
BBA - Molecular Basis of Disease 1869 (2023) 166663

Available online 9 February 2023
0925-4439/© 2023 Elsevier B.V. All rights reserved.

CDC20 inhibition alleviates fibrotic response of renal tubular epithelial 
cells and fibroblasts by regulating nuclear translocation of β-catenin 
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A B S T R A C T   

Fibrosis is a common pathological phenomenon in progressive kidney disease leading to eventual loss of kidney 
function. Previous studies demonstrated that CDC20 plays a role in cancers by regulating epithelial-mesenchymal 
transition (EMT) and the infiltration of fibroblasts, suggesting the potential of CDC20 in regulating fibrotic 
response. However, the role of CDC20 in renal fibrosis is yet unclear. Herein, we reported that renal CDC20 was 
remarkably upregulated in renal tubular epithelial cells and fibroblasts in chronic kidney disease (CKD) patients, 
which was in line with a positive correlation with the severity of kidney fibrosis. In mice with unilateral urinary 
obstruction, CDC20 was also strikingly enhanced, and treatment with Apcin, an inhibitor of CDC20, ameliorated 
kidney fibrosis. Consistently, the pharmacological inhibition of CDC20 in mouse proximal tubular epithelial cells 
and rat fibroblasts attenuated TGF-β1-induced fibrotic responses, while overexpression of CDC20 aggravated 
such responses. Additional studies revealed that CDC20 induces nuclear translocation of β-catenin, which in turn 
initiates and promotes the pathological process of fibrosis in CKD. Thus, enhanced CDC20 in renal tubular cells 
and fibroblasts promotes renal fibrosis by activating β-catenin, and CDC20 inhibition may serve as a promising 
strategy for the prevention and treatment of renal fibrosis.   

1. Introduction 

Chronic kidney disease (CKD) has been recognized as a leading 
global public health burden with an estimated prevalence of >10 % [1]. 
It involves an irreversible change in the function or structure of the 
kidney and is characterized by a slow progression [2]. Several factors 
contributed to CKD progression, including parenchymal cell loss, 
chronic inflammation, reduced regenerative capacity of the kidney, and 
renal fibrosis [3,4]. Renal fibrosis, especially tubulointerstitial fibrosis, 
is an inevitable and progressive process that occurs in almost every type 
of CKD. It is characterized by profound remodeling and excessive pro
duction/deposition of fibrillar extracellular matrix (ECM) [5]. The cur
rent therapeutic options for CKD in the clinical setting are scarce and 
delay the progression of the disease. An approved treatment specifically 
targeted to renal fibrosis is almost nonexistent. Thus, the optimization of 
treatment should be based on an improved understanding of the 

pathogenesis of renal fibrosis. 
Cell-division cycle protein 20 homolog (CDC20) is a highly 

conserved activator of the anaphase-promoting complex/cyclosome, 
which plays a critical role in governing mitotic progression by targeting 
key cell cycle regulators for degradation [6]. The high expression of 
CDC20 has been reported in many types of malignant tumors [7,8]. It 
participates in the occurrence and development of tumors by regulating 
mitotic progression and apoptosis [9–11]. In addition to its canonical 
role in cell cycle regulation, recent studies have demonstrated that 
CDC20 participates in many cellular processes, including embryo im
plantation, ciliary formation, osteogenic commitment, or DNA damage 
repair [12–15]. The role of CDC20 in fibrosis has also been demon
strated in several recent studies. The integrated pan-cancer analysis in 
human tumors showed that for most cancer types, CDC20 expression is 
positively correlated with the infiltration of cancer-associated fibro
blasts [16]. Epithelial-mesenchymal transition (EMT) is defined as a 
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process in which differentiated epithelial cells undergo phenotypic 
transformation into myofibroblasts capable of producing ECM, and it is 
regarded as an integral part of renal fibrogenesis [17]. CDC20 silencing 
inhibits cancer cell growth and alleviates drug resistance by preventing 
EMT in various cancer cells [18–20]. These data implicated multiple 
functions of CDC20 in cellular processes and its potential role in fibrosis. 

However, the role of CDC20 in renal fibrosis has not yet been char
acterized. Next, we examined the expression of CDC20 in human pa
tients and mice with renal fibrosis. Apcin, a small molecule that binds to 
CDC20 and competitively inhibits the ubiquitination of D-box-contain
ing substrate [21] was used to examine the role of CDC20 silencing in 
renal fibrosis. The present study indicated that Apcin treatment 
dramatically attenuates the ECM accumulation and the activation of 
fibroblasts in the obstructed kidney tissues and tumor growth factor- 
beta 1 (TGF-β1)-stimulated cells, whereas these outcomes were aggra
vated by CDC20 overexpression. Further studies indicated that CDC20 
upregulation was concomitant with the activation of β-catenin signaling, 
which is crucial for promoting renal fibrosis in CKD. The current data 
suggested a vital role of CDC20 in the progression of renal fibrosis; thus, 
the inhibition of CDC20 is a potential novel therapy to antagonize renal 
fibrosis. 

2. Materials and methods 

2.1. Reagents and antibodies 

DMEM, DMEM/F-12, and fetal bovine serum (FBS) were purchased 
from Gibco (Waltham, MA, USA). Apcin (HY-110287) and Cell Counting 
Kit-8 (CCK-8, HY-K0301) were purchased from MedChemExpress 
(Shanghai, China). jetPRIME® (101000046) from Ployplus (Illkirch, 
France) was selected as the transfection reagent. Antibodies for fibro
nectin 1 (FN1, ab2413) and α-smooth muscle actin (α-SMA, ab7817) 
were from Abcam (Cambridge, MA); Collagen I (bs-10423R) and 
Collagen III (bs-0549R) antibodies were from Bioss (Beijing, China); 
anti-CDC20 (A15656), anti-Snail (A11794), anti-Histone H3 (A13824) 
and anti-IL-1β (A1112) was obtained from ABclonal (Wuhan, China); 
anti-β-catenin (66379-1-Ig) and anti-GAPDH (6004-1-Ig) was from 
Proteintech (Wuhan, China). Antibody of TGF-β1 was from Affinity 
(AF1027). 

2.2. Patients 

Kidney biopsy samples were obtained from CKD patients undergoing 
diagnostic evaluation at the Department of Nephrology, Children's 
Hospital of Nanjing Medical University (Nanjing, China). A total of 14 
subjects (age range 1–14 years) were recruited for this study. The 
pathological diagnoses were IgA nephropathy (IgAN), sclerosing 
glomerulonephritis, anaphylactoid purpura nephritis (HSPN), throm
botic microangiopathy, lupus nephritis (LN), anti-neutrophil cyto
plasmic antibodies (ANCA)-associated vasculitis (AAV), subacute 
tubulointerstitial nephropathy, or focal segmental glomerulosclerosis 
(FSGS). The patient information is summarized in Table 1. Non-tumor 
kidney tissue from patients with benign renal tumors and from those 
undergoing partial nephrectomy comprised the normal controls. 

The use of patient biopsy samples and nephrectomy tissue was 
approved by the Human Experimentation Committee of Nanjing Medi
cal University Children's Hospital (202206126-1). All patients provided 
written informed consent. 

2.3. Animals and unilateral ureteral occlusion (UUO) model 

Animal studies were undertaken at the Laboratory Animal Center of 
the Nanjing Medical University and all the mice were housed with un
restricted access to food and water in accordance with the procedures of 
the Institutional Animal Care and Use Committee of the Nanjing Medical 
University (IACUC-2102005). 

To assess the effect of Apcin on CKD, a UUO model was established. 
Eight-week-old male C57BL/6J mice from the Laboratory Animal Center 
of the Nanjing Medical University were randomly divided into four 
groups. The animals were pretreated with Apcin (5 mg/kg/day) by 
intraperitoneal injection for 1 day. Then, the UUO surgery was per
formed as follows: Mice were anesthetized with isoflurane. The retro
peritoneal area was opened by a subcostal lateral incision, the left 
kidney was exteriorized, the proximal ureter was ligated with 4-0 suture 
silk, the kidney was replaced, and the incision was closed and sutured. 
The other steps were identical in the sham group except for ureteral 
ligation. Apcin was administered continuously for the next 7 days before 
the animals were euthanized by exsanguination under isoflurane. Sub
sequently, the kidney tissue was fixed in 4 % paraformaldehyde for 
histological analysis, and the remaining was stored at − 80 ◦C for mRNA 
and protein analysis. 

2.4. Histological analysis 

Kidney tissues were fixed in 4 % paraformaldehyde for at least 24 h 
and embedded in paraffin. Then, the paraffined kidney sections (3 μm) 
were deparaffinized, rehydrated, and stained using Masson's trichrome 
staining to visualize the collagenous connective tissue fibers. The 
fibrosis area (blue) vs. total area was assessed quantitatively using Image 
ProPlus. 

2.5. Immunohistochemical staining 

For immunohistochemical staining, 3-μm-thick paraffin-embedded 
kidney sections were incubated in 3 % hydrogen peroxide for 20 min 
and subjected to antigen retrieval using citrate antigen retrieval buffer 
(Beyotime, Shanghai, China) in boiling water for 20 min. Then, the 
sections were blocked with the immunostaining blocking solution 
(Beyotime) and incubated with CDC20 (1:100), FN 1 (1:200), and 
α-SMA (1:300) antibodies overnight at 4 ◦C. The color reaction was 
developed using diaminobenzidine (DAB), and the nuclei were coun
terstained with hematoxylin. The image analysis and quantification 
were performed using Image ProPlus. 

Table 1 
The basic information and diagnosis of renal biopsy specimens.  

Sex Age 
(years) 

Proteinuria 
(g/24 h) 

Pathological 
diagnosis 

Serum 
creatinine 
(μmol/L) 

BUN 
(mmol/ 
L) 

Girl  12.2 6.62 IgAN (Lee IV)  81.5  6.08 
Boy  1.3 – Sclerosing 

glomerulonephritis  
75.7  12.24 

Boy  13.6 2.91 HSPN IIIa  91.0  4.00 
Girl  1.5 – Thrombotic 

microangiopathy  
49  5.59 

Boy  11.7 3.01 Sclerosing 
glomerulonephritis  

41.0  3.60 

Girl  14.0 0.95 LN V  46.2  4.48 
Boy  13.8 0.10 IgAN (Lee III)  72  6.91 
Boy  12.8 0.44 IgAN  67.6  5.46 
Boy  11.1 1.35 IgAN (Lee III)  64.8  7.13 
Girl  6.9 8.48 AAV  191.2  20.96 
Boy  8.0 – Subacute 

tubulointerstitial 
nephropathy  

387.0  20.10 

Girl  6.0 3.99 IgAN (Lee III)  76.5  6.83 
Girl  10.8 2.72 AAV  272.0  21.30 
Girl  11.8 – FSGS  30.2  4.10 

IgAN: IgA nephropathy; HSPN: Henoch-Schonlein purpura nephropathy; LN: 
lupus nephritis; AAV: ANCA-associated vasculitis; FSGS: focal segmental 
glomerulosclerosis. 
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2.6. Cell culture 

Renal fibroblast cells (NRK-49F, CRL-1570™) and Mouse kidney 
proximal tubular epithelial cells (mPTC, CRL-3361™) were from ATCC. 
NRK-49F cells were maintained in DMEM containing 10 % FBS and 
mPTC cells were cultured in DMEM: F12 containing 7 % FBS and 6 mg/L 
insulin (Beyotime) at 37 ◦C under 5 % CO2 and subcultured at 50–80 % 
confluency using 0.25 % trypsin-0.02 % EDTA (Invitrogen, Carlsbad, 
CA, USA). In some experiments, cells were pretreated with Apcin (25 or 
50 nM) for 0.5 h or transfected with CDC20 plasmids for 6 h and then 
treated with recombinant human TGF-β1 (10 ng/mL for NRK-49F or 15 
ng/mL for mPTC cells) for 24 h. 

2.7. Cell proliferation and cytotoxicity assays 

Cell viability was determined using CCK-8 assay. 1 × 104 of NRK-49F 
and 5 × 103 of mPTCs were seeded in 96-well plates and treated with 
various concentrations of Apcin (0–200 nM). After culturing for 24 h, 10 
μL of CCK-8 reagent was added to each well and incubated for 1–2 h. The 
absorbance was measured at 450 nm on a microplate reader (OD-1000+, 
Onedrop™, Nanjing, China). 

2.8. Quantitative real-time polymerase chain reaction (qPCR) 

Total RNA was isolated from tissues or cells using TRIzol (Invitrogen) 
according to the manufacturer's instructions. cDNA was synthesized 
from 1 μg of RNA using HiScript II RT supermix (Vazyme, Nanjing, 
China). Then, qPCR was performed using SYBR Green PCR Master Mix 
(Vazyme, Nanjing, China) on a LightCycler 96 Instrument (Roche, 
Mannheim, Germany). GAPDH was used as a housekeeping control to 
normalize the target gene expression using the ΔΔCt method (Table 2). 

2.9. Western blot analysis 

Cells or tissues were lysed in RIPA buffer containing protease in
hibitor cocktail (Roche) and boiled for 10 min. An equivalent of 20 μg/ 
lane protein was separated on 10 % sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis (SDS-PAGE) and electroblotted to 
polyvinylidene fluoride (PVDF) membranes (Immobilon, Millipore, 
Bedford, MA, USA). The membranes were blocked with 5 % nonfat milk 
in Tris-buffered saline (20 mM Tris-HCl and 0.5 M NaCl, pH 7.5) for 1 h 
and incubated overnight with antibodies against FN1 (1:1000), collagen 
type I (1:1000), collagen type III (1:1000), α-SMA (1:2000), CDC20 
(1:1000), β-catenin (1:5000), Snail (1:1000), Histone H3 (1:1000), IL-1β 
(1:1000), TGF-β1 (1:1000) and GAPDH (1:10,000) at 4 ◦C. The immu
noreactive bands were visualized using the Biosciences enhanced 

chemiluminescent (ECL) detection system (Amersham, Little Chalfont, 
UK). The densitometric analysis was performed using Image J software 
(NIH, https://imagej.nih.gov/ij). 

2.10. Nuclear and cytoplasmic fractionation 

Cells were cultured in 6-well plates overnight and treated with TGF- 
β1 for 24 h with or without CDC20 overexpression. The cytoplasmic and 
nuclear extracts were isolated using the Thermo Scientific™ NE-PER™ 
Nuclear and Cytoplasmic Extraction Reagents (Cat. No. 78833, Thermo 
Scientific, Waltham, MA, USA), according to the manufacturer's in
structions. Western blot analysis was performed as described above. 

2.11. Statistical analysis 

Results are expressed as mean ± standard error of the mean (SEM). 
Differences between the two groups were analyzed using a two-tailed 
Student's t-test, and the graphs were drawn using GraphPad Prism 6 
software (GraphPad Software). One-way analysis of variance (ANOVA) 
was used for comparisons among multiple groups. P-values <0.05 
indicated a statistically significant difference. 

3. Results 

3.1. Enhanced CDC20 was correlated with the degree of fibrosis 

To explore the role of CDC20 in CKD, we firstly investigated the 
expression of CDC20 in biopsy samples from CKD patients at different 
stages of renal interstitial fibrosis. Immunohistochemical results showed 
that CDC20 was expressed at low levels in the renal tubules and renal 
interstitium of normal human kidneys but increased significantly in CKD 
patients (Fig. 1A and B). This phenomenon was confirmed by the double 
staining of CDC20 and lotus tetragonolobus lectin (LTL, a marker of 
proximal renal tubules) (Fig. 1D) or FSP1 (a marker of fibroblasts) 
(Fig. 1E). Importantly, the level of CDC20 expression was positively 
correlated with the degree of kidney fibrosis, based on the fibrosis score 
(r = 0.620, P < 0.001; Fig. 1C). Moreover, in a renal fibrosis animal 
model (unilateral ureteral obstruction, UUO), Western blot analysis 
confirmed that CDC20 levels were significantly increased in obstructed 
kidneys (Fig. 1F and G). These data indicated that CDC20 might be 
involved in renal fibrosis. 

3.2. CDC20 inhibitor Apcin ameliorated UUO-induced renal fibrosis 

Fibrosis is the final common pathway and the histological manifes
tation of CKD. To further elucidate the role of CDC20 in renal fibrosis, 
we conducted UUO surgery on C57BL/6J mice to establish the renal 
fibrosis model. Mice were pretreated with CDC20 inhibitor Apcin until 
euthanized on day 7. The therapeutic doses of Apcin showed no obvious 
toxicity on kidney, liver, and heart (Supplemental Fig. S1). Compared to 
sham-operated mice, renal fibrosis detected by Masson's trichrome and 
Sirius red staining for collagen showed that Apcin significantly reduced 
collagen deposition and fibrotic lesions in the renal interstitium 
(Fig. 2A–C). 

In order to confirm whether UUO-induced renal fibrosis was reduced 
in Apcin-treated group, we examined the expression of FN1, Collagen I, 
and Collagen III. The results of immunohistochemical staining showed 
that UUO-induced FN1 expression was significantly reduced in the 
Apcin-treated group (Fig. 2D and E). Apcin significantly decreased the 
mRNA levels of Collagen I and Collagen III that were elevated following 
UUO injury (Fig. 2H and I). Western blotting results further confirmed 
that both Collagen I and Collagen III were significantly attenuated in the 
Apcin+UUO group (Fig. 2J and K). The profibrotic factor TGF-β1 also 
decreased after Apcin treatment (Fig. 2J and K). Apcin did not affect the 
expression of CDC20 possibly because Apcin competently inhibits 
CDC20 activity by binding to CDC20, but not affects CDC20 protein 

Table 2 
The sequences of the primers used in the study.  

Primer name Primer sequence 5′-3′

rFN1-F TGGGACTGTACCTGCATTGG 
rFN1-R CCCAGCAGCGTGATCAAAAC 
rCollagenI-F GTGCTCCTGGTATTGCTGGT 
rCollagenI-R GACCTTGAACTCCAGCAGGG 
rCollagenIII-F CACCCCTCTCTTATTTTGGCAC 
rCollagenIII-R AGACTCATAGGACTGACCAAGGTAGTT 
rGAPDH-F ATGATTCTACCCACGGCAAG 
rGAPDH-R CTGGAAGATGGTGATGGGTT 
mFN1-F CGTGGAGCAAGAAGGACAA 
mFN1-R GTGAGTCTGCGGTTGGTAAA 
mα-SMA-F CCCTGAAGAGCATCCGACA 
mα-SMA-R CCAGAGTCCAGCACAATACC 
mCollagenI-F TAAGGGTCCCCAATGGTGAGA 
mCollagenI-R GGGTCCCTCGACTCCTACAT 
mCollagenIII-F AGGCAACAGTGGTTCTCCTG 
mCollagenIII-R GACCTCGTGCTCCAGTTAGC 
mGAPDH-F GTCTTCACTACCATGGAGAAGG 
mGAPDH-R TCATGGATGACCTTGGCCAG  
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expression (Fig. 2J and K). These data provided strong evidence that 
Apcin attenuates UUO-induced ECM accumulation. 

Fibroblasts and myofibroblasts are the final executors of renal 
fibrosis. These activated executors can produce substantial ECM, leading 
to fibrosis. Myofibroblasts are the activated form of fibroblasts, char
acterized by the expression of alpha-smooth muscle actin (α-SMA) [22]. 
As shown in Fig. 2, the expression level of α-SMA was significantly 
increased in the UUO model, as shown by immunohistochemical stain
ing (Fig. 2F and G). Additional Apcin treatment attenuated the increase 
of α-SMA expression. 

Inflammation also plays an important role in the progression of CKD. 
Therefore, we also examined the inflammatory state in the obstructed 
kidneys of UUO mice. As shown by western blotting analysis, UUO 
significantly induced the expression of inflammatory factor interleukin- 
1β (IL-1β), which was significantly inhibited by administration of Apcin 
(Supplemental Fig. S2). 

3.3. Apcin reduced TGF-β1-induced ECM production in mPTC cells 

Although fibroblasts are the major contributors to renal fibrosis, 
recent studies have shown that renal tubular epithelial cells can generate 
mature deposited ECM upon stimulation by TGF-β1 [23]. Therefore, we 
wondered whether Apcin reduces TGF-β1-induced ECM accumulation in 
mPTC cells. First, we determined that exposing mPTCs to Apcin did not 
cause a significant decrease in cell viability in a concentration- 
dependent manner (Fig. 3A). TGF-β1 was administered 0.5 h after 
Apcin treatment. In the current study, both 25 nM and 50 nM Apcin 
administrations notably reduced the TGF-β1-induced elevation of FN1, 
Collagen I, and Collagen III (Fig. 3B–D). Western blotting further 
confirmed that 50 nM Apcin treatment conspicuously reduced the 
expression of FN1 and Collagen III compared to the TGF-β1-stimulated 

group (Fig. 3E and F). Consistent with in vivo results, Apcin did not 
affect CDC20 expression in mPTC cells (Fig. 3E and F). 

3.4. Apcin diminished TGF-β1-mediated fibroblast activation 

Next, we examined the role of Apcin in fibroblast activation. In 
NRK49F cells, Apcin treatment only slightly decreased the cell viability 
at high concentrations (10.11 %) (Fig. 4A), indicating that Apcin does 
not affect the growth of fibroblasts under physiological conditions. 
Western blot and qPCR analysis showed that the administration of Apcin 
prior to TGF-β1 stimulation significantly decreased the levels of FN1 and 
Collagen III (Fig. 4B, C, D, and E). The expression of CDC20 increased 
after TGF-β1 stimulation, which was not significantly affected after 
Apcin treatment (Fig. 4D and E). These data confirmed that Apcin re
duces TGF-β1-induced fibroblast activation in NRK49F cells. 

3.5. CDC20 deteriorated TGF-β1-induced ECM production in mPTC cells 

Although inhibition of CDC20 reduces UUO- and TGF-β1-induced 
renal fibrosis, it is unclear whether CDC20 induces renal fibrosis. Next, 
we overexpressed CDC20 in mPTC cells (Fig. 5A) and observed a con
spicuous increase in TGF-β1-induced ECM secretion. In cells treated with 
TGF-β1, markedly increased FN1, α-SMA, and Collagen I mRNA levels 
were observed following CDC20 overexpression (Fig. 5B–D). Western 
blot and semi-quantitative analysis confirmed that CDC20 over
expression further induces the protein levels of FN1, α-SMA, and 
Collagen III after TGF-β1 treatment (Fig. 5E and F). 

Fig. 1. Enhanced CDC20 was correlated with the degree of fibrosis. (A and B) Representative micrographs showing CDC20 expression in kidney biopsy specimens 
from CKD patients with fibrosis (n = 14). Adjacent nontumor kidney tissue from patients who had renal cell carcinoma was used as control. Scale bar: 50 μm. Image 
analysis and quantification were performed using Image-Pro Plus. (C) Linear regression showing renal CDC20 is positively correlated with the extent of fibrosis in 
CKD patients. The Spearman correlation coefficient (r) and P value are shown. (D) Colocalization of CDC20 and LTL (a specific proximal tubule marker) in kidneys 
from CKD patients. Scale bar: 20 μm. (E) Colocalization of CDC20 and FSP1 (a specific fibroblast marker) in kidneys from CKD patients. Scale bar: 20 μm. (F and G) 
Western blot and quantitative data showing renal expression of CDC20 in sham-operated and UUO mice (n = 3). The values represent means ± SEM. 
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3.6. CDC20 aggravated TGF-β1-induced fibroblast activation in NRK49F 
cells 

To further validate the role of CDC20 in fibroblasts, we overex
pressed CDC20 in NRK49F cells, followed by TGF-β1 stimulation. 
Notably, Collagen III and FN1 protein levels were elevated in cells that 
overexpressed CDC20 following TGF-β1 stimulation (Fig. 6A–C), as well 
as the mRNA levels of FN1 and Collagen I (Fig. 6D and E). 

3.7. CDC20 regulated nuclear translocation of β-catenin 

CDC20 is associated with the cell cycle regulation. Thus, we exam
ined cell cycle status in renal tubular cells and fibroblasts with TGF-β1 
stimulation after CDC20 overexpression or inhibition with Apcin. We 
found that modulation of CDC20 did not affect the cell cycle progression, 
suggesting that the role of CDC20 in the present experimental setting 
was not associated with cell cycle regulation (Supplemental Fig. S3). 

The Wnt/β-catenin signaling pathway plays a critical role in renal 
development; this system was suppressed in adulthood [24]. In a steady 
state, β-catenin is inactivated by a complex termed “destruction com
plex,” but can be re-expressed by injured kidneys and other tissues 
[25,26]. Subsequently, β-catenin is translocated into the nucleus, where 
it acts as a transcription factor to trigger Wnt-dependent gene expression 

and ultimately promotes renal fibrosis [24]. The pathway analysis of 
CDC20-interacting proteins indicated that CDC20 plays additional roles 
outside of the cell cycle regulation process, including β-catenin pathway 
[27]. Reportedly, in colorectal cancer, CDC20 activates β-catenin by 
mediating the degradation of conductin via a conserved D-box domain 
[28]. Thus, we examined the activity of β-catenin in the UUO model, 
where it targets a significantly induced profibrotic Snail gene; this 
activation could be remarkably inhibited by Apcin (Fig. 7A and B). In 
vitro, the overexpression of CDC20 in tubular epithelial and NRK-49F 
cells increased the TGF-β1-induced nuclear translocation of β-catenin 
(Fig. 7C–F). These results suggested that the profibrotic effect of CDC20 
may be achieved via β-catenin activation, which is summarized in Fig. 8. 

4. Discussion 

Fibrosis is an irreversible process responsible for the eventual pro
gression of CKD to end-stage renal disease. Inhibiting this slow pro
gression may be the key to improving the outcomes in CKD patients; 
however, the underlying mechanisms are yet unclear. Altered CDC20 
expression has been reported in fibrosis in different organs. The upre
gulated expression of CDC20 has been observed in an inhalation model 
of chrysotile-induced fibrogenesis [29]. Several datasets also indicate a 
potential role of increased CDC20 expression in endometrial and liver 

Fig. 2. CDC20 inhibitor Apcin ameliorated UUO-induced renal fibrosis. (A) Representative micrographs showing collagen deposition in obstructed kidneys. Mice 
were pretreated with Apcin (5 mg/kg per day) by intraperitoneal injection for 1 day. UUO surgery was then performed, and Apcin was administered continuously for 
the next 7 days until mice were sacrificed on day 7. Paraffin sections were subjected to Masson's trichrome staining for collagen deposition. Scale bar: 50 μm. (B) 
Graphic presentation showing the fibrotic area in kidney tissues among groups as indicated (n = 8 in vehicle Sham group; n = 7 in Apcin Sham group; n = 7 in vehicle 
UUO group; n = 7 in Apcin UUO group). The quantification of fibrotic area was performed by Image-Pro Plus. (C) Representative micrographs of Sirius red staining in 
mice after UUO. Scale bar: 50 μm. (D and E) Representative micrographs and quantitative data for FN1 immune staining in kidney tissues (n = 4). Scale bar: 50 μm. (F 
and G) Representative micrographs and quantitative data showing α-SMA expression in kidney tissues among groups as indicated (n = 4). Scale bar: 50 μm. Positive 
signal quantification was performed using Image-Pro Plus. (H and I) The mRNA level of Collagen I and Collagen III were evaluated by qRT-PCR (n = 8 in vehicle 
Sham group; n = 7 in Apcin Sham group; n = 7 in vehicle UUO group; n = 7 in Apcin UUO group). (J and K) Representative Western blot and quantitative data 
showing renal expression of Collagen I, Collagen III, TGF-β1 and CDC20 (n = 3 in sham group; n = 4 in UUO group). The values represent means ± SEM. P values 
were shown in figure. 
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fibrosis [30,31]. However, the role of CDC20 in renal fibrosis has not 
been well-characterized. The present study showed that the expression 
of CDC20 was remarkably increased in both renal fibrosis patients and a 
mouse UUO model. Importantly, our data suggested a strong link be
tween CDC20 expression and renal fibrosis. 

The pathogenetic theories of renal fibrogenesis postulate a mal
adaptive repair process in response to various types of stimulation [32]. 
It is characterized by substantial histological changes that include 
forming fibroblastic foci and accumulating ECM components [33]. 
Previously, Apcin was identified as a CDC20 inhibitor exhibiting high 

Fig. 3. Apcin reduced TGF-β1-induced extracellular matrix production in mPTC cells. The mPTC cells were pretreated with Apcin or DMSO for 0.5 h and then treated 
with recombinant human TGF-β1 (15 ng/mL) for 24 h. (A) Cell viability of mPTC cells treated with different concentrations of Apcin for 24 h (n = 6). (B–D) 
Representative qRT-PCR data showing the mRNA level of FN1, Collagen I and Collagen III (n = 4). (E and F) Immunoblot analyses and quantitative data showing the 
expression of Collagen I, FN1 and CDC20 in mPTC cells with or without 50 nM Apcin (n = 3). The values represent means ± SEM. P values were shown in figure. 

Fig. 4. Apcin blunted TGF-β1-mediated fibroblast activation. The NRK49F cells were pretreated with Apcin (50 nM or mentioned) or DMSO for 0.5 h and then 
treated with recombinant human TGF-β1 (10 ng/mL) for 24 h. (A) Cell viability of NRK49F cells treated with different concentrations of Apcin for 24 h (n = 6). (B 
and C) Quantitative determination of FN1 and Collagen III by qRT-PCR (n = 6). (D and E) Western blot and quantitative data showing Collagen III, FN1 and CDC20 
protein levels (n = 3). The values represent means ± SEM. P values were shown in figure. 
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micromolar activities [34]. In the current study, Apcin-mediated inhi
bition of CDC20 was effective in attenuating UUO-induced fibrosis by 
reducing the renal deposition of ECM. Moreover, Apcin treatment 
abrogated the expression of α-SMA, a significant indicator of fibroblast 
activation [35]. All fibroblasts and myofibroblasts, especially myofi
broblasts, expand in CKD and are major producers of ECM proteins [36]. 
Under physiological conditions, the inhibition of CDC20 did not 

significantly affect the fibroblast growth in vitro. However, in TGF-β1- 
induced fibroblasts, CDC20 silencing significantly attenuated fibroblast 
activation and fibrotic deposition, which might be related to the 
increased expression of CDC20 and fibroblast expansion after fibrosis 
[37]. Strikingly, the inhibition of CDC20 might inhibit cell proliferation 
and induce cell cycle arrest in many hyperproliferative cells, such as 
glioblastoma cells and endometrial cells [12,38]. 

Fig. 5. CDC20 deteriorated TGF-β1-induced extracellular matrix production in mPTC cells. The mPTC cells were transfected with CDC20 plasmids and then treated 
with recombinant human TGF-β1 (15 ng/mL) for 24 h. (A) Western blot and quantitative data showing expression of CDC20 after CDC20 plasmids transfection (n =
3). (B–D) Representative qRT-PCR data showing the mRNA level of FN1, Collagen I and α-SMA (n = 6). (E and F) The expression of Collagen III, CDC20, α-SMA and 
FN1 in mPTC cells were detected by immunoblotting (n = 3). The values represent means ± SEM. P values were shown in figure. 

Fig. 6. CDC20 aggravated TGF-β1-induced fibroblast activation. The NRK49F cells were transfected with CDC20 plasmids and then treated with recombinant human 
TGF-β1 (10 ng/mL) for 24 h. (A–C) Western blot and quantitative data showing the expression of Collagen III and FN1 (n = 3). (D and E) The mRNA level of FN1 and 
Collagen I were evaluated by qRT-PCR (n = 3). The values represent means ± SEM. P values were shown in figure. 
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Accumulating evidence has shown that tubular epithelial cells are 
not only victims of tubulointerstitial fibrosis but also initiators of fibrotic 
responses to various injuries [39–41]. Although the ECM genes were 
only slightly upregulated in epithelial cells, injured proximal renal 
tubular cells showed a high expression of ECM genes [36]. Similar to 
fibroblasts, Apcin also did not inhibit the growth of normal renal tubular 
epithelial cells but ameliorated the fibrotic process in these cells. 

Surprisingly, since CDC20 is a key protein promoting anaphase during 
cell cycle progression, abolishing the expression of the protein raises the 
level of cyclin B1 that arrests the cell cycle in mitosis [42,43]. On the 
other hand, several studies have suggested that cell cycle arrest in renal 
tubular epithelial cells exacerbates renal fibrosis [44,45]. In our study, 
we found that CDC20 had no effect on the cell cycle progression in both 
renal tubular epithelial cells and fibroblasts, suggesting that CDC20 
functioned independent of cell cycle mechanism in the present experi
mental setting. 

Nevertheless, several indications support the possibility that CDC20 
exacerbates fibrosis in epithelial cells. Reportedly, CDC20 inhibits 
β-catenin degradation in colorectal cancer cells [28]. The present study 
showed that Apcin significantly mediates the inhibition of β-catenin 
activity in UUO mice. The essential role of β-catenin activation in 
driving CKD progression has also been illustrated previously [46]. The 
activation of β-catenin triggers the transition of renal tubular epithelial 
cells to a mesenchymal phenotype [47] and modulates fibroblast- 
epithelial crosstalk [48]. Our results demonstrated that CDC20 in
creases nuclear translocation of β-catenin upon TGF-β1 stimulation in 
vitro. β-Catenin nuclear translocation activates the transcription of 
downstream profibrotic genes such as Snail, c-Myc, PAI1, and Twist. 
Especially, Snail controls the major biological processes responsible for 
renal fibrogenesis activation but has also been reported to induce EMT 
and renal fibrosis in adult transgenic mice [49,50]. Also, in our study, 
the expression of Snail was decreased significantly along with the 
expression of β-catenin by the pharmacological inhibition of CDC20 in 
UUO mice. These data implied that CDC20 mediates renal fibrosis 
through the β-catenin pathway. However, the detailed mechanism of 
CDC20 in regulating the entry of β-catenin into the nucleus has not been 
investigated in this study. In addition, the upstream regulatory mecha
nism of CDC20 in this experimental setting was not explored. These 
limitations need to be addressed by further studies. 

Fig. 7. CDC20 regulated nuclear translocation of β-catenin. (A and B) Western blot and quantitative analysis of β-catenin and Snail in UUO model with or without 
Apcin (n = 3 in Sham group, n = 5 in UUO and UUO + Apcin groups). (C and D) The mPTC cells were transfected with CDC20 plasmids and then treated with 
recombinant human TGF-β1 (15 ng/mL) for 24 h. Western blot and quantitative analysis of β-catenin in cytoplasm and nuclear (n = 4 in each group). (E and F) The 
NRK-49F cells were transfected with CDC20 plasmids and then treated with recombinant human TGF-β1 (10 ng/mL) for 24 h. Western blot and quantitative analysis 
of β-catenin in cytoplasm and nuclear (n = 4 in each group). The values represent means ± SEM. P values were shown in figure. 

Fig. 8. Schematic for CDC20 aggravating the fibrotic response of renal tubular 
epithelial cells and fibroblasts by regulating the nuclear translocation of 
β-catenin in the mouse model of CKD. 
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5. Conclusions 

In the present study, we found that the increased level of CDC20 
mediates extracellular matrix deposition and fibroblast activation in 
renal fibrosis. In addition, CDC20 inhibitor Apcin inhibits all these re
sponses in vivo and in vitro. Furthermore, it was preliminarily shown 
that CDC20 accelerates fibrosis through β-catenin signaling. This is the 
first study on CDC20 and its inhibitor in renal fibrosis. Next, we func
tionally validated CDC20 in both renal tubular epithelial cells and 
mesenchymal fibroblasts, wherein it plays a major role in tubulointer
stitial fibrosis. This effectively complements the mechanism of tubu
lointerstitial fibrosis and provides a putative therapeutic approach. 
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