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Hyperphosphatemia in chronic kidney disease exacerbates atherosclerosis

via a mannosidases-mediated complex-type conversion of SCAP N-glycans.
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Abstract

Blood phosphate levels are linked to atherosclercardiovascular disease in patients with
chronic kidney disease (CKD), but the molecular Ina@isms remain unclear. Emerging
studies indicate an involvement of hyperphosphaemi CKD accelerated atherogenesis
through disturbed cholesterol homeostasis. Heranwestigated a potential atherogenic role
of high phosphate concentrations acting throughrrabe activation of sterol regulatory
element-binding protein (SREBP) and cleavage-awtiga protein (SCAP)-SREBP2
signaling in patients with CKD, hyperphosphatenpolgoprotein E (ApoE) knockout mice,
and cultured vascular smooth muscle cells. Hypesphatemia correlated positively with
increased atherosclerotic cardiovascular diseasle in Chinese patients with CKD and
severe atheromatous lesions in the aortas of ApmEKkout mice. Mice arteries had elevated
SCAP levels with aberrantly activated SCAP-SREBRpaling. Excess phosphatevitro
raised the activity ofa-mannosidase, resulting in delayed SCAP degradattwaugh
promoting complex-type conversion of SCAP N-glycahise retention of SCAP enhanced
transactivation of SREBP2 and expression of 3-hwg®methyl-glutaryl coenzyme A
reductase, boosting intracellular cholesterol sgsith Elevated-mannosidase Il activity was
also observed in the aortas of ApoE knockout mioe the radial arteries of patients with
uremia and hyperphosphatemia. High phosphate ctiaten in vitro elevated
a-mannosidase Il activity in the Golgi, enhanced plax-type conversion of SCAP
N-glycans, thereby upregulating intracellular clstéeol synthesis. Thus, our studies explain
how hyperphosphatemia independently acceleratesaaitierosis in CKD.

Keywords. Hyperphosphatemia; SCAP N-glycans conversion; HRG@therosclerosis;

a-Mannosidase activity



Translational Statement

Hyperphosphatemia accelerates atheroscleroticasasitular disease (ASCVD), but the
underlying mechanisms are still unclear. This pagescribes a new mechanism by which
hyperphosphatemia increased the activitg-mhannosidase 1l in the Golgi, which enhanced
sterol regulatory element-binding protein (SREBRgacage-activating protein (SCAP)
mediated SREBP2 activation in lipid synthesis bydmating SCAP N-glycans. Our work
provides a mechanistic explanation for a high ienime of ASCVD in CKD patients and the
underlying mechanisms by which phosphate directigcing vessel lipid homeostasis
without changing blood lipid levels. It may alsontdbute to the design of effective dual

therapeutic strategies targeting both phosphateéigiddnetabolisms in the CKD population.



I ntroduction

Atherosclerotic cardiovascular disease (ASCVD)hs teading cause of mortality in
patients with chronic kidney disease (CK'DE:holesterol blood levels in CKD patients are
usually normal or even low but are associated wittiaordinarily high ASCVD risk.This
clinical phenomenon implies that cholesterol melisboin CKD patients differs from that of
the general population, and that non-classical fasitors may disrupt lipid homeostasis in
CKD to significantly increase ASCVD by unknown maoisms>>

Phosphate, whose level is tightly regulated in khenan body (physiologic range
0.8-1.5mmol/L), plays vital roles in the regulatiohvarious physiological processes such as
membrane integrity, intracellular signaling andlsta mineralizatiorf.® Hyperphosphatemia
accounts for morbidity in 23% of CKD stage 4 paeand about 70% of dialysis patiefits.
Compelling clinical evidence suggests that hypesphatemia contributes to higher
atherosclerotic death risk in Western CKD patiemts the general populatidfi** Moreover,
feeding ApoE-/- mice a phosphate-rich diet resultednore severe atherosclerotic lesions
independently of vascular calcification, while onathosphate binder could decrease the
progression of atherosclerosis in uremic ApoE-/eehi*® Emerging studies indicate the
involvement of hyperphosphatemia in atherogenesi€KD through disturbed cholesterol
homeostasi$>*’ but the underlying mechanisms remain largely umkmo

Sterol regulatory element-binding protein (SREBR)which is synthesized as an
immature precursor embedded in the ER, principatytrols the expression of genes
involved in cholesterol uptake and biosynthesise Blability and maturation of precursor
SREBP2 relies on binding to SREBP cleavage-actiggtrotein (SCAP), a sterol sensor?
A small reduction of ER membrane cholesterol al®@@AP conformation, resulting in its
detachment from its anchoring protein insulin-ingllgene (INSIG) 1 and translocation of

SCAP/SREBP2 complex from ER to Golgi, where SREBP2nzymatically cleaved and



releases its active NHerminal fragment SREBP2-N. SREBP2-N can enterntindeus to
bind with a sterol regulatory element (SRE) to \at 3-hydroxy-3-methyl-glutaryl
coenzyme A reductase (HMGCR) and low-density liptgin receptor (LDLr) gene
transcriptior>?! Intracellular cholesterol de-novo synthesis isréased via upregulated
HMGCR, and native low-density lipoprotein (LDL) &ke is strengthened by upregulated
LDLr.

During translocation to the Golgi, asparagine (Nkéd carbohydrates of SCAP are
successively modified by-mannosidase ofMAN) I, N-acetylglucosamine (GIcNACc)
transferase 1, and-MAN 1I.??> The modifications cause the N-glycans of SCAP & b
heterogeneously converted from a format of highimegae glycans to complex glycans
containing multiple-branches (defined as ‘compligxet conversion’). Part of the SCAP
protein then recycles back to the ER to form a nemplex with another SREBP2, while the
remainder is subject to degradation by the ubiquitroteasome systefh. Glucose
deprivation prohibited N-glycosylation of SCAP, whi made it more susceptible to
degradation and therefore restricted its bio funmctin the transactivation of SREBPs.
Increased biosynthesis of cholesterol mediated liGER contributes to lipid accumulation
and foam cell formation in vascular smooth muselésqVSMCs)?> SCAP dysfunction has
been implicated in atherosclerosis observed inribrimflammatory status and diabetég?
However, whether increased serum phosphat® (Bvel in CKD patients affects SCAP
posttranslational glycosylation, and whether thalifirmations contribute to the development
of ASCVD remains unclear.

In the present study, we analyzed clinical epiddogly data from a Chinese CKD
population, which supported our argument that hypesphatemia accelerated ASCVD. We
also explored the aberrant activation of SCAP-SREB#gnaling in the arteries of

hyperphosphatemic ApoE-/- mice and uremic patieM& sought to determine how



excessive phosphate perturbs SCAP posttranslatiglyabsylation, causing unregulated
intracellular cholesterol synthesis with foam deltmation. These studies provide a novel
mechanistic explanation for the accelerated atlotrassis in CKD population.
Methods
1. A cross-sectional study in Chinese CKD population

A study population including 438 CKD patients fr@atage 3 to 5 admitted to the First
Affiliated Hospital of Chongging Medical Universifyom January 2013 to February 2016.
Serum B levels were the mean of three measurements oindashorning serum P
concentration within 1 month. All the subjects weategorized into four seruniFranges as
follows: <1.21mmol/L, 1.22mmol/L~1.46mmol/L, 1.47motfL~ 1.78mmol/L and
>1.78mmol/L, by quartile spacing strategy. Detaitse described in supplements. The study
was approved by the Human Research Ethics Comnatt€&hongging Medical University.
All subjects were included after providing informeahsent.
2. Study animals

A hyperphosphatemic animal model was establishedebging high phosphate diet
(HPD) as previously publishéd.8 weeks old male ApoE-/- mice were raised wittdgad
chow (n=15) or HPD (n=15) (Baitai Hongda Biotedd LChina) for 16 weeks. The formulas
of the main nutrition gradients were shown in Seppntal Table 3. The post valve aortic
root (about 5mm in length) was used to prepareeficeerial sections. The remaining aortas
were stored in -80°C for mRNA and protein examiratiAll procedures of the animal study
were approved by the Subcommittee on Animal Caree®eh at Chongging Medical
University.
3. Cdl culture

The detailed methods of our primary human aortid®S culture were based on our

previous work® The cells of & or 7" passages were used for experiments. Phosphate



stocking medium was made of Ng*D, and NaHPQO, (adjusting pH to 7.40).
4. SCAP protein degradation

The protocols for determining SCAP protein degriaat followed previous
investigations2°
5. CrudeER isolation and examination of SCAP N-glycans

Treated VSMCs on four 150¢énflasks were harvested to examine the format of BCA
N-glycans following the approach of Nohturfft et
6. Microsomes preparation and enzymatic assay of a-MAN I activity

Treated VSMCs on two 150¢énflasks were harvested, and #éAN Il activity was
determined using a previously described enzymeebasethod and normalized by
microsome proteins determined by the Lowry ad&ay:.
7. Statistics
Statistical analyses were performed using SPSS. BlGdata were analyzed by 2-tailed
Student’s t-test as well as by one-way ANOVA asrappate. P < 0.05 was considered
statistically significant.
Results
1. Hyperphosphatemia correlated with increased ASCVD risk in Chinese CKD
patients

438 CKD patients were divided into atherosclero@s$) and non-atherosclerosis
(non-AS) groups according to the diagnosis of ASCVEReir basic characteristics were
described in Supplemental Table 1. Hyperphosphatemi several other parameters such as
maintenance dialysis showed positive correlationgh wthe incidence of ASCVD
(Supplemental Table 2). Multivariate logistic stegsvregression analysis suggested that
serum P* levels between 1.47mmol/L~1.78mmol/L (P=0.010) aid78mmol/L (P=0.002)

were positively correlated with the incidence of QB. ASCVD risk increased with rising



serum P level (serum # level 1.47~1.78mmol/L, OR 2.348; serurii Rvel >1.78mmol/L,
OR 2.878) (Table 1).
2. Hyperphosphatemia disrupted SCAP mediated cholesterol homeostasis in the
atherogenesis of ApoE-/- mice

Four weeks after feeding a HPD, the serufhlBvels of the mice were significantly
elevated and sustained until sacrificed (HPD 2.68ffimvs standard chow 2.14mmol/L).
There were no alterations of other indexes suckots cholesterol (TC) and triglyceride
when sacrificed, except for parathyroid hormone,gacondary change of elevated serdin P
levels (Supplemental Table 3). HPD feeding resultech more severe atheroma burden
relative to standard chow (Figure 1A and 1B). Tereis B* level correlated positively with
the atheroma burden in the aortic root (Figure 1C).

We observed transcription changes of cholesterdaibodism-related genes in aortas but
not in livers in HPD fed mice (liver data not shgwmRNA levels of HMGCR, LDLr and
SREBP2, but not of INSIG1, SCAP, liver X receptoLXRa) or ATP-binding cassette
transporter A1 (ABCA1), were increased in HPD feidar(Figure 1D). The protein levels of
SCAP, HMGCR and SREBP2-N, but not INSIG1, LDLr, LXRand ABCAl were
dramatically elevated in HPD fed mice relative bhe tcontrol (Figure 1E, F). Moreover,
immunohistochemistry staining further confirmed SZArotein increment in the aortas of
HPD fed mice (Figure 1G).

3. Excess phosphate induced translocation of SCAP and cholesterol accumulation in
vitro

VSMCs and macrophages are the main sources obatléous foam cells. Neutral lipid
deposition was increased when VSMCs and THP-1 maages were treated with excess
phosphate (3.0mmol/L) (Figure 2A and Supplemeniglife 1A). The TC and cholesterol

ester (CE) levels, but not free cholesterol (FCextess phosphate-treated VSMCs were



significantly higher than in controls (Figure 2EXxcess phosphate increased intracellular TC
but not CE or FC in THP-1 macrophages (Supplemémndggire 1B).

Excess phosphate increased the mRNA levelsM&ER, LDLr and SREBP2, but not
INSIG1, LXRa or ABCA1 (Figure 2C and Supplemental Figure 1€)it not affect the
protein levels of INSIG1, LDLr, LXkR and ABCA1, but increased that of HMGCR and
SREBP2-N (Figure 2D, E and Supplemental Figure D Excess phosphate did not affect
SCAP mRNA expression (Figure 2H and Supplemenggliriéi 1H) but increased its protein
level (Figure 2F, G and Supplemental Figure 1F, Gxcess phosphate enhanced
co-localization of SCAP within the Golgi (Figure @hd Supplemental Figure 1I). VSMCs
were more sensitive to excess phosphate than THR¢rophages so were used alone in
subsequent experiments. Levels of LDLr mRNA inceelad.35-fold in excess phosphate
treated VSMCs, but its protein expression reachel¢ @.16-fold of control. This small
variation in LDLr protein level did not increasellDDL uptake as shown by fluorescence
photography (Figure 2J) and fluorospectrophotom@tigure 2K). In line with ouin vivo
findings we found that excess phosphate increass®PSorotein at the post-transcriptional
stage, enhancing SCAP escort for SREBP2 transéotivéo upregulate the expression of
HMGCR, thus facilitating cholesterol de-novo symise and intracellular cholesterol
accumulation.

4. Excess phosphate promoted intracellular cholesterol accumulation via
SCAP-SREBP2-HM GCR pathway in VSMCs

The mRNA levels of HMGCR and SREBP2 were stablyraased when the
concentration of phosphate rose from 1.0 to 5.0Mimwithout affecting SCAP mRNA
levels (Supplemental Figure 2A). HMGCR and SCAPtgoincreased as the phosphate
concentration elevated (Supplemental Figure 2BQggesting a dose-dependent SCAP

response to phosphate signaling. A physiologicabsphate concentration (1.0mmol/L)



changed neither SCAP nor HMGCR protein levels o¥2+hour time course but excess
phosphate increased HMGCR and SCAP protein levelnatically and they remained high
after 24 hours (Supplemental Figure 2C).

Sodium-dependent phosphate cotransporter (NPQeismtain channel for phosphate
uptake in VSMCs, to which phosphoformate sodiumAjHE a specific competitive inhibitor
that can dose-dependently block NP@FA did not reduce HMGCR and SREBP2 mRNA
levels with a physiological concentration of phaosgh but inhibited their excess phosphate
elevated expressions (Figure 3A, B). PFA did nteafSCAP mRNA levels (Figure 3A), but
overrode the increased SCAP, HMGCR and SREBP2-kiprtevels observed after excess
phosphate treatment (Figure 3B). Meanwhile, PFAibitéd intracellular TC and CE
accumulation induced by excess phosphate, but didchange their levels within the
physiological concentration of phosphate (Figure.3These results imply that blocking
VSMC phosphate uptake can abrogate the activati®@CaAP signaling by excess phosphate.

When knocking down SCAP by shRNA, the mRNA and g@rotevels of HMGCR and
SCAP decreased, even in the presence of excesphates which also reduced SREBP2
MRNA level and SREBP2-N in the nucleus (Figure 3id 8E). Meanwhile, knocking down
SCAP reduced intracellular TC and CE contents ({@d@¥F). Knocking down SREBP2 led to
much-reduced mRNA levels of HMGCR and SREBP2 butoh&CAP, even in the presence
of excess phosphate (Figure 3G). Excess phosphateased SCAP protein level, but
knocking down SREBP2 decreased HMGCR and SREBP2-Mea nucleus (Figure 3H).
Moreover, knocking down SREBP2 reduced intracellll@ and CE content and offset the
accumulating effects on them of excess phosphaggrir@ 31). These results indicated that
excess phosphate specifically promoted cholestaaotumulation in VSMCs via
SCAP-SREBP2-HMGCR signaling.

5. Excess phosphate delayed SCAP degradation by promoting complex-type



conversion of its N-glycans

Cycloheximide (CHX) is an inhibitor for intracelld protein synthesis, which can be
used to determine the half-life of proteins in neolar biology?*?® SCAP protein levels
significantly decreased at thé' 8our after CHX treatment and reduced to 22% at#ie
hour compared to that of hour O within a physiotagiphosphate concentration. However,
with excess phosphate, the SCAP protein at tieh®drr remained at 48.9% of that at hour 0
(Figure 4A and B), indicating that excess phosphateeased SCAP protein retention by
delaying its degradation. GIcNAc (20mmol/L), whicKacilitates N-glycosylation,
significantly increased mRNA levels of HMGCR and EB®2, while tunicamycin (Tuni,
lug/ml, an inhibitor of N-glycosylation) decreasecerth even in the presence of excess
phosphate (Figure 4C). Neither GIcNAc nor Tunir@temRNA level of SCAP (Figure 4D).
However, GIcNAc increased SCAP, HMGCR and SREBP@rbdtein levels equivalent to
those of excess phosphate, and Tuni decreasednhtiem same condition (Figure 4E). These
data implied that the effects of excess phosphat8@AP signaling were probably mediated
by altering the N-glycans of SCAP.

SCAP contains a glycosylated peptide of 170 aaitharotected from proteolysis by
trypsin3 This trypsin protected fragment acquires two Nkdidh high-mannose-type glycans
which are sensitive to hydrolysis by endoglycosedbis(endo. H) when the nascent SCAP
was synthesized. The two glycans will become ehtloesistant when further modified by
a-MAN 11 in the Golgi, converting to the complexgly glycan$? Within the physiological
phosphate concentration, N-glycans of SCAP largehyained high-mannose-type, as shown
that the apparent mass of the most trypsin pralebegments became smaller (without
glycans) after endo-H digestion which hydrolyzediththigh-mannose-type glycans (Figure
4F, lane 1). Excess phosphate converted >90% ofPFSNAjlycans to the complex-type,

because most trypsin protected fragments arenstill glycans after endo. H digestion (endo.
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H resistant) (Figure 4F, lane 4 vs lane 1). Exgdgmsphate was more efficient than GICNAc
in facilitating the complex-type conversion of SCARylycans (Figure 4F, lane 4 vs lane 2).
Tuni nearly abolished phosphate-induced conversioh SCAP N-glycans from
high-mannose-type to the complex-type, as showhabfyof the trypsin protected fragments
remaining sensitive to endo. H (Figure 4F, lanes %awne 4), which hydrolyzed them to make
the apparent mass of the fragments as small aggly¢éns had been removed, whether or
not they have been modified in the Golgi, usingogihgcosidase PNGase F (as a positive
control) (Figure 4F, lane 6). Interestingly, we iouthat both GIcNAc and excess phosphate
increased SCAP colocalization with Golgi apparateigure 4G GIcNAc and Pi vs ctrl),
which was attenuated by Tuni (Figure 4G Tuni vs),ceven in the presence of excess
phosphate (Figure 4G Tuni vs Pi+Tuni).
6. Excessphosphate enhanced the activity of a-MAN 2A1 and 2A2 in vitro

With the increase of phosphate concentratiarddAN Il activity increased (Figure 5A).
Interestingly, PFA did not affect-MAN |l activity within physiological phosphate
concentrations but could reverse the elevated eazwtivity by excess phosphate (Figure
5B). Swainsonine (Swain) is a potent and selectifigitor of a-MAN II. Excess phosphate
significantly increased the activity afMAN II, which can be inhibited by Swain (2:8§/mL)
(Figure 5C). This inhibition also reduced TC and Iéiels, even in the presence of excess
phosphate (Figure 5D).

a-MAN 2A1 and 2A2 are the two isoforms afMAN I, which are located mainly in
the Golgi and manipulate complex-type conversion SEEAP N-glycand?*® Excess
phosphate did not affect both the gene (Figuredsit]) protein (Figure 5F) levels @fMAN
2A1 and 2A2. However, knocking down eitheiMAN 2A1 or a-MAN 2A2 with shRNA
suppressed both HMGCR and SREBP2 mRNA expressibichvean be reversed by excess

phosphate (Figure 5Gn the same manner, knocking down eithelAN 2A1 or a-MAN
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2A2 with a shRNA significantly decreasedMAN Il activity, and the effects can be
alleviated by excess phosphate (Figure 5H). Knarkiown the two isoforms simultaneously
with both shRNA resulted in accelerated SCAP degjfrad after CHX treatment, and this
effect can be disrupted by excess phosphate (Figur@nd J). Knocking down the two
isoforms simultaneously also reduced SCAP coloadtim with Golgi, which was reversed
by excess phosphate (Figure 5K).

7. Hyperphosphatemia enhanced the activity of arterial a-MAN [

Hyperphosphatemia did not affect the levels of glemes (Figure 6A) and proteins
(Figure 6B) ofa-MAN 2A1 and 2A2, but significantly increasedMAN Il activity in the
aorta of ApoE-/- mice (Figure 6C). We also deteatxvated SCAP protein levels in radial
arteries of uremic patients with hyperphosphaterfwath serum phosphate level of
2.43+0.57mmol/L) by immunohistochemistry staininigigure 6D). There was increased
activity of a-MAN II, when compared with the control group (wigkrum phosphate level of
1.27+0.15mmol/L) (Figure 6E).

Discussion

In this study, we report for the first time thatpeyphosphatemia in Chinese CKD
patients is an independent risk factor for ASCVRd ahat higher serum®P levels are
significantly associated with a higher ASCVD risijich accords with clinical observations
in Western countrie®? Our present work using a mouse model also revealitbnce that
the severity of the aortic atheroma burden paeleserum P levels. These results
demonstrated a clear link between hyperphosphatendi@®SCVD.

The known mechanisms involved in the pathophyswlag phosphate-induced
cardiovascular risk are vascular calcification aeadothelial dysfunctioh®3* but the
potential link between hyperphosphatemia and asiubetosis is reportedly uncertdth.

Previous studies by Phan and Ellam both showed liyperphosphatemia accelerates

12



atherogenesis in ApoE -/- mice, but the moleculacianisms remain uncle€dr-*Our data
obtained in the present study confirmed the prevasclerotic effect of hyperphosphatemia
and showed for the first time that phosphate hdsext pro-atherogenic role by perturbing
VSMC local cholesterol metabolism. We did not detagnificant changes in blood lipid
levels in our hyperphosphatemic mouse model, butica@theroma lesions increased
significantly. In line with this observation, thipid profile was not affected by a HPD in the
study from Ellam, and sevelamer benefited atheregjenin uremic ApoE-/- mice with
hyperphosphatemia without impacting circulatinglebterol as in the study from PhHrt>
These studies suggest that atherosclerosis indugdyperphosphatemia is not necessarily
dependent on hyperlipidemia and that disturbed edtetol homeostasis (for example
increased intracellular cholesterol synthesis)oél cells on the vessel wall could lead to an
accumulation of cholesterol in the arteries. Irt,famcal vascular lipid homeostasis could be
affected by phosphate or other factors (for examglammation) without changes of overall
lipid profiles®?® We and others have demonstrated a weak associbgomeen LDL
cholesterol level and coronary risk in CKE.

Modified LDL uptake via CD 36 and scavenger recept¢SRA) was thought to be the
main pathway for atherogenic cholesterol accumutatin artery cell$® However,
intracellular cholesterol homeostasis is coordiyategulated by cholesterol influx, efflux
and de-novo synthesis. Emerging evidence has glgklil the importance of HMGCR
mediated cholesterol biosynthesis in atherogef23is®Excess phosphate significantly
increased both mRNA and protein expression of HMGERSMCs and macrophages. The
elevation of HMGCR level was proven to directlydea its increased activity for catalyzing
acetyl-CoA into mevalonic acid, the rate-limitingejg in cholesterol de-novo synthesis and
exacerbating cholesterol accumulatfdnMeanwhile, excess phosphate neither increased

LDL uptake via LDLr nor affected LX&Rand ABCAL expression which mediates cholesterol
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efflux from cells. Therefore, the cholesterol acaletion observed in this study was mainly
because of increased de-novo cholesterol synthg$itVIGCR.

By generating the heterozygote SM22re:SCAP™*: ApoEmice, we have previously
reported the importance of SCAP in atherosclerfa@m cell formation invivo.?” Here,
blocking phosphate transport by PFA and gene sitgnaf SCAP or SREBP2 dramatically
interrupted the effect of excess phosphate on SSREBP2 signaling and cholesterol
accumulation, indicating that SCAP may act as a jdeysphate-responsive protein, which
orchestrates cholesterol homeostasis by contrdBiREBP2 activation.

The biosynthesis of N-glycans begins when nasc€atFSis translocated into the lumen
of the ER?*°Before SCAP transits to the Golgi, its glycan stuwe is cleaved by-MAN |
in the ER?** These high-mannose-type glycans are sensitivendo.eH digestiof® The
glycans can then be catalyzed by GIcNAc transferas¢he medial Golgi, which allows for
the generation of glycan branches. Successivatygtycans are converted to multi-branched,
complex-type glycans by decorations of sialic ag@aactose, and fucose in the trans-Golgi,
which is catalyzed by-MAN 1l (2A1 and 2A2). They then became resistanendo. H***
suggesting that-MAN 1l is the key enzyme for the formation of SCAF®@mplex-type
glycans.

Excess phosphate raised the activityaed¥lAN I, leading to the conversion of most
SCAP glycans from the high-mannose-type to the dexatype (Figure 4F lane 4). Gene
silencing ofa-MAN 2A1 and 2A2 blocked this conversion, whichther differentiated the
detrimental role o6-MAN Il in raised phosphate conditions, indicatithgitoa-MAN 2A1 and
2A2 controlled complex-type conversion of SCAP Negins could be key factors for the
pathogenesis of foam cell formation. Our findingsthier revealed that SCAP with
complex-type glycans is more resistant to degradathan SCAP with high-mannose-type

glycans (combining the results from Figure 4A/B aRdjure 4F). A previous study
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demonstrated in glioblastoma cells preventing Negbylation by glucose depletion,
accelerated the proteasome-dependent degradati®@AP?* Our study suggested that not
only N-glycosylation but the complex-type conversiof N-glycans by the-MAN Il could

be decisive for the stability of SCAP. The best mldd test the specific role of phosphate on
lipid homeostasis is SCAP VSMCs knockout mice. HaesveSCAP is an essential molecule
for the survival of eukaryotes. Both global and VSMpecific SCAP KO are lethal for mice.
This is one limitation of this study.

Overall, our study demonstrated that excess phospdaters VSMCs via NPC and
promotes the complex-type conversion of SCAP N-amgcby augmenting the activity of
a-MAN I, which increases SCAP half-life and protelavels. As a result, SCAP with
complex-type glycans recycle around the ER and iGwid over-activate SREBP2, leading to
robust cholesterol de-novo synthesis and therefaracellular cholesterol accumulation and
foam cell formation (Figure 7). We provide a newwiof a link between hyperphosphatemia
and lipid metabolic disturbance, both of which mngortant risk factors for atherosclerosis.
These findings may help understanding of the pahegis of accelerated atherosclerosis and
the high incidence of ASCVD in patients with CKD.ntay also contribute to the design of
effective dual therapeutic strategies targetinghbatosphate and lipid metabolisms in the

CKD population.
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Figurelegends

Figure 1. Hyperphosphatemia promoted atherosclerosis and disrupted SCAP mediated
cholesterol homeostasis in the aorta of ApoE-/- mice. (A)-(B) The hyperphosphatemia
model was established by feeding ApoE-/- mice vwilRD, whose littermates receiving
normal chow served as control. The longitudinaselesion of the aortic tissue or aortic root
frozen serial sections of the mice were preparedséained by ORO method when they were
sacrificed. (A) Representative images of atheroesiohs on the longitudinal dissection of
aorta, photographed by a camera (Canon, Japan)nnee per group). (B) Representative
images of atheroma lesions on the aortic root @estof mice, observed under microscopy
(Scale bar= 10am); quantification of the atheroma burden was pseed on six sections of
each aorta by Image J software, each section was dévery ten successive sections of one
mouse. The results were means £SD of plague anei@/ @area (%) (n=7 mice per group). (C)

The correlation between atheroma burden and setumsphate level, analyzed by linear
16



regression analysis (n=14 mice). (D) The mRNA esgien of the cholesterol metabolic
components analyzed by Real-time P@Ractin served as the reference gene. Values are
means +SD from 7 mice of each group. (E) The pnolevels of the cholesterol metabolic
components examined by Western blotting; the detraesl bands were typical from 3
experimental repeatf-actin served as the domestic control for the dgimpic protein, and
lamin A served as the reference for the nucleaepro(F) The densitometric scans of protein
bands represented by means +SD, normalized by awupawith reference protein and
expressed as a percentage of control (n=6 mice greup). (G) Representative
photomicrographs of SCAP antibody-stained immurtoblseemistry (ICH) sections from the
mice aortic root (Scale bar=10®) (n=6 mice per group). Statistical significancesw

assessed using 2-tailed Student’ s t-test in BpdDFa * P<0.01, ** P<0.05.

Figure 2. Excess phosphate induced translocation of SCAP and cholesterol
accumulation in VSMCs. (A)-(l). The VSMCs were cultured in experimental dinean with

or without excess phosphate for 24 hours. (A) Tikacellular neutral lipids stained by ORO.
The results are typical of those observed in faasate experiments. Scale bargb0 (B)
Quantification of intracellular FC and CE. Valuee aneans +SD from 3 experimental
repeats (n=12 per group). (C and H) The gene esiores of the cholesterol metabolic
components determined by Real-time PBFctin served as the reference gene. Values are
means £SD from 3 experimental repeats (n=9 permrdDd and F) The protein levels of the
cholesterol metabolic components examined by Wedittting. The demonstrated bands

were typical from 3 experimental repeafisActin served as the domestic control for the

17



cytoplasmic protein, and lamin A served as theresfee for the nuclear protein. (E and G)
The densitometric scans of protein bands repreddmgemeans +SD from 3 experimental
repeats (n=6 per group), normalized by comparisibim rgference protein and expressed as a
percentage of control. (I) The colocalization of FCwith Golgi apparatus observed by
confocal microscopy (as arrow pointed). The resaits typical of those observed in four
separate experiments. Scale bar=t0 (J)-(K). The VSMCs were incubated with Dil-LDL
(25umol/L) for 4 hours. (J) Cells were fixed with 4%raormaldehyde and captured by
fluorescence microscopy; the red fluorescence septs Dil-LDL uptake via LDLr. Scale
bar=10@um. (K) Cells protein were prepared with lysis buff®il-LDL fluorescence
intensity were quantified by fluorescence spectodpimeter. The histogram represents means
+SD of Dil-LDL fluorescence intensity from 3 expmental repeats (n=12 per group),
normalized by total protein volume. Statistical refigance was assessed using 2-tailed

Student’ s t-test in B, C, E, G, H and K. *P<0.0*E<0.05. Pi, excess phosphate.

Figure 3. Excess phosphate promoted intracellular cholesterol accumulation via
SCAP-SREBP2-HM GCR pathway in VSMCs. The VSMCs were cultured in experimental
medium with or without excess phosphate and indecéteatments for 24 hours. (A, D and G)
The gene expression determined by Real-time HERctin served as the reference gene.
Values are means £SD from 3 experimental repeats2)n (B, E and H) The protein levels
examined by Western blotting. The demonstrated Hamere typical from 3 experimental
repeats,p-actin served as the reference for cytoplasmicegmsef lamin A served as the
reference for proteins in the nucleus. (C, F anQuantification of intracellular FC and CE.
Values are mean +SD of duplicate wells from 3 expental repeats (n=12). Statistical

significance was assessed using one-way ANOVA \@tnferroni or Tamhane'sT2 as
18



appropriate in A, D, F, G, |, J, and L. * P<0.041,.dXcess phosphate.

Figure 4. Excess phosphate delayed SCAP degradation by promoting complex-type
conversion of its N-glycans. (A)-(B) The VSMCs were cultured in experimental dinan
with 50umol/L CHX in the absence or presence of excesspitaie for the indicated times.
(A) The protein levels examined by Western blottilbe demonstrated bands were typical
from 3 experimental repeats. (B) The densitometdans of protein bands by the Image-J
software. Values are means £SD from 3 experimemts)( (C)-(G) The VSMCs were
cultured in experimental medium with or without egs phosphate and indicated treatments
for 24 hours. (C and D) The gene expression detethby Real-time PCR-actin served as
the reference gene. Values are means £SD from &iexgnts (n=12). (E) The protein levels
examined by Western blotting. The demonstrated Hamere typical from 3 experimental
repeats. Lamin A served as the reference for prete the nucleugi-actin served as the
reference for cytoplasmic proteins. (F) N-glycahSGAP was analyzed as we described in
the Materials and methods section. (G) The coleaabn of SCAP with Golgi apparatus
observed by confocal microscopy (as arrow point@dje results are typical of those
observed in four separate experiments. Scale bams58tatistical significance was assessed
using one-way ANOVA with Bonferroni or Tamhane’s@f appropriate in B, C and D. *

P<0.01; ** P<0.05. Pi, excess phosphate.

Figure 5. Excess phosphate enhanced the activity of a-MAN 2A1 and 2A2 in vitro.
(A)-(H) and (K) The VSMCs were cultured in experme medium with or without excess
phosphate and indicated treatments for 24 hoursB(AC and H) The activity od-MAN 1l
determined by the enzymatic assay as we describdidei Materials and methods section.
Values are means £SD of duplicate wells from 3 arpents (n=9). (D) Intracellular FC and

CE assayed by a quantitative method. Values arenm&®D of duplicate wells from 3
19



experiments (n=12). (E and G) The gene expresstermined by Real-time PCR-Actin
served as the reference gene. Values are meanot8lplicate wells from 3 experiments
(n=12). (F) The protein levels examined by Westdoiting. The demonstrated bands were
typical from 3 experimental repeafsActin served as the reference for cytoplasmicenst

(K) The colocalization of SCAP with Golgi apparatisserved by confocal microscopy (as
arrow pointed). The results are typical of thossembed in four separate experiments. Scale
bar=5Qm. (I)-(J) The VSMCs were cultured in experimentadium with 5@mol/L CHX

in the absence or presence of excess phosphateasaustection of both shRNA far-MAN

2A1 and 2A2 for 16 hours. (I) The SCAP protein lsvexamined by Western blotting. The
demonstrated bands were typical from 3 experimegfsats. (J) The densitometric scans of
SCAP protein bands by the Image-J software. Vadwesneans +SD of duplicate wells from
3 experiments (n=6). Statistical significance waseased using one-way ANOVA with
Bonferroni or Tamhane’sT2 as appropriate in A, B, @ G, H and J, and 2-tailed

Student’s t test in E. * P<0.01. ** P<0.05. Pi, egs phosphate.

Figure 6. Hyper phosphatemia enhanced the activity of a-MAN 11 in the artery. (A) The
MRNA was extracted from the aorta tissue of theehgpposphatemia mice and control. The
gene expression was analyzed by Real-time PCR whephactin served as the reference
gene. Values are means =SD from 7 mice of eachpg(®) The protein was extracted from
the aorta, and the protein levels were examined/festern blotting. The demonstrated bands
were typical from 3 experimental repeats (n=6 mifegctin served as the loading control.
(C) The activity ofu-MAN Il in the aorta tissue of ApoE-/- mice. Valuage means +SD from

7 mice of each group. (D) Representative photorgieqohs of SCAP antibody-stained
Immunohistochemistry (ICH) sections from the radiglery of uremic patients (Scale bar=

10Qum). The values of semiquantitative analysis for plositive areas are expressed as the

20



means +SD from 8 patients at each group. (E) Theitgoof a-MAN Il in the radial artery of
uremia patients. Values are means =SD from 8-9eptsti of each group. Statistical

significance was assessed using 2-tailed Studeta& in A, C and E. * P<0.01.

Figure 7. Schematic diagram: Enhanced complex-type conversion of SCAP N-glycans

by hyperphosphatemia via aberrant activation of a-MAN |l leading to robust
cholesterol synthesis and atherogenesis. (A) Excess phosphate enters VSMC via NPC and
enhances complex-type conversion of SCAP N-glycapsaugmenting the activity of
a-MAN II. As a result, the degradation of SCAP witbmplex glycans slows down, which
recycles around ER and Golgi and overactivates 3®EBeading to robust cholesterol
de-novo synthesis, and thereby intracellular chetes accumulation and foam cell
formation. Pi, phosphorus. NPC, Na-Pi cotranspodaviAN I, a-mannosidase Il. (B)
Signaling cascade for excess phosphate uptake rapler-type conversion of SCAP

N-glycans and robust cholesterol de-novo synthesis.
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Table 1. Multivariate L ogistic Regression Analysis of The Correlation Between Serum

P*" level and ASCVD Risk, Stratified by Serum P** Levels

ltem Bvaue Pvalue Oddsratio 95% Confidenceinterval
Serum P** levels(mmol/L) 0.001
1.22~1.46 0.071 0.825 1.073 0.574~2.007
1.47~-1.78 0.854 0.010 2.348 1.230~4.481
>1.78 1.057 0.002 2.878 1.479~5.600

Multiple logistic regression models determined with a stepwise procedure, considering all
potential predictors and severa interactions. Only variables with a significant effect or
showing a potentially confounding influence in the model were maintained. P values are for

significance between groups.



Supplemental Material

Expanded Methods
1. Across-sectional study in Chinese CKD population

Briefly, all the participants underwent carotid dethoral B-mode ultrasound imaging
to identify the presence of atherosclerotic plaquesthe arteries, or coronary CT or
angiography examination to make sure the diagnoSiASCVD. All the subjects were
divided into group non-atherosclerosis (non-AS) gralip atherosclerosis (AS) according to
the presence or absence of atherosclerotic lesiothsnatched by sex and age (219 cases for
each group). Subjects with the sick history of amtune disease, primary
hyperparathyroidism, familial cardiovascular digeasd kidney tumour were excluded.

Related clinical parameters (such as body masx,jr{@l), blood pressure, smoking
history, alcohol consumption, diabetes history)ydia status, et al) and blood biochemical
markers (such as serum phosphate, calcium, magnesioolesterol, C-reactive protein
(CRP), hemoglobin, cardiac troponin | (cTnl), phyabid hormone, estimated glomerular
filtration ratee (eGFR), renal function, type B matetic peptide (BNP), serum albumin et al)
were collected (Supplemental Table 1).

CKD stage was categorized based on eGFR as detztiynthe Modification of Diet in
Renal Disease Study equatibhlull of ASCVD was defined as the absence of aohjsbf
coronary artery disease (myocardial infarction,ooary artery bypass graft surgery, or
coronary angiography positive), peripheral artedi@ease (claudication or vascular bypass
surgery) and cerebrovascular disease (stroke)ltrasaund identified atherosclerotic plague
in the peripheral artery. Smoking background inetliccurrent as well as past history.
Diabetes was defined as fasting glucose level rii@e 7.1 mmol/L or use of hypoglycemic
medication. Hypertension was defined as systolmodbl pressure>140 mmHg, diastolic
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blood pressure= 90 mmHg or use of medications prescribed for hgmsion. Use of
medications was based on clinical prescriptions aondfirmed with the patients. All
biochemical results were obtained from fasting dleamples.
2. Study animals

When the mice were sacrificed, the blood samplesewmllected by retro-orbital
sampling. Serum was harvested by centrifugatiothefblood at 3000rpm for 15 minutes in
room temperature and then sent to determine secalagarkers such as phosphate, calcium,
and cholesterol et al. (Supplemental Table 3).
3. Radial artery

Radial artery was discarded artery tissue collefrtm@ uremic patients who underwent
arteriovenous fistula operation. All procedures evapproved by the Ethics Committee for
the research of human specimens at Chongging Medtinasersity. Radial artery ring
(3-5mm in length) was stabilized in 10% formalinmr 4 hours and then sliced into frozen
serial sections. Other fresh radial artery tisswese stored at -80°C for enzyme activity
detection.
4. Cdl culture

Human aortic VSMCs were obtained from ATCC (USAyd aultured in M199 medium
with 20% fetal bovine serum, 2mmol/L L-glutamineQOU/ml penicillin and 100g/ml
streptomycin. The cells were incubated in M199 aomihg 2% fetal bovine serum (FBS),
2mmol/L L-glutamine, 100U/ml penicillin, 1@@/ml streptomycin, and antioxidants
butylated hydroxytoluene (BHT) and ethylenedianetrgiacetic acid (EDTA) at final
concentrations of 20 and 1@@ol/L (experimental medium for VSMCSs) with treatneeffor
indicated time. Human monocyte cell line (THP-1)TQXC) was cultured in RPMI 1640
containing 10% FBS, 2mmol/l L-glutamine, 100U/mhpailin, and 10Qug/ml streptomycin.
THP-1 was fully differentiated into macrophages toiggered with 160nmol/l phorbol,

2



12-myristate, 13-acetate (PMA) for 72h in M199 nuediwith 10% fetal bovine serum,
2mmol/L L-glutamine, 100U/ml penicillin and 10§/ml streptomycin. Experiments were
performed in fresh M199 medium containing 0.2% bevserum albumin (BSA), 2mmol/l
L-glutamine, 100U/ml penicillin, 1Q@/ml streptomycin, 20mol/L BHT and 10Qmol/L
EDTA (experimental medium for THP-1 macrophagedhwieatments for indicated hours.
When treated the cells with extra phosphate, thantfy of phosphate already presents in
each culture medium was always taken into acco8hort hairpin RNA (shRNA) for
SREBP2, SCAPg-mannosidase 2A1 and 2A2 were obtained from GemecBe., Ltd
(Shanghai, China). Phosphonoformic acid (PFA), Bhdglucosamine (GIcNAc),
tunicamycin, swainsonine and other chemicals warehased from Sigma (USA).
5. Genetransfection

ShRNA for SCAP, SREBP2Z;-mannosidase 2A1 and 2A2, and their control shRNA
(Santa Cruz, USA) were transfected into VSMCs whiiiPerFect Transfection Reagent
(QIAGEN, Germany) according to the manufacturerstgcol. Cells were kept in growth
medium for 24 hours after transfection and thenhedgswice in PBS before switching onto
the experimental medium.
6. ORO staining and mor phological examination

2x10° VSMCs seeded in 8-well chamber slides (Becton b, Oxford, UK) were
incubated in experimental medium for 24 hours. 2xMAP-1 cells were differentiated into
macrophages before transferred into fresh expetahemedium for 24 hours. Then the cells
were switched to fresh experimental medium in theeace or presence of 3.0mmol/L
phosphate. After 24 hours incubation, the cellsesweashed 3 times in PBS, and stained by
Oil Red O (ORO) as we described previousiihe longitudinal dissection of the aortic tissue
and aortic root frozen serial sections of the AgoBice were recovered to room temperature,
then washed 3 times in PBS, stained and counteestdollowed the same steps as the cells
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were treated. Finally, the cells and aortic rossudie were examined by light microscopy
(Olympus, Japan). Semi-quantitative analysis of Qi6itive staining was performed by the
Image-J software.
7. Examination of Dil-LDL uptake

VSMCs planted in 8-well chamber slides or 6-wedtpk were cultured in experimental
medium with or with excessive phosphate (3.0mmoft) 24 hours, then switched onto
fresh medium with 2&mol/L Dil-LDL for 4 hours. Treated cells in chambslides were
extensively washed with PBS for 3 times before dix@ith 4% paraformaldehyde for 20
minutes in room temperature. Then the slides wexered with DAPI mounting medium,
and the cells were examined with a fluorescenceastope (Olympus, Japan). Treated cells
in 6-well plates were harvested for protein eximactas usual, and protein aliquots were
applied for Dil-LDL quantification using a standacdrve and normalized by total protein
from cells.
8. Total RNA isolation and Real-time quantitative PCR

Total RNA was isolated from cultured cells usinglZ® (Ambion, UK) or from artery
tissue using RNeasy Fibrous Tissue Mini Kit (Qiagéerman). Total RNA (ig) was used
as a template for reverse transcription with a Higipacity cDNA RT Kit from ABI (Applied
Biosystems, UK). Real-time gPCR was performed inAB1 7000 Sequence Detection
System using SYBR Green dye according to the matwir’s instruction (Applied
Biosystems, UK) as we described previodsidl the Tagman primers were designed by
Primer Express Software V3.0 (Supplemental Taldaed6).
9. Protein isolation and Western-blotting

Identical amounts of protein from cell extractsnorclear extracts of cultured cells or
artery tissue were denatured and then subjectecldotrophoresis on an 8% SDS
polyacrylamide gel and electrophoretic transfea tatrocellulose membrane as we described
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before? Rabbit anti-human/mouse antibody for HMGCR (Abcai{), SCAP (Abcam, UK),
ABCALl (Abcam, UK), LXRx (Abcam, UK),a-mannosidase 2A2 (Abcam, UK), or mouse
anti-human/mouse antibody for SREBP2 (Santa Cri&A)Jlamin A (Santa Cruz, USA),
a-mannosidase 2A1 (Santa Cruz, USBactin (Sigma, USA), or chicken anti-human/mouse
antibody for LDLr (Abcam, UK) were used as the mmnantibodies. A rabbit anti-mouse or
goat anti-rabbit and goat anti chicken HRP-labelaetibody (Abcam, UK) was used as the
secondary antibodies. Semi-quantitative analysisMektern blots was performed by the
Image-J software.
10. Immunohistochemistry staining

The aortic root frozen serial sections of the Ageliice and radial artery sections of
uremic patients were recovered to room temperatweshed 3 times in PBS, fixed by
acetone for 30minutes, and dehydrated by gradieohal (70%, 80%, 90%, 95%). The
activity of endogenous peroxidase was eliminated%yHO, for 30minutes, followed by
transmembrane treatment with 0.4% Triton X-100 X¥&minutes and blocked by 10% goat
serum for 1hour. Then the serum was removed, amdehtions were incubated with rabbit
anti-human/mouse SCAP antibody (Santa Cruz, US8)n@UPBS as an alternative for the
negative control sections) overnight at 4°C. Thet glay, sections were washed for 3 times in
PBS, and then incubated in HRP-labeled goat ahbit@econdary antibody for 30minutes at
37°C. Then the sections were washed for 3 timé288, reacted with DAB solution for 5 to
10seconds, then the reaction was terminated bywager washing for 5minutes and
counterstained by hematoxylin for 3minutes. Finalhe artery tissues were examined by
light microscopy (Olympus, Japan). Semi-quanti@tignalysis was performed by the
software of Image-Pro Plus version 5.0.
11. Intracellular Cholesterol quantification

1.0x1¢ VSMCs or THP-1 macrophages planted in 6-well platese cultured in
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experimental medium for 24hours, then switchedht fresh experimental medium in the
absence or presence of different treatments. 24Hater, cells were washed twice in PBS.
Intracellular lipids were extracted in chloroforngthanol (2:1) and dried under vacuum, then
the total cholesterol (TC) and free cholesterol )(E@ntent were measured by an enzymatic
assay normalized by total cell proteins as desdripeeviously’ The concentration of
cholesterol ester (CE) was calculated using TC k.
12. Confocal microscopy

Cells were cultured in chamber slides in experimlemedium with indicated treatments
for 24hours. After 24hours incubation, the cellsavdual stained as previously described.
The rabbit polyclonal anti-human SCAP antibody prcetl by immunizing rabbits with the
synthetic peptide PYDSDRKQGEPTEQC in our laboratang mouse anti-Golgi antibody
(Molecular Probes, UK) were used as the primarybadties, goat anti-rabbit Fluor (green)
488 for SCAP and goat anti-mouse Fluor (red) 5943olgi (Molecular Probes, USA) were
used as the secondary antibodies. Finally, thes cektre examined with a confocal

microscope (Olympus, Japan).
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Supplemental Figure 1. Excess phosphate induced transocation of SCAP and
cholesterol accumulation in THP-1 macrophages. The THP-1 macrophages were cultured
in experimental medium with or without excess ptagp for 24 hours. (A) The intracellular
neutral lipids stained by ORO. The results aredsgpbf those observed in four separate
experiments. Scale baraud. (B) Quantification of intracellular free cholestl (FC) and
cholesterol ester (CE). Values are means +SEM Baxperimental repeats (n=12 per group).
(C and H) The gene expressions of the cholestesthloolic components determined by

Real-time PCR-Actin served as the reference gene. Values arensne&EM from 3



experimental repeats (n=9 per group). (D and F) pheein levels of the cholesterol
metabolic components examined by Western blotflige demonstrated bands were typical
from 3 experimental repeatf-Actin served as the domestic control for the clgemic
protein, and lamin A served as the reference fa& mliclear protein. (E and G) The
densitometric scans of protein bands representaddans +SD from 3 experimental repeats
(n=6 per group), normalized by comparison with mefiee protein and expressed as fold of
control. (I) The colocalization of SCAP with Golgipparatus observed by confocal
microscopy (as arrow pointed). The results arecslpof those observed in four separate
experiments. Scale bar3nd. Statistical significance was assessed usingledt&tudent’

st-testin B, C, E, G and H. * P<0.01. Pi, exqasssphate.
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Supplemental Figure 2. The dose response and time-cour se effect of excess phosphate on
SCAP-SREBP2 signaling. (A)-(B) The VSMCs were cultured in experimental maediwith
different concentrations of phosphate from 1.0.®rBmol/L for 24 hours. (C) The VSMCs
were cultured in experimental medium with or withexcess phosphate (3.0mmol/L) for the
indicated time. (A) The gene expression determime&eal-time PCRB3-Actin served as the
reference gene. Values are means +SD from 3 expetahrepeats (n=9). (B and C) The
protein levels examined by Western blotting. Thendestrated bands were typical from 3

experimental repeatB;actin served as the reference. * P<0.01. Pi, exghesphate.



Additional Tables
Supplemental Table 1. Comparison of The Basic Characteristics Between AS and Non-AS

Groups

Characteristic

Non-AS group ( n=219AS group ( n=219) P value

BMI (kg/m?) 23.02+2.97 22.79+2.99 0.419
Hypertension (n, %) 173 (79.00) 194 (88.60) 0.006
SBP (mmHg) 150.85+25.12 152.74+25.50 0.436
Taking antihypertensive drugs (n, %) 150 (68.5) BB7) 0.182
Diabetes (n, %) 69 (31.50) 107 (48.90) <0.001
Good glycemic control (n, %) 52 (23.70) 90 (41.10) <0.001
eGFR (ml/(min.1.73r) 11.6 (8.73-27) 9.77 (7.89-13)  <0.001
Maintenance hemodialysis (n, %) 113 (51.60) 149008 <0.001
Smoking (n, %) 86 (39.30) 105 (47.90) 0.067
Current smoking (n, %) 47 (21.50) 52 (23.70) 0.568
Alcohol consumption (n, %) 56 (25.60) 60 (27.40) 66%
Hemoglobin (g/L) 97.73+24.84 100.16+25.50 0.320
Serum C&' (mmol/L) 2.16 (2.01-2.29) 2.15(1.99-2.31)  0.988
Serum Md@* (mmol/L ) 0.90 (0.81-1.00) 0.94 (0.84-1.07) 0.005
Serum P (mmol/L) 1.36 (1.16-1.66) 1.60 (1.31-1.94)  <0.001
63 (28.80) 76 (34.70) 0.182

Taking phosphate lowering drugs (n, %)

Parathyroid hormone (pg/ml)
TC (mmol/L)

HDL (mmol/L)

213.40 (106.70-357.99%.25 (96.93-361.25)0.817

4.03+1.23

1.19+1.02
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LDL (mmol/L)
Apolipoprotein Al (g/L)
Apolipoprotein B (g/L)
Lipoprotein (a) (mg/L)
Triglycerides (mmol/L)
Serum albumin (g/L)
BNP (pg/ml)
Myoglobin (pg/L)
CK-MB (ug/L)
cTnl (ng/L)

CRP (mg/L)

2.32 (1.81-3.03) 2.23(1.60-2.87) 0916
1.20+0.33 1.20+0.28 0.782
0.77 (0.63-0.98) 0.73 (0.864)  0.225

184.00 (84.50-439.0(08.00 (93.00-495.00)0.312

1.28 (0.89-1.93) 1.19 (0.884)  0.499
35(32-38) 36(33-39) 0.044

4443(797.5-9253)  5633(2207-115202.6)007

135.15 (88.23-225.1()78.05 (114.75-272.40).001

2.15 (1.20-3.48) 2.00 (1.30-3.90) Q131
0.05 (0.02-0.08) 0.07 (0.03-0.12)  0.001
4.41(1.25-20) 4.195(0.9275-20)  0.497

Abbreviations: BMI. Bodymass index; SBP. Systolic blood pressure; TC. Totalesterol

HDL. High density lipoprotein; LDL. Low density Igprotein. CK-MB. Creatine kinase-MB,;

cTnl. Cardiac troponin |.
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Supplemental Table 2. The Univariate L ogistic Regression Analysis of Vascular Risk

Factors Between AS and Non-AS Groups

Risk factors B value P value Odds ratio 95% Confidence interval
BMI -0.026 0.418 0.974 0.915~1.038

Hypertension 0.724 0.007 2.063 1.216~3.500

SBP 0.003 0.435 1.003 0.996~1.010

Taking antihypertensive drugs 0.633 0.005 1.883 142.920

Diabetes 0.731 <0.001 2.077 1.407~3.065

Good glycemic control 0.807 <0.001 2.241 1.485~8.38

eGFR -0.022 <0.001 0.978 0.968-0.988

Maintenance hemodialysis 0.692 <0.001 1.997 1.342

Smoking 0.354 0.068 1.424 0.975~2.081
Current smoking 0.131 0.568 1.140 0.728~1.784
Alcohol consumption 0.094 0.665 1.098 0.718~1.680
Hemoglobin 0.004 0.319 1.004 0.996~1.012

Serum C& 0.002 0.995 1.002 0.529~1.900
Serum Mg* 1.875 0.002 6.523 2.037~20.892

TC -0.100  0.233 0.905 0.768~1.066

HDL -0.252 0.250 0.778 0.506~1.194

LDL -0.102 0.310 0.903 0.741~1.100
Apolipoprotein Al -0.093 0.781 0.911 0.472~1.757
Apolipoprotein B -0.158 0.657 0.854 0.427~1.711

Lipoprotein (a) 0.000 0.392  1.000 1.000~1.001
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Triglycerides 0.005 0.953 1.005 0.859~1.174

Serum albumin 0.036 0.096 1.037 0.994-1.081
BNP 0.000 0.076 1.000 1.000-1.000
Myoglobin 0.000  0.432 1.000 1.000~1.001
CK-MB 0.078 0.034 1.082 1.006~1.163

cTnl 0.000 0.554 1.000 1.000~1.000

CRP 0.003 0.808 1.003 0.979-1.028

Parathyroid hormone 0.000 0.535 1.000 0.999~1.000
Phosphate lowering drugs 0.275 0.183 1.316 0.8B911.

Serum Pt 0.806 <0.001 2.239 1.526~3.285

Serum phosphorus levels

<0.001
(mmol/L)
1.22~1.46 0.330 0.239 1.392 0.802~2.413
1.47~1.78 1.197 <0.001 3.311 1.889~5.805
>1.78 1.360 <0.001 3.898 2.219~6.848

Abbreviations: BMI. Body mass index; SBP. Systoliocool pressure; TC. Total choleste
HDL. High density lipoprotein; LDL. Low density lgprotein. CK-MB. Creatine kinase-MB,;

cTnl. Cardiac troponin I.
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Supplemental Table 3. Basic Characteristics of Normal Chow and High Phosphate Diet

Fed Apo E-/- Mice When Sacrificed

Items, unit Normal chow High phosphate diet
Body weight, g 32.03+2.31 32.09+2.41
Serum PI*, mmol/L 2.14+0.09 2.68+0.27*
Serum C&, mmol/L 2.56+0.26 2.56+0.20
Serum Md*, mmol/L 1.35+0.09 1.39+0.14
Parathyroid hormone, ng/L 64.93+21.83 91.01+17.12*
Triglycerides, mmol/L 1.50+0.39 1.53+0.33
TC, mmol/L 13.03+2.01 13.17+3.10
LDL, mmol/L 1.39+0.44 1.42+0.37
HDL, mmol/L 0.50+0.09 0.57+0.11
Glucose, mmol/L 10.59+1.53 10.83+£3.26
ALT, IU/L 38.5+6.7 48.25+28.17
AST, IU/L 121.13+64.7 112.88+37.6
Albumin, g/L 29.2+1.53 28.06+1.55
Blood Urea nitrogen, mmol/L 11.84+1.21 11.61+2.08
Creatinine umol/L 22.8+11.08 23.06+6.28
CRP, mg/L 0.04+0.03 0.04+0.03
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Supplemental Table 4. The Formula of The Main Nutrition Gradientsin Normal Chow

and High Phosphate Diet

Ingredients Phosphate Calcium Protein CarbohydratEat Fibre

Normal chow 0.60% 1.70%  20.60% 75% 4.40% 7.70%

High phosphate diet 1.60% 1.70%  20.60% 75% 4.40%0%8.
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Supplemental Table 5. Mouse TagMan Primersfor Real-time PCR

Genes Primers
Forward: 5'-CTGTGGGCTCCATAGGCTATCT-3’
LDLr
Reverse: 5'-GCGGTCCAGGGTCATCTTC-3
Forward: 5'-CCTGGGCCCCACATTCA-3’
HMGCR
Reverse: 5’-GACATGGTGCCAACTCCAATC-3’
Forward: 5ACGCCAGTGCCAAATTAGAT-3
INSIG1
Reverse: 5CTTCGGGAACGATCAAATG-3
Forward: 5'-GCGCCAGGAGAACATGGT-3'
SREBP2
Reverse: 5'-CGATGCCCTTCAGGAGCTT-3’
Forward: 5-ACTGGACTGAAGGCAGGTCAA-3
SCAP
Reverse: 5'-GCCTCTAGTCTAGGTCCAAAGAGTTG-3’
Forward: 5'-ACTTAGGGCACAATTCCACAAGA-3
ABCA1l
Reverse: 5'-CTCCTGTGGTGTTTCTGGATGA-3’
Forward: 5-GGAGTGTCGACTTCGCAAATG-3’
LXRa
Reverse: 5-TCAAGCGGATCTGTTCTTCTGA-3’
Forward: 5'-TCGCTGAGAACAACGAGATCATCT-3
o-MAN 2A1
Reverse: 5'-GTGAAGCAAACAAACAGTC-3’
Forward: 5-ACAACATCAGTGCCCAAAAGAG-3’
o-MAN 2A2
Reverse: 5-TGAGCTGGTCAACCAAGGCAAAGT-3
Forward: 5'-ACGGCCAGGTCATCACTATTG-3’
B-actin

Reverse:

5'-CACAGGATTCCATACCCAAGAAG-3
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Supplemental Table 6. Human TagMan Primersfor Real-time PCR

Genes Primers
Forward: 5-GTGTCACAGCGGCGAATG-3’
LDLr
Reverse: 5-CGCACTCTTTGATGGGTTCA-3’
Forward: 5-TCTGGCAGTCAGTGGGAACTATT-3’
HMGCR
Reverse: 5’-CCTCGTCCTTCGATCCAATTT-3
Forward:5-TGCAGATCCAGAGGAATGTCAC-3
INSIG1
Reverse:5'-CCAGGCGGAGGAAAAGATG3
Forward: 5-CGATGCCCTTCAGGAGCTT-3
SREBP2
Reverse: 5’-GCGCCAGGAGAACATGGT-3’
Forward: 5-GGGAACTTCTGGCAGAATGACT-3
SCAP
Reverse: 5’'-CTGGTGGATGGTCCCAATG-3’
Forward: 5-GCAGCAGAGCGAGTACTTCGTT-3
ABCA1l
Reverse: 5’-CAAGACTATGCAGCAATGTTTTTGT-3'
Forward: 5-AGAAGAACAGATCCGCCTGAAG-3’
LXRa
Reverse: 5’-GGCAAGGATGTGGCATGAG-3
Forward: 5-TATGCCTGATGAAGCTACTCCACA -3’
oa-MAN 2A1
Reverse: 5’-ATAAGCCATTGTTGGTGAGTGTCC-3
Forward: 5-TGTGTCGGAGGAGCTGCCGTTT-3'
o-MAN 2A2
Reverse: 5-TCTTGATCCAGCCTGGGTCAT-3'
Forward: 5-CCTGGCACCCAGCACAAT-3
B-actin

Reverse:

5’-GCCGATCCACACGGAGTACT-3
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