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Abstract

BACKGROUND
Vascular calci�cation (VC) is predominantly being associated with increased cardiovascular mortality
and morbidity. In recent years, VC has been considered to be analogous to bone formation with parallels
in biological processes such as osteogenic differentiation occurring in vascular smooth muscle cells
(VSMCs). In this study, we aimed to understand the role of cytoskeleton-associated protein 4 (CKAP4), a
type II transmembrane protein that is reversibly involved in the development of VC in chronic kidney
disease (CKD).

METHODS
Mouse vascular smooth muscle cells (VSMCs) were isolated and treated with high phosphates (HP,
2.5 mmol/L Pi), and thus used as an in vitro model. And an in vivo mouse model of CKD induced by 5/6
nephrectomy and HP diet was developed.

RESULTS
Clinical analysis revealed that high levels of CKAP4 and MMP2 in serum were associated with CKD in
patients. In both in vitro and in vivo models, we observed a signi�cantly high expression of CKAP4, YAP
and MMP2 both in VSMCs and calci�ed aorta. Alizarin red staining and calcium content assay reveled
that silencing of CKAP4 reduced the VSMCs and aortic calci�cation, accompanied with reduced
expression of YAP and MMP2. Additionally, by silencing CKAP4, we proved that CKAP4 is associated with
nuclear translocation of YAP, which is an upstream regulator of MMP2.

CONCLUSIONS
We identi�ed that CKAP4 could modulate yes-associated protein (YAP) phosphorylation and then alter
gene expression of matrix metallopeptidase 2 (MMP2) during VC. These �ndings demonstrate for the �rst
time that CKAP4 contributes to VC through modulation of YAP/MMP-2 pathway.

Introduction
Chronic kidney disease (CKD) is recently regarded as a major public health burden, given the growing
incidence with a prevalence of 13% throughout the world1, 2. CKD could be categorized into �ve stages
based on the renal glomerular �ltration rates (GFR) with less than 60 mL/min per 1.73 m2, considered as
the moderate stage 3 CKD. Lower GFR levels leads to more severe progression of CKD, videlicet, severe
stage 4 and end stage 5 CKD3. Subsequently, CKD progression is coupled with prevalence of other
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complications such as vascular calci�cation (VC), cardiovascular disease (CVD), bone mineral disorder,
hypertension and hyperlipidemia4, 5. Vascular function is usually characterized by three speci�c functions
endothelial secretion, smooth muscle contraction, and integrity of the vascular structure. Abnormalities to
one or all of these functions initiates at early stages of CKD simultaneously with cardiovascular issues
and becomes more severe as end stage is reached 6. CKD associated CVD projects in patients a risk for
type 2 diabetes, and in these patients even with mild to moderate CKD the chance of atherosclerosis risk
increase by 87% 7, 8. Some patients experience a combinatorial severity of both renal bone disease and
VC especially during hemodialysis, leading to di�culties with treatment options9. VC is considered as the
mineral deposition in the vascular system, with calci�cation affecting intimal (atherosclerosis), medial
layers (arteriosclerosis) of the arteries, or calci�cation in valves of the heart, thus contributing to the CVD
risk factor9.

Vascular smooth muscle cells (VSMCs) in the blood vessels play an important role by migrating to
wounded areas in response to injury or stress, and restructure and repair these areas 10, 11. Previously,
studies have reported that calci�cation initiates in VSMCs through the release of vesicles containing
hydroxyapatite 12. Subsequently, this is proceeded by the active transformation of VSMCs towards an
osteogenic or chondrogenic lineage, which further promotes the release of vesicular structures. The
osteogenesis of these cells additionally promotes mineralization and release of multiple factors such as
alkaline phosphatase (ALP) and bone morphogenic factor allowing complete transition of VSMCs
towards osteogenic lineage 13. On the other hand, in the vascular walls, the VSMCs passively recruits
minerals from extracellular �uid and precipitates them, thus increased the mineralization14. VC is usually
accompanied by elevated calcium and phosphate levels which in turn contributes to the vicious cycle of
mineralization13, 15. Studies have shown that high-phosphate levels could contribute signi�cantly to the
CKD and is considered as a tool to develop models to understand disease progression16, 17. Interestingly,
in a high phosphate environment, VSMCs seem to be unable to cope and undergo quick differentiation
and apoptosis15. Even though, it is clear that VC is a vital contributor of complications and mortality in
CKD patients, the molecular understanding behind VC development is not clear.

In this study, we aimed at understanding the molecular complications underlying the chronic kidney
disease progression, to allow development of new diagnostic and therapeutic strategies.This study
allows identi�cation of the novel therapeutic targets and strategies to manage VC in CKD progression.

Materials And Methods
1. Patients

A total of 142 CKD patients including 57 men and 85 women aged from 40-76 were recruited from the
Nephrology Department at Shanghai General Hospital between May 2018 and July 2019. In this study, 32
healthy patients with normal renal function were selected as the control group. All patients provided with
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the signed consent forms. And, studies were performed in accordance with the declaration of Helsinki.
The patient diagnoses are summarized in Table 1.

2. VSMCs culture and treatments

The VSMCs were isolated from the thoracic aorta of male Sprague-Dawley (SD) rats (n=5, 9-10 weeks)
using the explants technique and cultured as previously described (16). Brie�y, cultured in M199 (Gibco,
NY, USA) medium containing 10% fetal bovine serum (FBS) (Gibco) 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 con�uency was achieved
by 4 weeks. Smooth muscle identity was con�rmed 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,
experiments were performed.

3. Animal model

Mice with a C57BL/6J background (Jackson Laboratory, Sacramento, CA) were used to develop the 5/6
Nx model. 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
model, n = 18 was developed on 16-week-old mice by decapsulating the left kidney through �ank incision
and resection of the upper and lower poles. Post 1 week, another surgery, speci�cally by incision in the
right �ank the right kidney was removed entirely. Sham group (n = 18) 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 into groups with either a normal (0.5%) phosphate diet (n = 9) or high (1.5%)
phosphate diet (n = 9) for 12 weeks. 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 anesthetized with iso�u-rane, exsanguinated successfully,
renal and artery tissues were removed for further processing. These tissues were either quickly �xed and
processed using Mason’s staining or �ash frozen using liquid nitrogen and stored at -80 °C for further
analysis.

4. Calcium deposition

To assess the deposited calcium, cells were initially decalci�ed for 24h using HCl (0.6 mol/L). Calcium
concentration was measured by measuring the concentration of calcium in the HCL supernatant by
atomic absorption spectroscopy and normalized to the protein content of cells measured using the BCA
protein assay kit the BCA assay kit (Pierce, Rockford, IL) after solubilization in 0.1 M NaOH/ 0.1% sodium
dodecyl sulfate.

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

�. Alizarin red staining

Calci�cation was determined using Alizarin red staining as previously described18, 19. Brie�y, Alizarin S
(100 mg) was dissolved in 10 mL of puri�ed water and adjusted to pH 6.4 using a 0.1% KOH solution.
Cells seeded onto 6 well plate were �xed 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.

7. Measurement of alkaline phosphatase (ALP) activity

Cells cultured on a 24 well plate were detached after reaching con�uency and sonicated in the presence
of 600 ul distilled water. Using a modi�ed Lowry method, ALP activity was measured. Brie�y, 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, 0.1 N 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 samples using BCA
method20.

�. 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-�oating cells were collected and stained with
Annexin V-FITC antibody and PI. Further, these cells were quanti�ed using �ow cytometry21.

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 e�cient
transduction, a multiplicity of infection (MOI) of 100 was used. 

10. Small interfering RNA (siRNA) or small hairpin RNA (shRNA) transfection

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

11. Immunocytochemical staining

Firstly, cells were washed twice with PBS for 10 mins. Subsequently, they were �xed with 4%
paraformaldehyde for 10 mins and permeabilized 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
usingLaser Scanningconfocal �uorescence microscope (Olympus FV1000S).

12. Immunohistochemical analysis

Para�n embedded tissue sections (1-2 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 microwave 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 subsequently 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 instructions. The sections were stained with hematoxylin and dehydrated
through the treatment with gradient ethanol. Finally, the sections were mounted and visualized.

13. Biochemical parameters

Serum creatinine and urea, urinary calcium and phosphorus concentrations were determined using an
automatic analyzer system (Ilab 1800, Lexington, MA, USA). Serum FGF-23 (Immunotopics, San
Clemente, CA, USA) and DKK1 levels (Enzo Life Sciences, Farmingdale, NY, USA) were determined by
using commercial ELISA kits according to the manufacturer’s protocol.

14. 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 quanti�ed 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
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either of the primary antibodies; anti-CKAP4 (Abcam, ab84712, 1:1000), anti-YAP (Abcam, ab52771,
1:2000), anti-α-SMA (Abcam, ab32575, 1:1000), anti-RUNX2 (Abcam, ab236639, 1:1000), anti-Pit1
(Abcam, ab273048, 1:2000), anti-GAPDH (Abcam, ab9485, 1:2500), anti-MMP2 (Abcam, ab92536,
1:1000), and anti-SM22α (bioss, bs-2163R, 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).

15. QRT-PCR

The total RNA in samples were isolated using TRIZOL reagent (Invitrogen). After quanti�cation, 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. The primers used in the study are
summarized in Table 2. 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.

1�. Statistical analysis

Data presented in this study are representative of three independent experiments. The results are
expressed as mean ± SD. The signi�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 signi�cant.

Ethics Statement

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

Results
1. Expression of CKAP4 and MMP2 in patients with CKD

Initially, we investigated the levels of CKAP4 and MMP2 in the CKD patients. We identi�ed that patients
with stage V CKD, who are considered to have end stage renal disease, had the highest levels of both
CKAP4 and MMP2 when compared with normal patients. Additionally, CKAP4 and MMP2 levels were
signi�cantly upregulated even in stage III-IV CKD patients, indicating their potential role in CKD (Fig. 1A, B)

2. High phosphates treated VSMCs based CKD in vitro model
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To further understand the roles of CKAP4 in CKD, we initially developed an in vitro VSMC model from
umbilical veins as described in the methods section. Further, to induce calci�cation, the cells were treated
with high phosphates (HP, 2.5 mmol/L Pi). Consequently, with increasing time (days) in culture, we could
observe increased calci�cation 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. 2A, B, at day 7 P < 0.01). Alternatively, we also checked the ALP activity, which is an important
indicator of CKD progression. It was evident that treatment with high phosphates (HP) could signi�cantly
increase the ALP levels (Fig. 2C, P < 0.01). These evidences supported our hypothesis that cells treated
with high phosphates could be ideal in vitro models for CKD. Further, to understand the consequence of
CKD progression on the expression pro�le of smooth muscle cell and osteogenic cell markers, the VSMCs
were treated with differentiation medium for 2 weeks to direct them either towards smooth muscle cell or
osteogenic lineage. Interestingly, we observed cells in HP treatment group expressed high levels of
CKAP4, decreased α- smooth muscle actin (SMA; an adult smooth muscle marker 22), and decreased
smooth muscle protein α (SM22α, a maker for vascular smooth muscle23) indicating a limitation in
differentiation towards the smooth muscle lineage. Alternatively, we observed an increased expression of
pituitary-speci�c positive transcription factor (PIT-1, bone mineralization factor 24), increased runt-related
transcription factor 2 (Runx2, osteoblast differentiation factor 25), and increased msh homeobox 2
(MSX2, bone development marker 26). Above-mentioned results further a�rmed that our cell model
mimics the CKD progression through decreased smooth muscle differentiation and increased
osteogenesis (Fig. 2D, E). Interestingly, we observed decreased cell viability in HP treated group using
MTT assay (Fig. 2 F, P < 0.01). It was also evident from our Annexin-V �ow cytometric analysis that HP
treatment caused a severe 40% increase in apoptosis (Fig. 2 G, H, P < 0.001). This was further a�rmed
through the increased cleaved caspase-3 and Bax expression in the HP treatment group (Fig. 2 I , J, P <
0.01).

3. Knockdown of CKAP4 reduces vascular calci�cation

To further elucidate the molecular players in CKD, using siRNA technology we silenced CKAP4 in VSMCs
and treated it with HP. Initially, we a�rmed the successful silencing through decreased mRNA (P < 0.001,
Fig. 3A) and protein levels in the si-CKAP4 (Fig. 3B). Evidently, sile ncing also decreased both calci�cation
(Fig. 3C) and ALP activity levels (Fig. 3D, P < 0.01). This was supported by the fact, silencing of CKAP4
increased α-SMA, SM22α levels whereas it decreased PIT1, Runx2, MSX2 levels (Fig. 3E). This clearly
indicated that lack of CKAP4 decreases osteogenesis and increased smooth muscle lineage. Additionally,
we also observed increased cell viability (Fig. 3F) and decreased apoptosis (Fig. 3G, H; P < 0.001) in the
absence of CKAP4. The decreased apoptosis was also con�rmed through decreased cleaved caspase-3
and Bax levels (Fig. 3I, J, P < 0.01). Hence, the results indicate that CKAP4 could potentially play a vital
role in the progression of CKD, through the regulation of VSMCs’ differentiation towards osteogenic
lineage rather than the smooth muscle lineage.

4. CKAP4 is associated with nuclear translocation and phosphorylation of YAP
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We further wanted to elucidate the molecular consequences of CKAP4, and were interested in a MMP2
regulator, Yes-associated protein (YAP). We identi�ed that lack of CKAP4 causes a translocation of YAP,
which is usually localized in the nucleus. Immuno�uorescence staining showed ~50% decrease in
nuclear localization of YAP after silencing CKAP4 (Fig. 4A,B,P < 0.01). 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 siCKAP4 cells. Further, as YAP is a core component of the HIPPO pathway, we wanted to
check the in�uence 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 CKAP4, 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. 4C). This indeed mimicked the consequences observed in the YAP protein, indicating
CKAP4 potentially affects CKD progression through the regulation of the HIPPO pathway.

5. YAP is an upstream regulator of MMP2

As previous studies have indicated YAP as an upstream regulator of MMP227, and in our study, we
observed a high expression of MMP2 in the CKD patients, we wanted to check the effect of siYAP on
MMP2 levels. Using immuno�uorescence staining, we identi�ed and con�rmed that lack of YAP
decreased MMP2 levels signi�cantly (Fig 5A). Additionally, this was con�rmed using western blot
analysis of the protein (Fig 5B). Interestingly, silencing of YAP also caused a severe decrease in
calci�cation, as observed through alizarin red staining (Fig 5C).

�. CKAP4 promotes VSMCs calci�cation via YAP/MMP-2 pathway

Further, we wanted to elaborate CKAP4s’ activity in VSMC calci�cation. We studied the expression pro�le
of smooth muscle and osteogenic markers in VSMCs with either siCKAP4, siCKAP4+OV-MMP2 (silence
CKAP4 and overexpression of MMP2), OV-CKAP4 (overexpression of CKAP4), or OV-CKAP4+siMMP2
(overexpression of CKAP4 and silencing of MMP2). We subsequently performed qRT-PCR and western
blotting analysis for all the markers. Initially, it was evident that when we overexpressed CKAP4; YAP,
PIT1, Runx2, Msx2 were upregulated whereas α-SMA, SM22α were downregulated when compared with
the silenced CKAP4 (Fig. 6A-H). In both siCKAP4+OV-MMP2 and OV-CKAP4+siMMP2 VSMCs, YAP, PIT1,
Runx2, Msx2 were upregulated whereas α-SMA, SM22α were downregulated when compared with the
silenced CKAP4. However, when compared with OV-CKAP4; YAP, PIT1, Runx2, Msx2 were decreased in
siCKAP4+OV-MMP2 and OV-CKAP4+siMMP2 VSMCs (Fig. 6A-H). Additionally, when we compared
siCKAP4+OV-MMP2 and OV-CKAP4+siMMP2 groups, even in the absence of MMP2 just CKAP4
overexpression could increase VSMC calci�cation. These evidences indicated that CKAP4 is su�cient to
promote osteogenesis and calci�cation in VSMCs, and it regulated CKD progression through YAP/MMP2
pathway.

7. High phosphate diet promotes CKAP4 expression in vivo
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To further validate our observations, we developed an in vivo 5/6 nx mice model (CKD model), with high
phosphate (Pi) diet. Serum and urinary parameters were shown in Table 3. The results showed that serum
creatinine and urea levels in CKD group were higher than those in the control group. As expect, serum
DKK1 and FGF-23 was signi�cantly increased in both control and CKD mice supplemented with high Pi.
Besides, we observed mice in the CKD model group, had a high CKAP4 and MMP2 levels compared to the
sham group (Fig. 7A-C). However, 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 (Fig. 7A-C, P
< 0.05). These observations were con�rmed using immunostaining of vascular tissue, which showed a
severe CKAP4 increase in high Pi + CKD group (Fig. 7D), when compared with all the other groups.

�. High phosphate induces aortic calci�cation in a high CKD model

To further validate the in vivo model, we checked the calci�cation in the aorta using alizarin red staining.
It was clear the CKD model with high Pi diet had increased calci�cation in aorta (Fig. 8A). Subsequently,
we also con�rmed the above-mentioned observations by quantifying the deposited calcium through
absorption spectroscopic methods (Fig. 8B, P < 0.05 for sham normal Pi vs. high Pi; P < 0.001 for CKD
normal Pi vs. high Pi). Further, we observed in high Pi diet- CKD model, osteogenic markers (viz., PIT1,
Runx2, Msx2) were highly upregulated. However, smooth muscle markers (viz., α-SMA, SM22α) were
highly downregulated (Fig. 8C). ALP activity was signi�cantly higher in the both normal and high Pi-CKD
group, when compared with sham group (Fig. 8D, P < 0.05 for sham normal Pi vs. high Pi; P < 0.05 for
CKD normal Pi vs. high Pi; P < 0.01 for sham normal Pi vs. CKD normal Pi). However, ALP activity was
most signi�cantly increased in the high Pi-CKD group. Similarly, apoptotic rate was most severe in the
high Pi-CKD group (Fig. 8E, F, P < 0.05 for sham normal Pi vs. high Pi; P < 0.01 for CKD normal Pi vs. high
Pi; P < 0.001 for sham normal Pi vs. CKD normal Pi). This was subsequently con�rmed with cleaved
caspase 3 and Bax levels being most high in high Pi-CKD group (Fig. 8 G-I, P < 0.05 for sham normal Pi
vs. high Pi; P < 0.05 for CKD normal Pi vs. high Pi; P < 0.05 for sham normal Pi vs. CKD normal Pi). 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. 

9. CKAP4 inhibition attenuates vascular calci�cation in CKD mice

We additionally established another mice model, wherein CKD mice were administered with either vehicle
or siCKAP4 (ad-CKAP4) lentivirus via tail vein injection and kept on high Pi diet for 12 weeks.
Subsequently, the mice were sacri�ced and tissues were assessed for calci�cation. It was clear that
silencing of CKAP4 decreased calci�cation as observed through decreased alizarin red staining and
aortic calcium levels (Fig. 9A, B). Additionally, western blotting data also indicated that in high Pi-CKD
model with ad-CKAP4, there was signi�cantly lower YAP and MMP2 levels (Fig. 9C, P < 0.001 high Pi+ad-
CKAP4 vs., Sham P < 0.001 high Pi+ad-CKAP4 vs., high Pi +vehicle). These results indicated that CKAP4
inhibition attenuates VC through regulation of YAP and MMP2.

Discussion
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CKAP4, a transmembrane protein, has been identi�ed to be a cell surface receptor for many proteins such
as tissue plasminogen activator (t-PA) and anti-proliferative factor (APF) 28, 29. In cancer, CKAP4 by
binding to APF, decreases the proliferation of bladder cancer cells 30, 31. Interestingly, t-PA is upregulated
in VSMC and human atherosclerotic disease, potentially as a response to vascular injury. Previous
studies have indicated, t-PA binds to CKAP4 and acts as a plasminogen activator32. However, in our study,
we identi�ed CKAP4 to be highly upregulated in CKD patients (Fig. 1), CKD in vitro and in vivo models
(Fig. 2, 7). Additionally, we observed in these models increased calci�cation, ALP activity, and apoptosis
(Fig. 1, 2, 7). In the VSMC model, under a high phosphate environment, cells underwent osteogenic
differentiation and highly expressed markers such as Runx2, Msx2, PIT1 but had decreased expression of
α-SMA and SM22α (Fig. 2D). In VC, previous studies have identi�ed that the osteogenesis is enhanced
through the activation of Wnt signaling26. Additionally, it is elucidated that Wnt signaling causes
osteogenic stimulation through activation of Runx2 expression33. Additionally, in the Wnt signaling
pathway, prevention of proteasomal degradation 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 mature34. However, the role of CKAP4 in enhancing
osteogenesis, VC and CKD has been relatively unknown.

In the current study, we identi�ed MMP2 to be highly expressed in patient’s serum (Fig. 1B). Interestingly,
silencing of CKAP4 decreased MMP2 expression, calci�cation, and osteogenic differentiation (Fig. 3).
Previously, studies have clearly indicated that MMP2 could be the key factor involved in exacerbating the
severity of CKD 6. Additionally, it is well established that MMP2 is chie�y upregulated under oxidative
stress and its expression has been known to decrease smooth muscle contraction35–37. In a study by
Chung et al., 38 it was observed that increased expression of MMP2 has been associated with decreased
glomerular �ltration rate and renal function. Hence, it was clear that MMP2 was correlated with poor
prognosis in CKD patients. However, to understand MMP2’s role in CKD, it is important to understand how
CKAP4 regulates MMP2. To answer this question, we focused on a upstream regulator of MMP2, YAP. In
our study, we observed lack of CKAP4 decreased the nuclear localization of YAP (Fig. 4A, B). Additionally,
it was clear that CKAP4 absence increased phosphorylation of this protein at serine 127, thereby
decreasing its localization in the nucleus (Fig. 4C). As YAP is an important regulator of many genes,
studies have indicated that YAP translocation from nucleus to cytoplasm could decrease gene
transcription of its downstream targets39. Additionally, we also observed other HIPPO pathway factors,
such as Mst1/2, Lats1/2 in the absence of CKAP4 was also signi�cantly decreased (Fig. 4C). But the
phosphorylated versions were increased when compared with the control. 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 YAP40, 41.

Interestingly, studies have also indicated YAP antagonists have protective and regenerative abilities in
cancer and ischemia22, 42. In the study by Xu et al., it was clearly indicated that constant increase in YAP
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activation could cause interstitial �brosis and abnormal differentiation of renal tubules 22. However, in
our study it was clear that nuclear localization and decreased phosphorylation of YAP, increased MMP2
activity and also aided in VC. Previously, many studies have indicated YAP as an upstream regulator of
MMP2, in studies on gastric adenocarcinoma, knockdown of YAP signi�cantly decreased MMP2
expression43, 44. Even in our study, we observed silencing of YAP signi�cantly decreased MMP2 levels in
the in vitro model (Fig. 5). We also successfully developed an 5/6 nx mice model with high phosphate
diet, which showed increased calci�cation, ALP activity and higher osteogenic expression pro�le (Fig. 7).
However, silencing of CKAP4 in the CKD mice model, showed signi�cant decrease YAP, MMP2 and
calci�cation (Fig. 8). This con�rmed our hypothesis, CKAP4 modulates VC in CKD through modulation of
YAP/MMP2 pathway.
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Tables
Table 1. Clinical characteristics of healthy volunteers and patients with CKD. 

  Healthy controls CKD stage III-IV CKD stage V

No. of cases 32 47 95

Age(years) 46.5 ± 6.5 57.9 ± 8.9* 60.2 ± 10.1**

Male gender(%) 56.2% 57.5% 61.1%

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**

eGFR(mL/min/1.73m2) 88.92 ± 4.4 29.85 ± 3.6** 13.8 ± 2.4**

Data are shown as mean ± SD. *p<0.05, **p<0.01.

 

Table 2. The sequence of primers used in the study. 
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Gene symbol Sequence 5’—3’ Size(bp)

CKAP4-F TCCCGTCAGAGGGATGAGC 106

CKAP4-R GCTGGGAGTTTCTCAGGAGG

MMP2-F ACCTGAACACTTTCTATGGCTG 140

MMP2-R CTTCCGCATGGTCTCGATG

GAPDH-F AGGTCGGTGTGAACGGATTTG 123

 

137

 

121

 

132

 

117

 

131

 

132

GAPDH-R

YAP-F

YAP-R

α-SMA-F

α-SMA-R

SM22α-F

SM22α-R

Pit1-F

Pit1-R

Runx2-F

Runx2-R

MSX-F

MSX-R

TGTAGACCATGTAGTTGAGGTCA

TTGCGTCTGATCTCGTGGAG

GGAAGCTGTCTCATGCCTCA

TCCACCGCAAATGCTTCTAAGT

ATGAGTCAGAGCTTTGGATAGGC

TGGTGAGCCAAGCAGACTTC

AAGGCTTGGTCGTTTGTGGA

CAATTCCGCCTCTGCACCTA

TTCACATGTGTGCTGGCTTC

CCGCCTCAGTGATTTAGGGC

GGGTCTGTAATCTGACTCTGTCC

GGAGCACCGTGGATACAGG

TAGAAGCTGGGATGTGGTGAA

 

Table 3. Biochemical parameters between groups. 
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  Sham+Normal Pi
n=9

Sham+High Pi
n=9

CKD+Normal Pi
n=9

CKD+High Pi
n=9

Serum DKK1
(pg/mL)

387 ± 121 411 ± 132 612 ± 78a 1087 ± 139a,b

Serum FGF-23
(pg/mL)

421 ± 102 952 ± 69 681 ± 78a 21036 ±
2106a,b

Serum urea
(mmol/L)

6.5 ± 0.4 6.9 ± 0.6 12.9 ± 0.8a 13.3 ± 1.1a

Serum creatinine
(µmol/L)

17.2 ± 1.6 20.5 ± 0.7 43.6 ± 3.1a 65.7 ± 2.4a,b

Urinary calcium
(mg/d)

0.035 ± 0.006 0.169 ± 0.053 0.084 ± 0.007a 0.126 ±
0.029a,b

Urinary phosphate
(mg/d)

0.980 ± 0.091 4.126 ± 0.198 0.793 ± 0.057a 2.563 ±
0.231a,b

Values are expressed as mean ± SD. FGF-23, fbroblast growth factor-23; ap < 0.05 vs Sham; bp <0.05 vs
Normal Pi

Figures

Figure 1

CKAP4 and MMP2 expression in the serum of patients with CKD. (A) CKAP4 levels and (B) MMP2 levels
were detected using the ELISA kit, in patients’ serum. The data are presented as mean ± SD **P < 0.01.
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Figure 2

Treatment with high phosphates induces VSMCs calci�cation. (A) Alizarin red staining was performed on
VSMCs incubated under different conditions for 14 days with a media replacement every 3 days. (B)
Calcium content and (C) ALP activity was expressed as the mean ± SD of at least three simultaneous
replicates. (D-E) Expression of CKAP4, smooth cell and osteogenesis markers were determined through
western blotting in VSMCs exposed to differentiation medium for 2 weeks. (F) Cell viability was detected
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using MTT assay. (G-H) Analysis of apoptosis rates were done using �ow cytometry and quanti�cation.
Data are expressed as the mean ± S.E.M (n = 3). (I-J) Western-blot analysis of apoptosis related proteins
(cleaved caspase 3 and Bax). 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 < 0.05,**P < 0.01 compared to the NP treatment group.

Figure 3
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Knockdown of CKAP4 reduces vascular calci�cation. VSMCs were treated with negative control siRNA, or
CKAP4 siRNA (siCKAP4) for 24 h, respectively. The mRNA (A) and protein (B) expression of CKAP4 in
VSMCS detected by RT-PCR and western blot analysis, respectively. Cells were transfected with negative
control siRNA, or CKAP4 siRNA for 24 h, respectively. (C) Alizarin red staining was performed on VSMCs
incubated under different conditions for 14 days with changing media every 3 days. (D) ALP activity was
expressed as the mean ± SD of at least three simultaneous replicates. (E) Expression of smooth cell and
osteogenesis markers were determined by WB in VSMCs exposed to differentiation medium for 2 weeks.
(F) Cell viability was detected using MTT assay. (G-H) Analysis of apoptosis rates by �ow cytometry and
quanti�cation. Data are expressed as the mean ± SD (n = 3). (I-J) Western blotting analysis of apoptosis
related proteins (cleaved caspase 3 and Bax). *P < 0.05,**P < 0.01, ***P < 0.001 compared to the si-CTRL
group.

Figure 4

CKAP4 is associated with nuclear translocation of YAP. VSMCs were treated with negative control siRNA,
or CKAP4 siRNA (siCKAP4) for 24 h, respectively. (A) Immuno�uorescence 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 24 h, respectively, Scale bar = 20 μm. (B)
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Percentage of cells with predominantly nuclear YAP. mean ± SD; n = 10 randomly chosen view-�elds. *P <
0.05; **P < 0.01. (C) Western blotting for 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 24 h, respectively.

Figure 5

YAP is an upstream regulator of MMP2. VSMCs were treated with negative control siRNA, or YAP siRNA
(siYAP) for 24 h, respectively. (A) Immuno�uorescence staining of MMP-2 (red) and DAPI (blue) in
VSMCs, cells were treated with negative control siRNA, or YAP siRNA for 24 h, respectively. Scar bars, 20
μm. (B) Western blotting analysis of YAP and MMP2 of cells treated with siYAP. (C) Alizarin red staining



Page 23/26

was performed on VSMCs incubated under different conditions for 14 days with media replacement every
3 days.

Figure 6

CKAP4 promotes VSMCs calci�cation via YAP/MMP-2 pathway. (A) ALP activity was expressed as the
mean ± SD of at least three simultaneous replicates. (B-H) Expression of YAP, different smooth cell and
osteogenesis marker were determined by qRT-PCR and western blotting in VSMCs exposed to
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differentiation medium for 24 h. *P < 0.05, **P < 0.01. Abbreviations: 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.

Figure 7

High Phosphate promotes CKAP4 expression in vivo. (A-C) Expression of CKAP4 and MMP2 were
detected by qRT-PCR and western blotting. (D) Immunohistochemical staining of CKAP4 protein levels,
scale bar = 50μm. *P < 0.05, **P < 0.01.
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Figure 8

High Phosphate induces aortic calci�cation in a high CKD model. (A) Representative images of Alizarin
Red stained sections of aorta. Scale bar = 50 µm. (B) Calcium content in the thoracic aorta. n = 6 per
group. Data are presented as the mean ± SD. *P < 0.05, *** P < 0.001. (C) Expression of different smooth
cell and osteogenesis marker were detected by western blotting. (D) ALP activity was expressed as the
mean ± SD of at least three simultaneous replicates. (E-F) Analysis of apoptosis rates by �ow cytometry
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and quanti�cation. Data are expressed as the mean ± SD (n = 3). (G-I) Expression of Capase-3 and Bax
detected by qRT-PCR and western blotting. *P < 0.05, **P < 0.01, ***P < 0.001.

Figure 9

CKAP4 inhibition attenuates vascular calci�cation in CKD mice. CKD mice were administered with
scramble or siCKAP4 lentivirus via tail vein injection and placed on high phosphate diet for 12 weeks. (A)
Representative images of alizarin red stained sections of aorta. Scale bar = 50 µm. (B) Calcium content in
the tissues of thoracic aorta. n = 6 per group. Data are presented as the mean ± SD. *P < 0.05, ***P <
0.001 vs. Sham ###P < 0.001 vs. HP+Vehicle. (C) Expression of CKAP4, YAP, MMP2 were detected by
WB. Abbreviations: HP+Vehicle, high phosphate diet + vehicle, HP+ad-CKAP4, high phosphate diet +
silencing of CKAP4.


