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LABORATORY STUDY

Connective tissue growth factor induces tubular epithelial
to mesenchymal transition through the activation of canonical

Wnt signaling in vitro

Zhiying Yang, Lina Sun, Huibin Nie, Haiying Liu, Gang Liu, and Guangju Guan

Nephrology Research Institute of Shandong University, The Second Hospital of Shandong University, Shandong University, Jinan, Shandong, China

Abstract

Background: Overwhelming evidences suggest epithelial to mesenchymal transition (EMT) of
tubular epithelial cells contributes to renal fibrosis of chronic kidney disease (CKD). Connective
tissue growth factor (CTGF) plays an important role in the pathogenesis of EMT. However, the
molecular mechanisms that regulate cell behaviors are not clear. Objective: The purpose of this
study was to investigate whether CTGF induces EMT via activation of canonical Wnt signaling in
renal tubular epithelial cells. Methods: Human renal proximal tubular epithelial cells (HK-2) were
divided into control group, CTGF group and dickkopf (Dkk)-1 plus CTGF group. We assessed the
biological changes of canonical Wnt signaling, including phosphorylation of low-density
lipoprotein receptor-related protein (LRP6) and glycogen synthase kinase-3f (GSK-3f) and
accumulation and nuclear localization of B-catenin. Meanwhile, morphological changes of the
three groups were observed and tubular EMT was further confirmed by detecting the
expression of a-SMA and E-cadherin. Results: The phosphorylation levels of LRP6 and GSK-3f3
and the expression of B-catenin in CTGF group were higher than control group (p <0.05). The
accumulation and nuclear localization of B-catenin was induced in CTGF group. Meanwhile,
CTGF group cells showed a mesenchymal morphological phenotype and exhibited increased
expressions of E-cadherin and decreased expressions of a-SMA compared to control group
(p<0.05), suggesting tubular EMT. Furthermore, we also found that Dkk-1 blocked the above
CTGF's effects by binding with LRP6. Conclusion: CTGF induces EMT via activation of canonical
Wnt signaling in HK-2 cells in vitro, which may play an important role in the renal fibrosis of
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CKD.

Introduction

A common pathologic change of all forms of chronic kidney
disease (CKD) is renal fibrosis, although a huge range of
diseases, such as glomerulonephritis; metabolic diseases,
including diabetes mellitus and atherosclerosis; and intersti-
tial nephritis can be major causes of CKD.' Renal fibrosis
includes glomerulosclerosis and tubulointerstitial fibrosis
(TIF). However, TIF has been considered as the most reliable
indication of an irreversible loss of renal function. Recent
evidences have showed that injured renal tubular epithelial
cells induce accumulation of fibroblasts or myofibroblasts
and the deposition of abundant extracellular matrix (ECM)
through epithelial to mesenchymal transition (EMT), ultim-
ately leading to TIF and the progression of CKD.?
Connective tissue growth factor (CTGF), a number of the
CCN (Cyr61/CTGF/Nov) family of proteins, regulates cell

Address correspondence to Guangju Guan or Gang Liu, Nephrology
Research Institute of Shandong University, The Second Hospital of
Shandong University, 247# Beiyuan Avenue, Jinan 250033, China. Tel:
+86 0531 85875450; E-mail: guangj@sdu.edu.cn (GG) or gangliu@
sdu.edu.cn (GL)

adhesion, migration, growth, chemotaxis, and the synthesis
and accumulation of ECM during pathologic conditions.’
Mnay evidences stated that expression of CTGF increases in
a variety of progressive CKDs, and CTGF is strongly involved
in the pathogenesis of fibrotic disorders.*> It was reported that
CTGF represents a mediator of tubular EMT by interacting
with downstream protein of the actions of advanced glycation
end products or transforming growth factor-1, inducing the
expression of ILK protein and effecting on the activity of
BMP-7 and HGF.®® However, a detailed understanding of the
complex signal pathway has not been well understood.
Recently, a number of reports have highlighted the role of
Wht signaling in the pathogenesis of EMT.?™'? For example,
lymphoid enhancer factor-1 promotes EMT when its activity
is regulated by Wnt signaling.” Importantly, it was reported
that in Xenopus laevis embryos and in mesangial cells,
CTGF modulated Wnt signaling by binding to lipoprotein
receptor-related protein (LRP6).'*'* On the basis of the
previous studies, we hypothesized that canonical Wnt signal-
ing pathway can be activated by CTGF, and tubular EMT
can be induced by activation of canonical Wnt signaling
pathway in human renal proximal tubular epithelial cells
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(HK-2) in vitro. In this study, Dickkopf (Dkk)-1, the
endogenous LRP6 receptor antagonist, was used to investigate
the mechanism of CTGF-induced EMT, and we examined
whether CTGF-LRP6 interactions activate canonical Wnt
signaling pathway, which contributes indirectly to EMT in
tubular epithelial cells in vitro. Simultaneously, we investi-
gated the underlying mechanisms, which may provide new
insight into pathogenesis and treatment of tubular EMT and
renal tubular interstitial fibrosis of CKD.

Materials and methods
Cell culture

HK-2 cells used for experiments, human proximal tubular
epithelial cells immortalized by transduction with human
papillomavirus 16 E6/E7 genes, was purchased from China
Center for Type Culture Collection (Wuhan, China). In our
studies, HK-2 cells were cultured in Dulbecco’s Modified
Eagle Medium (Gibco, Gaithersburg, MD) supplemented
with 10% heat-inactivated fetal calf serum (Gibco), 1000 mg/L
glucose, 100U/mL penicillin, 100U/mL streptomycin,
2 mmol/L supplemental glutamine, and 10 ng/mL epidermal
growth factor at 37°C in an atmosphere of 5% CO,. The
culture medium was changed every 24-48h until the cells
reached approximately 70-80% confluence, at which point
cells were passaged with trypsin-contained ethylene diamine
tetraacetic acid (Gibco) on six-well laminin-coated culture
plates (Henry Marroum & Sons, Amman, Jordan), where
each well had 1.5 x 10° cells and subjected to incubate for
24 h in serum-free medium, and all treatments were carried
out in serum-free conditions. HK-2 cells were divided into
three goups: control group, CTGF group and Dkk-1 plus
CTGF group. In CTGF group, HK-2 cells were stimulated
by 50ng/mL recombinant human CTGF (thCTGEF;
PeproTech, Rocky Hill, NJ) for 0.5, 6 and 24 h. In Dkk-1
plus CTGF group, cells were pre-treated with 20, 200,
300ng/mL of recombinant human Dkk-1 (rhDkk-1;
PeproTech) for 1h prior to stimulation of thCTGF. CTGF
group was subdivided into three subgroups: 50ng/mL
rhCTGF for 0.5h group, 50ng/mL rhCTGF for 6h group,
50ng/mL rhCTGF for 24h group. Dkk-1 group was also
subdivided into three subgroups: 20ng/mL, 200 ng/mL and
300 ng/mL groups. The morphological changes of HK-2
cells cultured under different conditions were analyzed by
inverted phase contrast microscope (Nikon, Tokyo, Japan).

Western blotting analysis

Total protein of HK-2 cells was extracted by total protein
extraction kit (DBI Bioscience, Newark, DE), and the protein
concentration was quantified using the Bradford method
(Thermo Scientific, Waltham, MA). Whole-cell lysates were
subjected to 8-10% SDS-PAGE and transferred onto poly-
vinylidene fluoride membranes (Millipore, Temecula, CA).
The membranes were blocked with 5% skim milk for 1h at
room temperature. After blocking, the membranes were
incubated for 16h at 4°C with primary antibodies to
p-LRP6 (Ser1490; 1:1000, Cell Signaling Technologies,
Danvers, MA), total LRP6 (1:1000, Cell Signaling
Technologies), p-glycogen synthase kinase-3f (GSK-38;
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Ser 9; 1:1000, Cell Signaling Technologies), total GSK-3f3
(1:1000, Cell Signaling Technologies), B-catenin (1:1000,
Cell Signaling Technologies), o-SMA (1:1000; Abcam,
Burlingame, CA), E-cadherin (1:1000, Santa Cruz
Biotechnology, Santa Cruz, CA) and B-actin (1:1000, Bio-
world Technology, St. Louis Park, MN) and then incubated
with horseradish peroxidase-conjugated secondary antibody
for 1.5h at room temperature. The protein was detected using
the electrochemiluminescence detection kit (Millipore) via
enhanced chemiluminescence, which was captured on X-ray
film. Band intensity was quantified from scanned membrane
images by Image] software 1.42q (National Institutes of
Health, Bethesda, MD).

Real-time polymerase chain reaction

To measure the mRNA levels of «-SMA and E-cadherin, total
RNA from HK-2 cells was extracted using Trizol reagent
(Invitrogen, Carlsbad, CA) and reverse transcribed using
PrimeScript RT reagent Kit (TaKaRa Biotechnology, Dalian,
China) according to the manufacturer’s instructions. Real-time
polymerase chain reaction (PCR) was performed using the
SYBR Green real-time PCR Master Mix (Roche, Pudong,
China) routinely by a sequence detection system (Eppendorf,
Hamburg, Germany) for quantification of mRNA expression
level. Glyceraldehyde phosphate dehydrogenase (GAPDH)
was employed as internal reference for gene evaluation. The
following gene-specific primers were used: E-cadherin, for-
ward 5'-AAATCTGAAAGCGGCTGATACTG-3/, reverse 5'-
CGGAACCGCTTCCTTCATAG-3'; a-SMA, forward 5'-GAC
AATGGCTCTGGGCTCTGTAA-3', reverse 5-ATGCCATG
TTCTATCGGGTACTTCA-3'; GAPDH, forward 5'-CCTCAA
GATCATCAGCAAT-3/, reverse 5'-CCATCCACAGTCTTCT
GGGT-3'. All primers used in the experiments were designed
and generated by Beijing Genomics Institute. The threshold
cycle (Ct) was determined for each sample and the relative
expression quantity of mRNA was calculated by 2-AAC pCR
of each sample was performed in triplicate to obtain a mean
value.

Immunofluorescence staining

HK-2 cells grown on coverslips were fixed in 4% formaldehyde
for 30 minutes, permeabilized in 0.1%Triton X-100 for
10 minutes and blocked in 1:20 normal sheep serum for
30 minutes at 37°C to block nonspecific binding. After
washing three times with PBS, cells were incubated with
primary antibodies used for immunofluorescence: E-cadherin
(Santa Cruz Biotechnology), «-SMA (Abcam) and B-catenin
(Cell Signaling), followed by three washes and incubation
with fluorescein-conjugated affinipure goat anti-rabbit IgG
(ZSGB-Bio, Beijing, China) for 2h at room temperature.
4,6-Diamidino-2-phenylindole dihydrochloride hydrate was
used for nuclear staining. After mounting, cells were visualized
under a Leica TCD laser confocal microscope (Leitz, Wetzlar,
Germany) using a 400x objective.

Statistical analysis

Statistical analyses were carried out by SPSS software,
version 16.0 (Chicago, IL). Mean =+ standard deviation was
applied to express data. Differences of quantitative parameters
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among different groups were assessed by one-way ana-
lysis of variance followed by the Student-Newman—Keuls
tests. A value of p<0.05 was considered to manifest
significant.

Results

Modulation of canonical Wnt signaling pathway
components under the influence of CTGF in HK-2
cells in vitro

We investigated how CTGF altered Wnt/B-catenin signaling.
Our studies found that Wnt co-receptor LRP6 was expressed
in HK-2 cell in vitro (Figure 1). The phosphorylation of LRP6
and GSK-3p and the expression of [B-catenin showed by
western blotting increased gradually as rhCTGF-treated time
extends (p<0.05; Figure 1). Immunofluorescence staining
showed nuclear accumulation of B-catenin (Figure 2, middle).
Western blotting (Figure 3) and immunofluorescence staining
(Figure 2, right) further showed that pretreatment of cells with
the Dkk-1, Wnt signaling antagonist, blocked phosphorylation
of GSK3-f, and rhCTGF-mediated accumulation and nuclear
localization of B-catenin. These findings indicated that HK-2
cells responded to rhCTGF via combining with LRP6,

(A) control CTGF (50 ng/mL)
0.5h 6h 24h
P-LRP6 (Ser 1490) —— S
Total LRP6 W ——— o —

P-GSK3-f (ser 9)

Total GSK3-B

o

B-catenin

B-acti

(B)  20- 80-
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suppressing GSK-3f and activating Wnt/B-catenin signaling.
All of the above were consistent with activation of CTGF-
induced canonical Wnt signaling.

Morphological and phenotypic changes of HK-2 cells
induced by CTGF as a result of activation of canonical
Wnt signaling

As shown in inverted phase contrast microscopy, normal
cultured HK-2 cells in control group produced a sub-
confluent with typical epithelial cobblestone morphology
(Figure 4, Al). After being exposed to 50 ng/mL rhCTGF for
24 h, the cells became more elongated, less adhered and lost
their apical-to-basal polarity (Figure 4, A2); however,
the morphological changes inducted by rhCTGF were
inhibited by pretreatment of 200 ng/mL rhDkk-1, with cells
retaining epithelial polarity and a cobblestone growth pattern
(Figure 4, A3).

Since a-SMA and E-cadherin were the typical markers
of tubular EMT, mRNA and protein levels of a-SMA and
E-cadherin were detected by real-time PCR (Figure 5A) and
western blotting (Figure 5B and C). Real-time PCR demon-
strated that the mRNA expression of E-cadherin was reduced
and o-SMA was aggrandized gradually by the induction of
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Figure 1. CTGF activates canonical Wnt signaling in HK-2 cells. The cells were cultured with recombinant human CTGF (50 ng/mL) for various
duration when grown to 80% confluency and serum starved for 24 h. (A) All canonical Wnt signaling pathway components were measured by western
blotting. (B) Quantitative analysis of protein expression as measured by western blotting. *p <0.05 versus control group, **p <0.01 versus control

group. All results are representative of at least three individual experiments.
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CTGF Dkk-1+CTGF

Figure 2. Effects of CTGF and Dkk-1 on B-catenin in HK-2 cells were showed by immunofluorescence staining (original magnification x400). Left:
normal control; middle: HK-2 cells were treated with CTGF (50 ng/mL) for 24 h; right: HK-2 cells were pretreated with Dkk-1 (200 ng/mL) for 1 h and
then treated with CTGF (50 ng/mL) for 24 h. B-catenin expression is shown in green and cell nucleuses are shown in blue.

Figure 3. Dkk-1 blocked CTGF-mediated
activation of canonical Wnt signaling in
HK-2 cells. The cells were pretreated with
various concentrations of Dkk-1 for 1h prior
to stimulation with rhCTGF (50 ng/mL).
Lane 1: control group; lane 2: 50 ng/mL
rhCTGF for 24 h group; lane 3: rhDkk-1

(20 ng/mL) pretreated cells prior to rhCTGF;
lane 4: rhDkk-1 (200 ng/mL) pretreated cells
prior to thCTGF; lane 5: rthDkk-1

(300 ng/mL) pretreated cells prior to
rhCTGF. (A) Phosphorylation of GSK3-f
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rhCTGF from 0.5h to 24 h compared with the control group,
which were greatly improved by rhDkk-1 (Figure 6A). The
protein expression level of E-cadherin and o-SMA detected
by western blotting was consistent with real-time PCR
analysis (Figure 6B and C). By immunofluorescence staining,
HK-2 cells of control group exhibited a normal epithelial
staining of E-cadherin (Figure 4, C1). HK-2 cells treated with
rhCTGF for 24h had lost quite a bit positive staining of
E-cadherin (Figure 4, C2). By the pretreatment of rhDkk-1
(200 ng/mL), the positive staining of E-cadherin in HK-2 cells
was significantly retrieved (Figure 4, C3). Immunofluores-
cence staining also demonstrated that cells exposed to
rhCTGF for 24 h had increased expression of a-SMA versus
control group, which were not observed in Dkk-1 plus CTGF
group cells (Figure 4, B1 and B2).

Discussion

Our study elaborates that CTGF activates canonical Wnt
signaling pathway, which contributes indirectly to EMT of
HK-2 cells in vitro, and extends a potential stimuli for renal
fibrosis of CKD. The major and novel findings of our study
include that HK-2 cells expressed LRP6, and canonical Wnt
signaling pathway was activated by CTGF-LRP6 interaction,
which led to EMT of HK-2 cells in vitro. Inhibitory
experiments based on the use of specific endogenous LRP6
receptor antagonist, Dkk-1, additionally suggested that the
mechanism of CTGF-induced tubular EMT was in vitro.
Therefore, the covalent attachment and interaction of CTGF
with Wnt co-receptor LRP6 seems to be an important
mediator of tubular EMT.
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Figure 4. Morphological and phenotypic
changes of HK-2 cells cultured under differ-
ent conditions were determined by immuno-
fluorescence staining under a inverted
microscope. The cellular morphology
(A1-A3; original magnification x200) and
the expression of a-SMA (B1-B3; original
magnification x400) and E-cadherin (C1-
C3; original magnification x400) are shown,
respectively. Left: normal control and middle:
HK-2 cells were treated with rhCTGF

(50 ng/mL) for 24 h; right: HK-2 cells were
pretreated with rhDkk-1 (200ng/mL) for 1 h
and then treated with thCTGF (50 ng/mL) for
24 h. E-cadherin and o-SMA expression is
shown in green. Cells were counterstained
with 4,6-diamidino-2-phenylindole dihy-
drochloride hydrate (DIPA) to demonstrate
the nuclei (blue).
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Figure 5. CTGF activates tubular EMT in HK-2 cells. The cells were cultured with thCTGF (50 ng/mL) for various duration, when grown to 80%
confluency and serum starved for 24 h. (A) The mRNA expressions of a-SMA and E-cadherin were measured by real-time PCR. (B) The protein
expression of a-SMA and E-cadherin were measured by western blotting. (C) Quantitative analysis of protein expression as measured by western
blotting. *p <0.05 versus control group and **p <0.01 versus control group. All results are representative of at least three individual experiments.
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Figure 6. Dkk-1 suppressed CTGF-mediated EMT in HK-2 cells. The cells were pretreated with various concentrations of Dkk-1 for 1h prior to
stimulation with thCTGF (50 ng/mL). Lane 1: control group; Lane 2: 50 ng/mL rhCTGF for 24 h group; Lane 3: rhDkk-1 (20 ng/mL) pretreated cells
prior to thCTGF; Lane 4: rhDkk-1 (200 ng/mL) pretreated cells prior to thCTGF; Lane5: rhDkk-1(300 ng/mL) pretreated cells prior to thCTGF. (A)
The mRNA expressions of o-SMA and E-cadherin were measured by real-time PCR. (B) The protein expression of a-SMA and E-cadherin were
measured by western blotting. (C) Quantitative analysis of protein expression as measured by western blotting. *p<0.05 versus control group,
*#p <0.01 versus control group; fp <0.05 versus 50 ng/mL rhCTGF for 24 h group; and 11p <0.01 versus 50 ng/mL rthCTGF for 24 h group. All results

are representative of at least three individual experiments.

Excessive accumulation of matrix protein in the glomeru-
lar mesangium and tubular interstitium intensively contribute
to progressive renal dysfunction in CKDs and tubulointer-
stitial lesions were more significant in prognosis of CKD
rather than glomerular lesions.">'® CTGF is an important pro-
fibrogenic factor associated with CKD, but the mechanism is
not fully understood. The experiment has revealed that CTGF
expression was increased in tubular epithelial cells in multiple
forms of CKD.!7-8 However, CTGF, a 36-38-kDa small
molecule, can filter across glomerular basement membrane
and be present in the tubular fluid in pharmacologically active
concentrations. Therefore, tubular epithelial cells not only
express and secrete CTGF but are also exposed to CTGF from
the glomerulus.'® In our experiments, to explore how CTGF
affects tubular epithelial cells, the CTGF group and Dkk-1

plus CTGF group HK-2 cells were cultured with ectogenic
rhCTGF.

It is widely recognized that EMT plays a significant role in
the renal fibrosis of CKD.>'%1%20 [n addition, the interaction
of CTGF and tubular epithelial cell has been proven to
contribute to the mechanisms underlying tubular EMT.?!*2
However, although the role of CTGF in tubular EMT of CKD
is established, new study highlights the significance of
understanding how CTGF interacts with other molecules
to EMT. Recently, increasing evidence has showed that
Whnt/B-catenin signaling contributes to the tubular EMT in
CKD.”'? Our study demonstrated that the Wnt co-receptor
LRP6 was expressed in HK-2 cell in vitro. Meanwhile,
corresponding with the studies in embryos of X. laevis and
primary human mesangial cells,'*'* we also found thCTGF



DOI: 10.3109/0886022X.2014.967699

initiated the phosphorylation of LRP6 (Ser 1490), which
suggests that CTGF may function as an LRP6 ligand in HK-2
cells. In canonical Wnt signaling pathway, the LRP6 intra-
cellular domain can directly promote phosphorylation of
GSK-3B.2"% An increase in phosphorylation of Ser9 in
GSK-3 is known to reduce GSK-3f activity and intensified
B-catenin translocation into the nucleus.”® Our studies found
that in HK-2 cells, the phosphorylation of LRP6 and GSK-3,
and the accumulation and nuclear localization of B-catenin
increased gradually when CTGF-treated time extends.

Tubular EMT 1is a phenotype change where cells lose
epithelial phenotype and acquire a new mesenchymal one
along with morphological changes. In general, the techniques
provided a consistent pattern; that is, upregulation of a-SMA
or vimentin and downregulation of E-cadherin or bone
morphogenic protein 7 in renal tubular epithelial cells. In
this study, Wnt/B-catenin signaling activated by rhCTGF
initiated increase of o-SMA and decrease of E-cadherin in
HK-2 cells. Dkk-1, a secretory protein, binds to the Wnt co-
receptor LRP6 and blocks canonical Wnt signaling by
inhibiting the formation of Wnt-Frizzled-LRP6/arrow recep-
tor complexes.?’ Our results in this study demonstrated pre-
treatment with rhDkk-1-blocked CTGF-induced tubular EMT.
These findings provide a novel mechanism for CTGF-
mediated renal tubular EMT and renal fibrosis associated
with complement system in CKD. For further study, our next
work will be based on this cell experiment in vitro to conduct
animal experiment in vivo so as to better explore this effect of
CTGF in EMT.

In conclusion, our study demonstrated that CTGF can
induce the transdifferentiation of normal tubular epithelial
cells into mesenchymal cells via activating Wnt/B-catenin
signaling pathway in HK-2 cells in vitro. Then, we propose
CTGF antagonism, like Dkk-1, may be considered as a
potential therapeutic intervention at the center of multiple
pathways, including Wnt, to block the progression of renal
TIF associated with deterioration of renal function.
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