGF-β1.29,30

To determine whether TGF-β1-induced fibroblast pro-
liferation is mediated by WISP1, we examined the TGF-β1-
induced proliferative response in NRK49F cells in which 
Wisp1 had been knocked down using shRNA. In this exper-
iment, TGF-β1 induced an increase in fibroblasts at day 5 in 
control NRK49F cells but not in NRK49F cells with Wisp1 
knockdown (Figure 4C).

F I G U R E  2  The upregulation of WISP1 in kidney cells treated with TGF-β1. A, After treatment with TGF-β1, kidney tubular epithelial cells 
(NRK52E) demonstrated an upregulation of fibrotic markers, including collagen 1a1, collagen IVa1, α-SMA, and fibronectin. B, Western blotting 
demonstrated the upregulation of WISP1 in NRK52E cells. C, The addition of TGF-β1 on mouse primary proximal tubular cells induced the 
upregulation of fibrotic genes, including Col1a1, Col4a1, fibronectin, and the overexpression of WISP1 by Q-PCR. D, TGF-β1 treatment of mouse 
mesangial cells significantly upregulated the expression of WISP1 and fibrotic genes by Q-PCR. TGF-β1, transforming growth factor-beta. Results 
are expressed as the mean ± SEM relative gene expression, **P < .01, *P < .05, N = 3-5
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F I G U R E  3  WISP1 regulates expression of fibrotic genes in proximal tubular epithelial cells. The treatment of recombinant WISP1 protein 
(1 μg/mL) to NRK52E cells (A) and mouse primary kidney proximal tubular cells (B) induced the upregulation of fibrotic genes. C, Virally induced 
overexpression WISP1 protein in NRK52E cells-induced abnormal morphology change of cells (Mag: X10). D, Western blotting demonstrated 
the reduction of WISP1 in NRK52E by shRNA of WISP1. E, knockdown of WISP1 expression inhibited the proliferation of NRK52E cells (Mag: 
×10), confirmed by counting cell number. F, qPCR shows that knockdown of WISP1 in NRK52E reduced the upregulated expression of type 1 
collagen, type IV collagen and α-SMA in the presence of TGF-β1. G, Addition of WISP1 antibody in NRK52E cells following TGF-β1 treatment 
inhibited the expression of Col1a1 and α-SMA in the presence of TGF-β1. H, Western Blot shows that knockdown of WISP1 reduced the elevated 
expression of type 1 collagen, in the presence of TGF-β1. Results are expressed as the mean ± SEM relative gene expression, **P < .01, *P < .05, 
N = 3-5
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F I G U R E  4  WISP1 regulates kidney fibroblast cell proliferation. The representative cell images were taken using 4× light microscope. A, 
Recombinant WISP1 protein (1 μg/mL) treatment on kidney fibroblast cells induced the proliferation of cells, validated by counting cell numbers. 
B, TGF-β1 (5 ng/mL) induced the proliferation of kidney fibroblast cells, confirmed by counting cell number. C, Phase contrast microscopy shows 
that knockdown of WISP1 in fibroblast cells reduced cell proliferation following the addition of TGF-β1 for 5 days in comparison to control, 
validated by counting cell number. D, The addition of WISP1 antibody reduced the fibroblast cell growth in the presence of TGF-β1, as confirmed 
by counting cell number, N = 3
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F I G U R E  5  WISP1 regulates the TGF-β1 signaling pathway. A, The addition of TGF-β type I receptor inhibitor SB431542 in mouse 
primary tubular cells inhibited the upregulation of fibrotic genes and WISP1 expression. B, Treatment of recombinant WISP1 protein in NRK52E 
significantly induced the expression of TGF-β type I receptor, compared to control cells. C, Knockdown of WISP1 by shRNA significantly 
inhibited the expression of TGF-β type I receptor in the presence of TGF-β1. WISP1 treatment induced the expression of TGF-β1 by Q-PCR (D) 
and the phosphorylation of Smad3 by western blotting (E). F, By western blotting, knockdown of WISP1 in NRK52E significantly reduced the 
phosphorylated Smad3 in comparison to control. G, WISP1 knockdown reduced the activity of Smad3 reporter in the presence of TGF-β1. Results 
are expressed as the mean ± SEM relative gene expression, **P < .01, *P < .05, N = 3-5
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To confirm this finding by an alternative method, we 
incubated NRK49F cells with a neutralizing anti-WISP1 
antibody for 1  hour prior to TGF-β1 treatment and reex-
amined the proliferative response. WISP1 antibody had 
no significant effect on the growth of fibroblasts in the 

absence of TGF-β1 treatment. However, TGF-β1-induced 
fibroblast proliferation was largely prevented at day 5 in 
the presence of WISP1 antibody (Figure 4D), thereby con-
firming that the proliferative effects of TGF-β1 on kidney 
fibroblasts are dependent on WISP1.
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3.5 | WISP1 promotes fibrosis through the 
TGF-β1/Smad pathway

To explore the signaling pathway connection between TGF-
β1 and WISP1, mouse proximal tubular cells were treated 
with the TGF-β type 1 receptor antagonist (SB431542, 
10 μM) prior to stimulation with TGF-β1. TGF-β1-induced 
gene expression of Wisp1 (P < .01), collagen IV (P < .01), 
and fibronectin (P  <  .01) were blocked in the presence of 
SB431542 (Figure 5A), suggesting that their induction was 
mediated through activation of TGF-β type 1 receptor.

Interestingly, incubation of NRK52E cells with either 
WISP1 alone (Figure  5B) or TGF-β1 (Figure  5C) resulted 
in elevated gene expression of the TGF-β type 1 recep-
tor (P  <  .05). However, when Wisp1 was knocked down 
in NRK52E cells by shRNA, TGF-β1-induced overexpres-
sion of TGF-β type I receptor was attenuated (P  <  .01) 
(Figure 5C), suggesting that induction of TGF-β1 type 1 re-
ceptor in proximal tubular epithelial cells by TGF-β1 is de-
pendent on WISP1.

Additional data showed that WISP1 treatment elevated the 
expression of TGF-β1 by Q-PCR (Figure 5D) and induced 
the phosphorylation of Smad3 by western blot (Figure 5E).

To further determine if WISP1 regulates TGF-β1/Smad 
signaling, we examined whether Wisp1 knockdown in 
NRK52E cells by shRNA reduced TGF-β1-induced activa-
tion of Smad3. Western blot results showed that levels of 
phosphorylated SMAD3 were reduced in NRK52E cells with 
Wisp1 knockdown compared to controls (Figure 5F).

In addition, the impact of WISP1 on downstream effec-
tors of TGF-β signaling was examined using a Smad3 CAGA 
reporter.31 After co-transfection with the Smad3 reporter and 
either Wisp1 or control shRNA, NRK52E cells were treated 
with TGF-β1 for 3 days and the activity of Smad3 reporter 
was examined by luciferase assay. Treatment of NRK52E 
cells with TGF-β1-induced luciferase activity of the SMAD3 
reporter which was alleviated by Wisp1 knockdown with 
shRNA (Figure  5G), further demonstrating that the profi-
brotic actions of WISP1 involve regulation of the TGF-β/
Smad pathway.

3.6 | Antibody blockade of WISP1 reduced 
fibrosis in mouse kidneys with UUO

The functional role of WISP1 was determined in a mouse 
UUO model of kidney fibrosis by administering neutralizing 
WISP1 antibody.

At day 7 after UUO surgery, histological staining showed 
that mice receiving no treatment, control IgG, or WISP1 an-
tibody had similar injury to kidney tubules, which included 
dilation and atrophy of cortical tubules and tubule cast for-
mation (Figure  6A). This indicated that the kidney injury 
caused by UUO surgery was consistent across all experimen-
tal mice.

Picrosirius red (PSR) staining was used to demonstrate 
the accumulation of collagen in the kidney interstitium of 
experimental mice. Mice that had only sham UUO surgery, 
showed a uniform weak staining of collagen along the base-
ment membrane of kidney tubules and glomeruli, consistent 
with normal mouse kidneys (Figure  6B). In comparison, 
UUO mice which received no treatment or control IgG dis-
played increased collagen in the interstitial and peritubular 
regions of the kidney, which was reduced in UUO mice that 
received WISP1 antibody (Figure 6B). Furthermore, the abil-
ity of WISP1 antibody treatment to reduce kidney interstitial 
collagen accumulation was more clearly evident when the 
PSR staining was observed under polarized light to enhance 
visualization of collagen fibers (Figure 6C).

The impact of WISP1 antibody treatment on gene ex-
pression of fibrotic markers in mouse UUO kidneys was 
also examined. Compared to sham controls, UUO kidneys 
from untreated mice displayed a marked increase in the gene 
expression of Collagen I (Col1a1) (P  <  .05), Fibronectin 
(P  <  .05), and α-SMA (P  <  .05) (Figure  6D), which was 
not different in UUO mice that received control IgG. 
However, UUO mice which received WISP1 antibody had 
reduced kidney expression of these fibrotic genes, further 
indicating the suppression of kidney fibrosis (Figure  6D). 
Immunofluorescence staining demonstrated the reduction of 
Col1a1 in UUO mice kidney after WISP1 antibody adminis-
tration (Figure 6E).

F I G U R E  6  Treatment with WISP1 antibody alleviated the development of interstitial fibrosis in kidney of UUO mice with 7 days post-injury. 
A, UUO mice demonstrated consistent kidney injury with or without WISP1 antibody administration. Representative light microscopic images 
(Mag: X20) showed hematoxylin and eosin (H&E) stained sections of UUO mice kidney receiving no treatment, control IgG, or WISP1 antibody 
had similar injury to kidney tubules, which included dilation and atrophy of cortical tubules and tubule cast formation. Same observations are for 
the kidney stained by Periodic acid-Schiff (PAS). B, Representative light microscopic images (20×) demonstrated picrosirius red (PSR) staining 
to show collagen deposition. Interstitial fibrosis was widespread in kidney with 7 days post-UUO injury with or without IgG control antibody. In 
contrast, treatment with WISP1 antibody reduced the accumulation of interstitial fibrosis. In panel C, polarized microscopy imaging demonstrated 
collagen bundles. UUO kidneys without treatment or receiving IgG show an upregulated collagen accumulation at 7 days. Administration of 
WISP1 antibody in UUO mice resulted in a reduction in interstitial collagen. D, Q-PCR analysis demonstrated that WISP1 antibody reduced 
fibrotic gene expression in kidneys from UUO mice. WISP1 antibody reduced the fibrotic gene expression in kidneys of UUO mice including 
Col1a1 and fibronectin and α-SMA. E, Immunofluorescence images to show the Col1a1 expression in the mice kidneys. Collagen (red) and Dapi 
(blue). Results are expressed as the mean ± SEM relative gene expression, **P < .01, *P < .05, N = 5-7
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4 |  DISCUSSION

This study has identified a novel functional role of WISP1 in 
regulating the development of kidney fibrosis mediated by 
the TGF- β1/Smad signaling pathway.

Our data has demonstrated that kidney expression of 
WISP1 is increased across two distinct animal models of kid-
ney fibrosis, suggesting that this is a common feature in the 
development of kidney fibrosis regardless of the initial insult. 
This is supported by our in vitro findings showing that TGF-
β1 was able to induce WISP1 in a variety of kidney cells types 
that contribute to fibrosis, including proximal tubular epithe-
lial cells, mesangial cells, and kidney fibroblasts. Furthermore, 
research showing an increase of WISP1 expression in model 
of lung and liver fibrosis,9,20 suggests that upregulation of 
WISP1 may be a feature common to many fibrotic diseases.

Using gene knockdown and neutralizing antibody to in-
hibit WISP1 in cultured cells, we identified that WISP1 
plays a central role in TGF-β1-mediated fibrotic responses. 
WISP1 was shown to mediate TGF-β1 induction of sev-
eral profibrotic genes (collagens I and IV, fibronectin, and 
α-smooth muscle actin) in proximal tubular epithelial cells 
and kidney fibroblasts. In addition, WISP1 was found to 
mediate the proliferative effects of TGF-β1 on kidney fi-
broblasts. Both gene knockdown and antibody blockade 
produced comparable outcomes in these in vitro experi-
ments, thereby validating the role of WISP1 in mediating 
these profibrotic effects of TGF-β1. These findings are 
constituent with observations in other cell types, including 
lung epithelial cells9 and cardiac fibroblasts.32 Therefore, 
it is now evident that WISP1 can mediate TGF-β1-induced 
fibrotic responses in multiple cells types associated with 
the progression of fibrosis.

To identify how WISP1 mediates the effects of TGF-β1, 
we investigated the impact of WISP1 gene knockdown on el-
ements of the TGF-β1/Smad signaling pathway. Knockdown 
of Wisp1 in proximal tubular epithelial cells reduced the abil-
ity of TGF-β1 to induce gene expression of the TGF-β type 1 
receptor and activate SMAD3 in a reporter assay, indicating 
that WISP1 mediates fibrosis by regulating canonical TGF-
β1/Smad signaling. Further analysis showed that WISP1 
alone was sufficient to induce TGF-β type 1 receptor in these 
cells and that pharmacological blockade of the TGF-β type 
1 receptor prevented induction of Wisp1 gene expression. 
These findings indicate that WISP1 plays a critical role in a 
stimulatory loop process whereby TGF-β1 induces expres-
sion of its own TGF-β type 1 receptor to facilitate further 
TGF-β1 signaling and accelerate fibrosis. Our finding is con-
sistent with the regulatory loop between CTGF and TGF-β1 
signaling in various pathological developments.33,34

To establish the functional role of WISP1 in the develop-
ment of kidney fibrosis, we treated mice with UUO from the 
onset of renal injury with neutralizing anti-WISP1 antibody. 

This model was selected due to its rapid development of 
kidney interstitial fibrosis and because blockade of TGF-
β1, TGF-βR1, or Smad3 are all known to be effective in this 
model.22,35,36 Treatment with WISP1 antibody did not pre-
vent tubular injury but substantially reduced the gene expres-
sion of matrix proteins (collagen I, fibronectin) and α-smooth 
muscle actin (a marker of myofibroblast accumulation), and 
the kidney deposition of total collagen. This outcome is con-
sistent with other studies demonstrating that antibody block-
ade of CCN4/WISP1 is effective in models of lung9,19 and 
liver fibrosis.37 Hence, pharmacological blocking studies 
demonstrate an important role for WISP1 in promoting TGF-
β1 driven fibrotic diseases which can affect various organs. 
Furthermore, these studies highlight the potential to thera-
peutically target WISP1 as a strategy for inhibiting fibrosis. 
What remains to be determined is whether WISP1 mediates 
any of the effects of TGF-β1 which are important for normal 
immune function and wound healing, and protection against 
autoimmunity. This knowledge which help will determine 

F I G U R E  7  The regulatory role of WISP1 in lung fibrosis. A 
schematic diagram depicted the regulatory function of WISP1 in 
mediating fibrotic genes and TGF-β/Smad signaling pathway
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whether systemic blockade of WISP1 has similar problems 
to systemic blockade of TGF-β1 or distinct advantages.

In conclusion, our findings have established a func-
tional role for WISP-1 in mediating the profibrotic effects 
of TGF-β1/Smad signaling in kidney disease (see schematic 
diagram—Figure 7). Furthermore, our animal model studies 
demonstrate potential for therapeutic targeting of WISP1 as 
a strategy for inhibiting the development of renal fibrosis, 
which could help prevent the progression of CKD in patients.
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