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A B S T R A C T   

Chronic kidney disease (CKD) is an growing public health concern associated with high mortality rates. The 
occurrences of vascular calcification (VC) increase concordantly with the progression of CKD.With CKD, 
hyperphosphatemia promotes intermediate VC, a process that is further facilitated by vascular smooth muscle 
cells (VSMCs) initiating osteogenic transdifferentiation. The purpose of this study was to determine the 
involvement of CKAP4 in VC progression. Clinical investigations demonstrate that elevated blood CKAP4 and 
matrix metallopeptidase 2 (MMP2) levels are related with CKD in individuals. As an in vitro model, mouse VSMCs 
were extracted and treated with high levels of phosphates (2.5 mmol/L Pi). We also created an in vivo mice model 
of CKD induced by 5/6 nephrophrectomies and a high-protein diet (High Pi diet). The expression of CKAP4 and 
MMP2 in both in vitro and in vivo models was significantly higher in VSMCs and calcified aorta in both models. 
Additionally, in vitro tests indicated that CKAP4 modulates YAP phosphorylation. Simultaneous silencing of 
CKAP4 and calcium content assay revealed a significant reduction in the VSMCs and calcium content of the aorta. 
Alizarin red staining and calcium content assay reveled that silencing of CKAP4 reduced the VSMCs and aortic 
calcification, accompanied with reduced expression of YAP and MMP2. Overall, our study demonstrates for the 
first time that CKAP4 contributes to VC in CKD by modulating YAP phosphorylation and MMP2 expression.   

1. Introduction 

Chronic kidney disease (CKD) has lately been identified as a serious 
public health burden, with a global prevalence of 13% [1,2]. CKD is 
classified into five stages based on renal glomerular filtration rates 
(GFR), with less than 60 mL/min per 1.73 m2 being mild stage III CKD. 
Lower GFR levels result in more severe CKD development, including 
severe stage IV and end-stage V CKD [3]. Vascular calcification (VC) is a 
highly regulated process that resembles bone development in its 
mechanism [4], and is defined by the transition of contractile vascular 
smooth muscle cells (VSMCs) to an osteogenic phenotype [5]. Recent 
research suggests that arterial calcification contributes to increased 
cardiovascular mortality and morbidity, particularly in patients with 
CKD [6,7]. Typically, vascular function is typically defined by three 

distinct functions: endothelium secretion, smooth muscle contraction, 
and vascular structural integrity. Anomalies in one or more of these 
functions begin in the early stages of CKD alongside cardiovascular 
complications and progressively deteriorate as the illness advances to 
the end stage [8]. CKD-related CVD (cardiovascular disease) increases 
the risk of type 2 diabetes in patients, and even mild to severe CKD in
creases the risk of atherosclerosis by 87% [9,10]. Some patients have a 
combined severity of renal bone disease and VC, particularly during 
hemodialysis, which complicates therapy options [11]. 

In response to damage or stress, VSMCs in blood vessels play a crit
ical role in redesigning and mending wounded portions [12,13]. It was 
previously established that calcification in VSMCs begins with the 
release of hydroxyapatite-containing vesicles [14]. This is followed by 
the active transition of VSMCs into an osteogenic or chondrogenic 
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lineage, which promotes the release of vesicular structures. Addition
ally, the osteogenesis of these cells induces mineralization and the 
release of many substances such as alkaline phosphatase (ALP) and bone 
morphogenic factor, allowing VSMCs to totally transform into osteo
genic cells [15]. VSMCs, on the other hand, passively recruit minerals 
from extracellular fluid and precipitate them in the vascular walls, 
increasing mineralization [16]. VC is frequently accompanied with 
elevated calcium and phosphate levels, which contributes to the vicious 
cycle of mineralization [15,17]. Studies have indicated that excessively 
high-phosphate levels can contribute considerably to CKD and are being 
used to construct models to better understand disease progression 
[18,19]. Surprisingly, VSMCs appear to be unable to adapt in a high 
phosphate environment, undergoing rapid differentiation and apoptosis 
[17]. Despite the fact that it is evident that VC is a substantial contrib
utor to morbidity and mortality in individuals with CKD, the molecular 
basis for VC development is still unknown. 

Cytoskeleton-associated protein 4 (CKAP4, also known as P63, 
CLIMP-63, and ERGIC-63) is an endoplasmic reticulum protein that is 
present on the surface of cell membranes, including VSMCs [20], and 
acts as a receptor for Dickkopf1 (DKK1) [21]. DKK1 has been implicated 
in the pathophysiology of VC [22]. In addition to DKK1, CKAP4 as a 
receptor can bind to APF (Antiproliferative factor), and CKAP4 binding 
to APF can inhibit Matrix Metalloproteinase-2 (MMP-2) production in 
T24 bladder cancer cells [23]. Additionally, MMP-2 overexpression 
causes arterial vascular calcification in patients with CKD [24]. Besides, 
DKK1 has been demonstrated to influence the activity of smooth muscle 
cells via the YAP-TEAD pathway [25]. In the research of gastric cancer, 
inhibiting YAP expression inhibited cell proliferation and metastasis by 
downregulating MMP-2 expression, demonstrating that YAP had a 
positive regulatory effect on MMP-2 [26]. Therefore, we hypothesize 
that CKAP4 can regulate YAP and MMP in some way, thereby regulating 
VC during chronic kidney disease. To create new diagnostic and thera
peutic options, we sought to elucidate the molecular mechanisms un
derlying disease progression in this work. Initially, we discovered that 
CKD patients had elevated serum levels of a CKAP4, which suggests that 
CKAP4 may contribute to the VC process during CKD. Using an in vitro 
VSMC and an in vivo 5/6 Nx mice model fed a high-phosphate (Pi) 
media/diet, the current work sought to determine the precise mecha
nism by which CKAP4 acts in this process. 

2. Materials and methods 

2.1. Patients 

Between May 2018 and July 2020, 142 CKD patients were recruited 
from the Nephrology Department at Shanghai General Hospital, with 57 
men and 85 women ranging in age from 40 to 76. The control group in 
this study consisted of 32 healthy patients with normal renal function. 
All patients were given signed consent papers. Furthermore, studies 
were carried out in line with the Helsinki Declaration. The patient 

diagnoses are summarized in Table 1. 

2.2. VSMCs culture and treatments 

The VSMCs were cultured as previously described [16]. Briefly, 
umbilical veins were isolated and the endothelium was removed, the 
remaining part of the veins were split into smaller parts and cultured on 
lumen-coated plates. The explants were cultured in M199 medium 
containing 10% fetal calf serum (FCS) and 2 ng/ml basic FGF and were 
maintained at 37 ◦C in the presence of 5% CO2. Complete medium 
replacement with fresh M199 medium was performed post 72 h. Within 
2 weeks, cells emerged from the explant and confluency was achieved by 
4 weeks. Smooth muscle identity was confirmed through α-smooth 
muscle actin (α-SMA) staining and the “hill and valley” growth 
patterning of the cells. Once the cells had undergone 5–8 passages, ex
periments were performed. 

2.3. Animal model 

All procedures were performed with respect to the guidelines and 
was approved by the Institutional Animal Care and Ethics committee at 
Shanghai Jiaotong university. A total of 80 male C57BL/6 J mice (8–10 
weeks) were purchased form Jackson Laboratory, Sacramento, CA. The 
5/6NX model was developed in male C57BL/6 J mice, and the detailed 
operation method was based on a previously published paper [27]. 
Further, the mice were kept at 12 h light and 12 h dark cycle in a 
(19–21 ◦C) temperature-maintained facility with standard rodent diet 
and access to drinking water. The 5/6 Nx model (CKD group, n = 60) 
was developed on C57BL/6 J mice by decapsulating the left kidney 
through flank incision and resection of the upper and lower poles. Post 1 
week, another surgery, specifically by incision in the right flank the right 
kidney was removed entirely. Sham group (n = 20) mice underwent 
similar surgical procedure except for the removal of right kidney. Post 1- 
week recovery, mice from both sham and CKD group were randomly 
split equally into two groups with either a normal (0.5%) phosphate 
(normal Pi) diet or high (1.5%) phosphate diet (high Pi) for 12 weeks. To 
further explore the role of CKAP4 in CKD in vivo, two weeks after CKD 
model developed, 24 mice from the CKD group that was fed High Pi were 
chosen randomly. They were then split into two groups with 12 mice 
each. One group was given 100 μl of CKAP4 siRNA lentivirus at a dose of 
107 vector geneome per mice via tail vein injection, and the other group 
got the same amount of scramble siRNA. Further, after 12 weeks, using 
computerized tail-cuff system, blood pressure of the mice was measured. 
Urine was also assessed using ELISA kits (Assay Designs, Ann Arbor, MI) 
for creatinine and protein levels. Mice were successfully sacrificed with 
50 mg/kg pentobarbital and renal tissues were removed for further 
processing. These tissues were either quickly fixed and processed using 
Mason’s staining or flash frozen using liquid nitrogen and stored at 
− 80 ◦C for further analysis. 

2.4. Calcium deposition 

To assess the deposited calcium, cells were initially decalcified for 
24 h using HCl (0.6 mol/L). Calcium concentration was measured from 
the supernatant using absorption spectroscopy. The BCA assay kit was 
used to quantify the protein recovered from the cells (Pierce, Rockford, 
IL) and were used to achieve normalization of the samples. 

2.5. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) assay 

To determine cell viability, VSMCs were seeded at a density of 4 ×
103 cells/well on a 96 well plate. The cells were allowed to grow for 48 h 
and were incubated with MTT solution (Sigma Chemical Co., USA) at a 
concentration of 5 mg/ml at 37 ◦C. After 4 h of incubation, the MTT 
solution was removed and 100 μl DMSO was added. To allow complete 

Table 1 
Clinical characteristics of healthy volunteers and patients with CKD.   

Healthy 
controls 

CKD stage III- 
IV 

CKD stage 
V 

P-value 

No. of cases 32 47 95  
Age(years) 46.5 ± 6.5 57.9 ± 8.9 66.2 ±

10.1 
0.06 

Male gender(%) 56.2% 57.5% 61.1% 0.76 
Hypertension(%) – 55.2% 57.6%  
Diabetes mellitus(%) – 58.5% 67.2%  
Serum creatinine(mg/ 

dL) 
0.63 ± 0.3 1.82 ± 0.25 5.95 ±

0.37 
<00001 

eGFR(mL/min/ 
1.73m2) 

88.92 ± 4.4 29.85 ± 3.6 13.8 ± 2.4 <00001 

Data are shown as mean ± S.E.M. 
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solubility of the intracellular purple crystals, cells were incubated in an 
orbital shaker with DMSO for 5 mins. Further at 570 nm, absorbance was 
measured using a microplate reader (Thermo, Rockford, IL). Further, 
cell viability percentage was calculated using the formula “OD of 
treatment group/OD of control group * 100”. 

2.6. Alizarin red staining 

Calcification was determined using Alizarin red staining as previ
ously described [28,29]. Briefly, cells seeded onto 6 well plate were 
fixed using 70% ethanol and stained with Alizarin red. Further, the 
accumulated stain was dissolved using ethylpyridium chloride and thus 
obtained supernatant was measured at 550 nm using a microplate 
reader. 

2.7. Measurement of alkaline phosphatase (ALP) activity 

Cells cultured on a 24 well plate were detached after reaching con
fluency and sonicated in the presence of 600 μl distilled water. Using a 
modified Lowry method, ALP activity was measured. Briefly, assay 
mixtures containing 0.1 M 2-amino-2-methyl-1-propanol, 8 mM p- 
nitrophenyl phosphate disodium, and 1 mM MgCl2, were added onto the 
cell homogenates. Post 4 mins incubation at 37 ◦C, NaOH was used to 
inhibit the reaction. Further at 405 nm, absorbance was read using a 
microplate reader. Measurements p-nitrophenol was used to prepare the 
standard curve. Further, normalization of the values was achieved using 
protein concentrations which were measured from the sonicated sam
ples using BCA method [30]. 

2.8. Apoptosis assay 

Apoptotic cell death was assessed by staining the cells with Annexin- 
V FITC and PI- staining. Based on the manufacturer’s protocols, both 
attached and free-floating cells were collected and stained with Annexin 
V-FITC antibody and PI. Further, these cells were quantified using flow 
cytometry [31]. 

2.9. Cell line and viral transduction 

Overexpression of CKAP4 was performed using a lentivirus designed 
cDNA obtained from OriGene (Rockville, MD). 293A cells were used for 
production of CKAP4 containing lentivirus. To attain efficient trans
duction, a multiplicity of infection (MOI) of 100 was used. 

2.10. Small interfering RNA (siRNA) transfection 

NC-siRNA, CKAP4-siRNA and YAP-siRNA were synthesized chemi
cally at Suzhou GenePharma Co. Ltd. (Suzhou, China). Mouse CKAP4 
gene was constructed into pcDNA3.1 + HA vector by Life Technologies 
(Invitrogen, California, USA), and the empty vector served as the 
negative control. The cells were cultured to attain 70–80% confluency, 
after which cells were transfected either with, NC-siRNA or CKAP4- 
siRNA using Lipofectamine 2000 (Invitrogen, California, USA) based 
on the manufacturer’s instructions. 

2.11. Immunocytochemical staining 

Firstly, cells were washed twice with PBS for 10 mins. Subsequently, 
they were fixed with 4% paraformaldehyde for 10 mins and per
meabilized using 0.5% Triton-X in 0.1 M Tris-buffered saline (TBS; pH 
7.6). Further, the cells were quickly washed with PBS. The cells were 
blocked 3% goat serum in TBS. Then, the cells were incubated with YAP 
(ab52771, Abcam) and MMP-2 (ab97779, Abcam) primary antibody 
diluted in TBS with normal goat serum (10%) for 1 h. Subsequently, the 
cells were incubated with the Alexa Red conjugated anti-mouse IgG 
(Molecular Probes) secondary antibody in TBS for 1 h. Nuclear staining 

was performed using Hoechst 33258. Subsequent imaging of the cells 
was performed using Laser Scanning confocal fluorescence microscope 
(Olympus FV1000S). 

2.12. Immunohistochemical analysis 

Paraffin embedded tissue sections (4 μm) were used to perform 
immunohistochemical analysis. The sections were mounted onto 
SUPERFROST slides and incubated at 37 ◦C overnight. De-waxing in 
xylene and ethanol was followed by antigen-retrieval by boiling in mi
crowave oven three times for 5 mins (pH 6.0, 0.94 ml Antigen 
Unmasking Solution (Vector Laboratories, Burlingame, CA, USA)/100 
ml distilled water). Further, the slides were immersed in 3% hydrogen 
peroxide solution for 20 mins. Blocking was performed with 10% goat 
serum in PBS for 30 mins. Slides were incubated with primary antibodies 
against CKAP4 (ab84712, Abcam) overnight at 4 ◦C which was subse
quently followed by incubation with secondary antibody conjugated 
with hydrogen peroxidase for 30 mins. Visualization was achieved with 
the aid of 3-Amino-9-Ethylcarbazole (AEC) substrate chromogen (ADI- 
950-200-0003, WAKO) and utilized based on the manufacturer’s in
structions. The sections were stained with hematoxylin and dehydrated 
through the treatment with gradient ethanol. Finally, the sections were 
mounted and visualized. 

2.13. Western blot analysis 

Cells were cultured in 6 well dishes for 48 h and the protein was 
extracted RIPA buffer containing 0.1% SDS. The extracted protein was 
quantified using BCA assay kit. 20 μg of protein denatured using Lamelli 
buffer were loaded and migrated using a 10–15% SDS-PAGE gel, 
transferred onto a nitrocellulose membrane. Blocking of the membranes 
were performed using 5% skim milk in PBST (PBS with 0.1% Tween-20) 
for 1 h. Further, the membranes were incubated with the same blocking 
buffer containing either of the primary antibodies; anti-CKAP4 (Abcam, 
1:1000), anti-YAP (Abcam, 1:1000), anti-α-SMA (Abcam, 1:1000), anti- 
RUNX2 (Abcam, 1:1000), anti-Pit1 (Abcam, 1:1000), anti-MMP2 
(Abcam, 1:1500), anti-Caspase-3 (Abcam, 1:1000), anti-Bax (Abcam, 
1:1000), anti-MST1 (Abcam, 1:500), anti-p-MST1 (Abcam, 1:1000), 
anti-LATS1 (Abcam, 1:1000), anti-p-LATS1 (Abcam, 1:1500), anti- 
GAPDH (Abcam, 1:2000), anti-MMP2 (Abcam, 1:1000), and anti- 
SM22α (Bioss, 1:1000). The blots were incubated at 4 ◦C overnight. 
Further, the blots were washed with PBST thrice and 5 mins each. The 
membranes were subsequently incubated with secondary antibody 
conjugated with horse-radish peroxidase for 1 h at RT. The membranes 
were visualized using chemiluminescent reagent in accordance with the 
manufacturer’s instructions. The quantitative results of western blot 
analysis were determined in Image J software (U. S. National Institutes 
of Health, Bethesda, MD, USA). 

2.14. QRT-PCR 

The total RNA in samples were isolated using TRIZOL reagent 
(Invitrogen). After quantification, cDNA was synthesized using the First- 
strand cDNA synthesis kit (Invitrogen). A light cycler (Roche) and 
FastStart DNA Master Plus SYBR green I kit (Roche) was used to perform 
the quantitative PCR. Further, the expression was normalized with the 
values obtained from GAPDH. PCR conditions used in this study is a as 
follows 95 ◦C for 15 s, 57 ◦C for 30 s, and 72 ◦C for 1 min. The primers 
used in the study are summarized below: CKAP4-F: TCCCGTCA
GAGGGATGAGC, CKAP4-R: GCTGGGAGTTTCTCAGGAGG; MMP2-F: 
ACCTGAACACTTTCTATGGCTG, MMP2-R: CTTCCGCATGGTCTC
GATG; YAP-F: TTGCGTCTGATCTCGTGGAG, YAP-R: GGAAGCTGTCT
CATGCCTCA; α-SMA-F: TCCACCGCAAATGCTTCTAAGT, α-SMA-R: 
ATGAGTCAGAGCTTTGGATAGGC; SM22α-F: TGGTGAGCCAAGCA
GACTTC, SM22α-R: AAGGCTTGGTCGTTTGTGGA; Pit1-F: 
CAATTCCGCCTCTGCACCTA, Pit1-R: TTCACATGTGTGCTGGCTTC; 
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Runx2-F: CCGCCTCAGTGATTTAGGGC, Runx2-R: GGGTCTGTAATCT
GACTCTGTC; MSX-F: GGAGCACCGTGGATACAGG; MSX-R: 
TAGAAGCTGGGATGTGGTGAA; GAPDH-F: AGGTCGGTGTGAACG
GATTTG, GAPDH-R: TGTAGACCATGTAGTTGAGGTCA. 

2.15. Statistical analysis 

Data presented in this study are representative of three independent 
experiments. The results are expressed as mean ± S.E.M. The signifi
cance of the values was assessed using one-way analysis of variance 
(ANOVA) followed by Student’s t-test. All the statistical analysis in this 
study was carried out using SPSS 16.0 software. P < 0.05 was considered 
statistically significant. 

2.16. Ethics statement 

The present study was approved by the local investigational review 
board and written informed consent was obtained from all participants. 

3. Results 

3.1. High phosphates treated VSMCs based CKD in vitro model 

Initially, we looked into the levels of CKAP4 and MMP2 in the pa
tients with CKD. When comparing individuals with stage V CKD, who 
are regarded to have end stage renal illness, to normal people, we 
discovered that they had the highest levels of both CKAP4 and MMP2 
when compared to normal patients. Additionally, CKAP4 and MMP2 
levels were considerably elevated in patients with stage III-IV chronic 
kidney disease, indicating that they may play a role in the disease 
(Fig. 1A, B). To further understand the roles of CKAP4 in CKD, we 
initially developed an in vitro VSMCs model using umbilical veins as 
described in the methods section (see methods, VSMCs culture and 
treatments). Further, to induce calcification, the cells were treated with 
high phosphates (HP, 2.5 mmol/L Pi). Consequently, with increasing 
time (days) in culture, we could observe increased calcification through 
alizarin red staining in the HP group when compared to both normal Pi 
(NP, 1.5 mmol/L Pi) and osmotic control (OC, NP + 2.5 mmol/L D- 
mannitol) treatment groups (Fig. 1C, D, at day 7, P < 0.01). Alterna
tively, we also checked the ALP activity, which is an important indicator 
of CKD progression. HP treatment was shown to significantly increase 
ALP levels (Fig. 1E, P < 0.01). These evidences supported our hypothesis 
that cells treated with HP concentrations might serve as appropriate in 
vitro models for CKD. To further investigate the impact of CKD pro
gression on the expression profiles of VSMCs markers, the VSMCs were 
treated with differentiation medium for 2 weeks to direct them either 
towards smooth muscle cell or osteogenic lineage. 

In vivo, the phenotype transition of VSMCs is linked to VC. To verify 
the success of cell models used to simulate the progression of CKD in 
vivo, the expression of VSMC markers such as α-SMA and SM22α was 
studied as before [32]. Alternatively, we observed an increased 
expression of pituitary-specific positive transcription factor (PIT-1, bone 
mineralization factor, increased runt-related transcription factor 2 
(Runx2, osteoblast differentiation factor), and increased msh homeobox 
2 (MSX2, bone development marker). The data shown above further 
confirmed that our cell model accurately replicates the development of 
CKD by reducing smooth muscle differentiation and increasing osteo
genesis (Fig. 1F, G). Using the MTT assay, we found that the HP-treated 
group had lower cell viability (Fig. 1H, P < 0.01). It was also evident 
from our Annexin-V flow cytometric analysis that HP treatment caused a 
severe 40% increase in apoptosis (Fig. 1I, J, P < 0.001). This was further 
affirmed through the increased cleaved caspase-3 and Bax expression in 
the HP treatment group (Fig. 1 K, L, P < 0.01). 

3.2. Knockdown of CKAP4 reduces vascular calcification 

To further understand the molecular role of CKAP4 in CKD, we 
silenced CKAP4 in VSMCs and treated them with HP using siRNA 
technology. Initially, we affirmed the successful silencing of CKAP4 by 
observing lower mRNA and protein levels in the si-CKAP4 group 
(Fig. 2A, B). Evidently, silencing also resulted in a reduction in calcifi
cation (Fig. 2C) and ALP activity (Fig. 2D, P < 0.01). This was supported 
by the fact that silencing of CKAP4 increased the levels of α-SMA, SM22α 
levels while decreasing PIT1, Runx2, MSX2 levels (Fig. 2E). This clearly 
indicated that a deficiency of CKAP4 inhibits osteogenesis and promotes 
smooth muscle formation. Additionally, we also observed increased cell 
viability (Fig. 2F) and apoptosis (Fig. 2G, H; P < 0.001) in the absence of 
CKAP4. The decreased apoptosis was also confirmed through decreased 
cleaved caspase-3 and Bax levels (Fig. 2I, J P < 0.01). Hence, the results 
indicate that CKAP4 could potentially play a vital role in the progression 
of CKD by regulating the differentiation of VSMCs toward the osteogenic 
lineage rather than the smooth muscle lineage. 

3.3. CKAP4 is associated with nuclear translocation and phosphorylation 
of YAP 

We further wanted to elucidate the molecular consequences of 
CKAP4, and were interested in a MMP2 regulator, Yes-associated protein 
(YAP). We identified that the absence of CKAP4 results in the trans
location of YAP, which is normally localized in the nucleus. Immuno
fluorescence labeling revealed a 50% reduction in YAP nuclear 
localization following CKAP4 silencing (Fig. 3A,B). Hence, it could be 
possible that in the absence of CKAP4 there was an increased p-YAP-ser 
127 protein which is considered the cytoplasmic version of YAP protein. 
Antibody identifying the nuclear and full version of the YAP showed 
decreased levels in the si-CKAP4 cells. Further, as YAP is a core 
component of the HIPPO pathway, we wanted to check the influence of 
CKAP4 on other HIPPO components such as large tumor suppressor 1/2 
(LATS1/2) and mammalian sterile 20-like kinase 1/2 (MST1/2) and its 
phosphorylated versions. Evidentially, in the absence of LATS1/2 and 
MST1/2 were slightly decreased, when compared to the control group. 
However, the phosphorylated versions of both of these proteins where 
higher than the control group (Fig. 3C). This indeed mimicked the 
consequences observed in the YAP protein, indicating CKAP4 potentially 
affects CKD progression through the regulation of the HIPPO pathway. 

As previous studies have indicated YAP as an upstream regulator of 
MMP2 [33], and in our study, we observed a high expression of MMP2 in 
the CKD patients, we sought to detect changes in MMP2 expression in 
response to YAP suppression. Using immunofluorescence staining, we 
identified and confirmed that absence of YAP decreased MMP2 levels 
significantly (Fig. 3D). Additionally, western blotting examination of the 
protein verified this (Fig. 3E). Interestingly, silencing of YAP also caused 
a severe decrease in calcification, as observed through alizarin red 
staining (Fig. 3F). 

3.4. CKAP4 promotes VSMCs calcification via YAP/MMP-2 pathway 

Furthermore, we intended to investigate the special role of CKAP4 in 
the calcification of VSMC. We studied the expression profile of smooth 
muscle and osteogenic markers in VSMCs with either si-CKAP4, si- 
CKAP4 + OV-MMP2 (silencing CKAP4 and overexpression of MMP2), 
OV-CKAP4 (overexpression of CKAP4), or OV-CKAP4 + si-MMP2 
(overexpression of CKAP4 and silencing of MMP2). Initially, we 
compared the activity of ALP in each group (Fig. 3A). The results indi
cated that the decrease in ALP activity produced by CKAP4 interference 
could be compensated for by overexpression of MMP2, and that the rise 
in ALP activity caused by CKAP4 overexpression could be mitigated by 
MMP2 interference. We subsequently performed qRT-PCR and western 
blotting analysis for all the markers (Fig. 4A-H). When we overexpressed 
CKAP4; YAP, PIT1, Runx2, Msx2 were upregulated whereas α-SMA, 
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Fig. 1. Treatment with high phosphates induces VSMCs calcification. CKAP4 (A) and MMP2 (B) expression in the serum of patients with CKD detected by the ELISA 
kit. *P < 0.05, **P < 0.01. (C) Alizarin red staining was performed on VSMCs incubated under different conditions for 14 days with a media replacement every 3 
days, n = 3. (D) Calcium content and (E) ALP activity was expressed as the mean ± S.E.M of at least three simultaneous replicates. (F,G) Expression of CKAP4, smooth 
cell and osteogenesis markers were determined through western blotting in VSMCs exposed to differentiation medium for 2 weeks, n = 3. (H) Cell viability was 
detected using MTT assay, n = 3. (I,J) Analysis of apoptosis rates were done using flow cytometry and quantification. Data are expressed as the mean ± S.E.M (n = 3). 
(K,L) Western-blot analysis of apoptosis related proteins (cleaved caspase-3 and Bax), n = 3. NP: Normal Pi (1.5 mmol/L Pi), HP: High Pi (2.5 mmol/L Pi), OC: 
Osmotic control (NP + 2.5 mmol/L D-mannitol). **P < 0.01 compared to the NP treatment group. 
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SM22α were downregulated when compared with the silenced CKAP4. 
When comparing si-CKAP4 + OV-MMP2 to si-CKAP4 groups or OV- 
CKAP4 + si-MMP2 to si-CKAP4 groups revealed that MMP2 counter
acted the facilitatory effects of CKAP4 on YAP, PIT1, Runx2, and Msx2 as 
well as the inhibitory effects on -SMA and SMA-like 22 (SM22) proteins. 
These evidences demonstrated that CKAP4 is sufficient to stimulate 
osteogenesis and calcification in VSMCs, and it regulated CKD progres
sion through YAP/MMP2 pathway. 

3.5. High phosphate diet promotes CKAP4 expression and induces aortic 
calcification in a high CKD model 

To further validate our observations, we developed an in vivo 5/6 Nx 
mice model (CKD model), with high phosphate (Pi) diet. By using qRT- 
PCR and western blotting, we observed that the CKAP4 and MMP2 levels 
were significantly greater in the CKD model mice than those in the sham- 
operated group (Fig. 5A-C). Besides, high Pi diet in the CKD model group 
seems to further exacerbate the disease by a higher increase in CKAP4 
and MMP2 levels when compared to normal Pi group in the CKD moedl 
group (Fig. 5A-C). These observations were confirmed using immuno
staining of vascular tissue, which showed a severe CKAP4 increase in 
high Pi + CKD group, when compared with all the other groups 
(Fig. 5D). 

To further validate the in vivo model, we checked the calcification in 
the aorta using alizarin red staining. Evidently, the degree of aortic 

calcification was substantially greater in the CKD model than in the 
Sham group mice, and the high Pi diet exacerbated the aortic calcifi
cation in the CKD group (Fig. 5E). Subsequently, we also confirmed the 
above-mentioned observations by quantifying the deposited calcium 
through absorption spectroscopic methods (Fig. 5F). Further, we 
observed in high Pi diet-CKD group, osteogenic markers (PIT1, Runx2, 
and Msx2) were highly upregulated. However, smooth muscle markers 
(α-SMA and SM22α) were highly downregulated (Fig. 5G). ALP activity 
was significantly higher in the both normal and high Pi-CKD group, 
when compared with sham group (Fig. 5H). However, ALP activity was 
most significantly increased in the high Pi-CKD group. Similarly, 
apoptotic rate was most severe in the high Pi-CKD group (Fig. 5I,J). This 
was subsequently confirmed with cleaved caspase-3 and Bax levels 
being most high in high Pi-CKD group (Fig. 5 K-M). Even though, 5/6 Nx 
CKD model could be the chief contributor for the CKD in these mice 
models, it was evident that its combination with high Pi diet leads to a 
severe CKD model. 

3.6. CKAP4 inhibition attenuates vascular calcification in CKD mice 

We additionally established another mice model, wherein CKD mice 
were administered with either scramble or si-CKAP4 lentivirus via tail 
vein injection and kept on high Pi diet for 12 weeks. Subsequently, the 
mice were sacrificed and tissues were assessed for calcification. It was 
clear that silencing of CKAP4 decreased calcification as observed 

Fig. 2. Knockdown of CKAP4 reduces vascular calcification. VSMCs were treated with negative control, siRNA, or CKAP4 siRNA (si-CKAP4) for 24h, respectively. 
The mRNA (A) and protein (B) expression of CKAP4 in VSMCS detected by RT-PCR and western blot analysis, respectively, n = 3. (C) Alizarin red staining was 
performed on VSMCs incubated under different conditions for 14 days with changing media every 3 days, n = 3. (D) ALP activity was expressed as the mean ± S.E.M, 
n = 3. (E) Expression of smooth cell and osteogenesis markers were determined by western blotting in VSMCs exposed to differentiation medium for 2 weeks, n = 3. 
(F) Cell viability was detected using MTT assay, n = 3. (G-H) Analysis of apoptosis rates by flow cytometry and quantification. Data are expressed as the mean ± S.E. 
M (n = 3). (I-J) Western blotting analysis of apoptosis related proteins (cleaved caspase-3 and Bax), n = 3. **P < 0.01, ***P < 0.001 compared to the si-NC group. 
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through decreased alizarin red staining and aortic calcium levels 
(Fig. 6A, B). Additionally, western blotting data also indicated that in 
high Pi-CKD model with si-CKAP4, there was significantly lower YAP 
and MMP2 levels (Fig. 6C). These results indicated that CKAP4 inhibi
tion attenuates VC through regulation of YAP and MMP2 in vivo. 

4. Discussion 

CKAP4, a transmembrane protein, has been identified to be a cell 
surface receptor for many proteins such as tissue plasminogen activator 
(t-PA) and anti-proliferative factor (APF) [34,35]. CKAP4 was shown to 
inhibit bladder cancer cell proliferation through the attachment of APF 
[36,37]. Interessantly, t-PA is increased in VSMC and in human 
atherosclerotic disease, probably as a result of an immunological 
response to vascular injury. Previously, it was discovered that t-PA binds 
to CKAP4 and acts as an activator of plasminogen [38]. During our 
research, we discovered that CKAP4 is substantially elevated in CKD 
patients (Fig. 1), as well as CKD in vitro and in vivo models (Fig. 1, 5). 
Furthermore, we detected enhanced calcification, ALP activity, and 

apoptosis in these models (Fig. 1, 2, 5). Under a high phosphate envi
ronment, cells in the VSMCs model underwent osteogenic differentiation 
and substantially expressed markers such as Runx2, Msx2, and PIT1, but 
had lower expression of -SMA and SM22 (Fig. 2F). Previous researchs 
have shown that Wnt signaling activation promotes osteogenesis in VC 
[39]. Furthermore, it has been discovered that Wnt signaling induces 
osteogenic stimulation by activating Runx2 expression [40]. Addition
ally, in the wnt signaling pathway, prevention of proteasomal degra
dation of β-catenin, allows its activation and nuclear translocation. This 
activation of β-catenin, which is a transcriptional regulator of many 
downstream targets, allow the osteoblast to proliferate and mature [41]. 
However, the special role of CKAP4 in enhancing osteogenesis, VC and 
CKD is still unknown. 

In the current study, we identified MMP2 to be highly expressed in 
the serum of CKD patients (Fig. 1B). Interestingly, the silencing of 
CKAP4 resulted in a decrease in MMP2 expression, as well as calcifica
tion and osteogenic differentiation (Fig. 3). Previously, research has 
clearly revealed that MMP2 may be a significant factor in worsening the 
severity of CKD [8]. Additionally, it is well established that MMP2 is 

Fig. 3. CKAP4 is associated with nuclear translocation of YAP. (A) Immunofluorescence staining showed nuclear localization of YAP (red) and nuclei (blue) (4, 6- 
diamidino-2-phenylindole (DAPI)) in VSMCs, cells were treated with negative control, siRNA, or CKAP4 siRNA for 24h, respectively, Scale bar = 20 μm, n = 3. (B) 
Percentage of cells with predominantly nuclear YAP, n = 3. (C) Western blotting analysis of CKAP4, total YAP, nuclear YAP, phosphorylated YAP S127 (p-YAP s127), 
MST1/2, p-MST1/2, LATS1 and p-LATS1/2 in whole-cell lysates of VSMCs. Cells were transfected with negative control, siRNA, or CKAP4 siRNA for 24h, 
respectively, n = 3. (D) Immunofluorescence staining of MMP-2 (red) and DAPI (blue) in VSMCs, cells were treated with negative control siRNA, or YAP siRNA for 
24h, respectively. Scar bars = 20 μm, n = 3. (E) Western blotting analysis of YAP and MMP2 of cells treated with control, siRNA, or YAP siRNA, n = 3. (F) Alizarin red 
staining was performed on VSMCs incubated under different conditions for 14 days with media replacement every 3 days. VSMCs were treated with negative control, 
siRNA, or YAP siRNA (si-YAP) for 24h, respectively, n = 3. **P < 0.01 compared to the si-CTRL group. 
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primarily elevated under oxidative stress and its expression has been 
known to decrease smooth muscle contraction [42–44]. Chung et al., 
[45] discovered that increased MMP2 expression is related with reduced 
glomerular filtration rate and renal function. As a result, it was obvious 
that MMP2 was related with a worse prognosis in patients with CKD. 
However, in order to comprehend MMP2’s significance in CKD, it is 
necessary to comprehend how CKAP4 modulates MMP2. To adress this 
question, we concentrated on YAP, an MMP2 upstream regulator. In our 
investigation, we discovered that a deficiency of CKAP4 resulted in a 
decrease in YAP nuclear localization (Fig. 3A, B). Furthermore, the loss 
of CKAP4 increased phosphorylation of this protein at serine 127, 
resulting in decreased nucleocytoplasmic localisation (Fig. 3 C). As YAP 
is an important regulator of many genes, studies have indicated that YAP 
translocation from nucleus to cytoplasm may result in a reduction in 
gene transcription of its downstream targets [46]. Other HIPPO pathway 
factors, such as Mst1/2 and Lats1/2, were likewise markedly reduced in 
the absence of CKAP4 (Fig. 3C). HIPPO factors in their phosphorylated 

versions (active HIPPO pathway) are sequestered in the cytoplasm and 
are found to be transcriptionally inactive. However, inactivation of the 
HIPPO pathway seems to correspond to nuclear translocation of the 
factors and activation of YAP [47,48]. 

YAP antagonists have also been shown in trials to be protective and 
regenerative in cancer and ischemia [49,50]. In the study by Xu et al., it 
was clearly indicated that constant increase in YAP activation could 
cause interstitial fibrosis and abnormal differentiation of renal tubules 
[50]. According to the findings of our study, nuclear localization and 
decreased phosphorylation of YAP resulted in increased MMP2 activity, 
which also contributed in the prevention of VC. YAP has been implicated 
as an upstream regulator of MMP2 in numerous studies. When YAP was 
knocked out in stomach cancer trials, MMP2 expression dropped 
dramatically [51,52]. Even in our study, we observed silencing of YAP 
significantly decreased MMP2 levels in the in vitro model (Fig. 3). We 
also successfully developed an 5/6 Nx mice model with high phosphate 
diet, which showed increased calcification, ALP activity and higher 

Fig. 4. CKAP4 promotes VSMCs calcification via YAP/MMP-2 pathway. (A) ALP activity was measured by ALP activity assay kit, n = 3. (B-H) Expression of YAP, 
different smooth cell and osteogenesis marker were determined by qRT-PCR and western blotting in VSMCs exposed to differentiation medium for 24 h. Abbrevi
ations: si-CKAP4, silencing of CKAP4; si-CKAP4 + OV-MMP2, silencing of CKAP4 and overexpression of MMP2; OV-CKAP4, overexpression of CKAP4; OV-CKAP4+
si-MMP2, overexpression of CKAP4 and silencing of MMP2. Values are expressed as mean ± S.E.M (n = 3) *P < 0.05, **P < 0.01. 
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osteogenic expression profile (Fig. 5). However, silencing of CKAP4 in 
the CKD mice model, showed significant decrease YAP, MMP2 and 
calcification (Fig. 6). This confirmed our hypothesis, CKAP4 modulates 
YAP phosphorylation and MMP2 expression, which contributes to VC 
development in patients with CKD. 
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I. Guessous, J. Vinhas, B. Stengel, H. Brenner, J. Chudek, S. Romundstad, 
C. Tomson, A.O. Gonzalez, A.K. Bello, J. Ferrieres, L. Palmieri, G. Browne, 
V. Capuano, W. Van Biesen, C. Zoccali, R. Gansevoort, G. Navis, D. Rothenbacher, 
P.M. Ferraro, D. Nitsch, C. Wanner, K.J. Jager, CKD prevalence varies across the 
european general population, J. Am. Soc. Nephrol. 27 (7) (2016) 2135–2147. 

[3] J.R. Paniagua-Sierra, M.E. Galván-Plata, Chronic kidney disease, Rev. Med. Inst. 
Mex. Seguro. Soc. 55 (Suppl. 2) (2017) S116–S117. 

[4] Y. Chen, X. Zhao, H. Wu, Arterial stiffness: a focus on vascular calcification and its 
link to bone mineralization, Arterioscler. Thromb. Vasc. Biol. 40 (5) (2020). 

[5] L. Feng, D. Que, Z. Li, X. Zhong, J. Yan, J. Wei, X. Zhang, P. Yang, C. Ou, M. Chen, 
Dihydromyricetin ameliorates vascular calcification in chronic kidney disease by 
targeting AKT signaling, Clin. Sci. (London, England : 1979) 135 (21) (2021) 
2483–2502. 

[6] L.A. Pescatore, L.F. Gamarra, M. Liberman, Multifaceted mechanisms of vascular 
calcification in aging, Arterioscler. Thromb. Vasc. Biol. 39 (7) (2019) 1307–1316. 
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