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[ E] B KA mRNA & )75 AR 56k & oA S T B & g (VSMCs) #5142
SR (DEGs), 81 VSMCs 8546 1) L P A5 553 i . ik B A VSMCs 43 by X B 4 A
R ZE AR AE AT A PO A R I R A, X R A A0 A SR 4 10 % Jif 4 1M T A9 DMEM 1 % 2% F A ) 4
PER SR, W 2R Y VSMCs iRAS, K538 12d, BIE B T W4 P & R IFm i,
K Hisat2 #0498 % DEGs, R Stringtie 84 N AP #E (BP) . 4+ FHEE (MF) MU (CC)
ST R AMIE (GO) DIREM AN SR MNA TR 2 (KEGG) 7% s £ m .
Von Kossa 4 0,15 W 5¢ £ 21 41 JL 45 Ak &L, S5 98 it PCR (RT-qPCR) A6 0 2 2 240 i vl i 14
MR (ALP), BIESKAEEA2 (BMP2), o FHHALBIER (o-SMA) . MIE&EM 53 (Tpb3). At H
it AL 4 (GPX4) . BRE A RSE 1 (Fdl) FOHE 3L B A5 B8 UL B 4% 5 M 8% 05 % D1 (GPLD1)
mRNA F635K . G558, SxiEA i, Himg k2524 DEGs, Hi 13684 DEGs#ik Fil, 11564
DEGs £iA FiH; 24141 DEGs BK B W . GO IEEM KEGG 15 5 #% & 4 0 i £k B
DEGs £ %2 5 & i S 4L SV 7T . 0O P . 8 5 o7 R 20 G D300 R 4 45 BP, A 8 A0 i
WAL M AL, Pk g 2R X & CC, KAES R BEULEE B R . Rho 11 MR = 0 FR il
(GTPase) MG . S5 8 Wi MR & A 8BS M MF; &35 T 0 DEGs 2% 2 5 41 i i
B I BEE A7 . mRNA AR TP R E 7 5F BP, A S AR BT L 40 R R R
FCC, KESMEEDNA, BHZEARZ AW .. A RHE TS . W 8 A BB M A E %5 MEF .
2R FE LAMEREE TGS EE, Hhaoh D R EIEBIE (GPD #iE N AEY A K
2RI W 18K F 5, Hrhm WM EKIET . RT-qPCRL, SXFIE4 AL,
BRI A0 L GPX4, Ftll Al TpS53 mRNA EIAKF-H B ML (P<<0.01), GPLDI mRNA ik /KB
WA R (P<<0.01); SXFM4 by, BRI 00 P «-SMA mRNA £ ik /K0 R (P<<0.01),
ALP #I BMP2 mRNA ik /K FH B FE (P<0.01). . 8409 VSMCs 5 IF # 41 il £ 7 DEGs,
BRFET R GPLAR & W AE WA G 5 8 2 R R A S N B VSMCs 8540 1 S5 5 %, 2 GPX4.
Ftll. Tp53#1 GPLD1 4[4 S 581 .
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ABSTRACT Objective: To screen the differentially expressed genes (DEGs) under high phosphate-induced
calcification in the vascular smooth muscle cells (VSMCs) by mRNA high-throughput sequencing
technology, and to analyze the key genes and signaling pathways involved in the VSMCs calcification.
Methods: The human VSMCs were divided into control group and model group. The cells in model group
was exposed to the high-phosphate medium, while the cells in control group were cultured in DMEM
supplemented with 10% fetal bovine serum under the same conditions. The VSMCs in two groups, stably
transfected, were cultured for 12 d. The morphology of the cells in two groups were observed and
photographed under inverted microscope. The DEGs were selected by Hisat2 software, and Gene
Ontology (GO) functional and Kyoto Encyclopedia of Genes and Genomes (KEGG) signaling pathway
enrichment analysis were performed by Stringtie software from three aspects, such as biological processes
(BP), molecular functions (MF), and cellular components (CC). The calcification of the cells in two
groups was observed by Von Kossa staining method. Real-time fluorescence quantitative PCR (RT-qPCR)
method was used to analyze the expression levels of alkaline phosphatase (ALP), bone morphogenetic
protein 2 (BMP2), alpha-smooth muscle actin (« -SMA), tumor protein 53 (Tp53), glutathione
peroxidase 4 (GPX4), ferritin light chain 1 (Ftl1), and glycosylphosphatidylinositol-specific phospholipase
D1 (GPLD1) mRNA in the cells in two groups. Results: Compared with control group, there were
2 524 DEGs in the cells in model group, and there were 1 368 upregulated DEGs and 1 156 downregulated
DEGs. Clustering of DEGs between the cells in two groups was distinct. The GO functional and KEGG
pathway enrichment analysis results showed that the upregulated DEGs were primarily involved in
regulating the microtubule cytoskeleton, cell polarity, protein localization, and cell cycle regulation among
BPs; in constructing cell membrane, microtubule organization, chromosomes, and kinetochore among
CCs; and functioning in phosphatidylinositol phosphate, Rho GTPase protein binding, transmembrane
transport, and protein kinase regulatory activity among MFs. Downregulated DEGs were mainly involved
in cytoplasmic translation, protein membrane localization, mRNA metabolism, and protein endoplasmic
reticulum localization among BPs; in forming ribosome subunits, cell membrane, and autophagy among
CCs; and functioning in single-stranded DNA, ribonucleoprotein complex, growth factor binding,
regulating protein kinase activity, and catalytic activity among MFs. Seven signaling pathways were
significantly enriched in upregulated genes, most notably in the biosynthesis of glycosylphosphatidylinositol
(GPI) anchors; whereas 18 signaling pathways were significantly enriched in the downregulated genes,
most notably in ferroptosis. The RT-qPCR results showed that compared with control group, the
expression levels of GPX4, Ftll, and Tp53 mRNA in the cells in model group were significantly
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decreased (P<C0.01), while the expression level of GPLD1 mRNA was significantly increased
(P<<0.01) ; compared with control group, the expression level of «a-SMA mRNA in the cells in model
group was significantly decreased (P<C0.01), and the expression levels of ALP and BMP2 mRNA were
significantly increased (P<C0.01). Conclusion: The VSMCs underwent calcification and normal cells
exhibit the DEGs. The key signaling pathways in the calcification induced by high phosphate in the VSMCs
include ferroptosis and GPI anchor biosynthesis, mediated primarily through GPX4, Ftll, Tp53, and

GPLDI.
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M4 851k (vascular calcification, VC) & 2 /il
BEPR 9 (type 2 diabetes mellitus, T2DM) #Y & %
p[E o P e = N = 2 o - 1 = o N 1
(vascular smooth muscle cells, VSMCs) 1% &
k. HIEE AR, T2DM B H 1 VC B R
MR . 5 T2DM A i VO 78 £k 7k I fig
BREAT L ARk RAE RN W A O TE IR A T
MOHE R, B ICHESE 7 ] 2 48 vh T LA Bl Kook A A
b7 R R R AR DL, BB IRIE TR VC
ERD o IR L 6B PR R B VC IR 9T 8
ME, MICHRRRCY, FEUSMR Y E. K, R
WE IR N B VC 1Y & 9k HL A B T I R A HEIR T
Xof 4t e B E AR AR R R TUR A A R L BT,
Wi PR T R VC BAR R HLE i A a8 . BEE Iy
BARMW R IE, 3% HMF (RNA sequencing,
RNA-Seq) $ AR A Y15 B 25 00 B 78 B2 29 [ 22
SR AR R TZ N, T AT B DG BE 2 Y . AR
W58 5 T RNA-Seq £ A i 2% I 56 F 2 #5175 5 T A
VSMCs 15 1k H 22 5 3 ik K (differentially
expressed genes, DEGs), 4047 &8 22 57 H H M (7
SIE P, AR VC LT AT iR S

1 #MREFE

L1 @ .22 XAPRE A VSMCs (Fh[EF
FREAMIE) o S RNA SCEER & AR & (EH
R A, IR A B v iR & (& Dl 5 &
JE IR ) ), SuperScript IV 2 55 S g (52 5 28 2K
KAFED, BEAREE 1 (ferritin light polypeptide-1,
Ftll), M 53 (tumor protein 53, Tp53) . Mk
b W A 156 WL 7 S 1% % B 8 D1 (glycosylphospha
tidy linositol specific phospholipase D1, GPLD1) #i
2+ e H K iZ %4k B 4 (glutathione peroxidase 4,
GPX4) Bl & (JEE Abcam A H ), 4% 2Rk
(FHE R KEDBEARBAMARAF), Von Kossa i
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Bl (W REAY R A RAF ) . 2 R
OAL CGHIE AL A A, BRI (32 BioTek 22
A, POLRME (HABMEEAR), 50080
YEEETE (5 : NanoDrop 2000) . 25 AL (!
2. Invitrogen Qubit 3.0), PCRP ML (Hl=.
ABI 2720 Thermal Cycler) F1 Ambion # 4 JIiC &
(EEFEER AR, Bl (% Eppendorf 5810R,
TEESEARTEA ), BREIKSHHL (A5 Agilent
2100 bioanalyzer, 3 FE & HEMR 2w ), HE W T
(A4 . Tllumina novaseq 6000, 3&[E KL H ),
9P Ot & i PCR
quantitative PCR, RT-qPCR) X (Hi+% KA.
1.2 @mpesafe KA VSMCs o i R4
FIRCHIA . ARG 275 SCHR [9-10] Wy el sp fiAy
TR 2 40 B o A i G R & (10 mmol- L
B-H B AR EE . 50 g+ L4 C Al 1 X107 mol-L™"
ik k5 3R B DMEM B 9 38 ) A S 41 ss ik, T
37°C. 5% COZKMFT#EATH IR . N T2DM &
HRN B, TE S AL S 00 7 1 UL A M A
50 mg-L~" A Ak B % L IR & 1 (oxidized low
density lipoprotein, ox-LDL) #1 10 pmol-L~" ¥& H
FEH & R (Ne-carboxymethyl-lysine, CML), XJ &
ZH 40 MR % 10 % B 2R 18 9 DMEM $5 37 3 T4
RUZLAR ) 26 00 R 85 9% 0 R 2 4H FRE % 4 VSMCs
FPRAS, BEFR12d, BIE B T WA AP &R
JEHA R A T S5 AR MR B BR A W) $ AR R e
Y 0 e s A Y o

1.3 DEGs f# it #= & B K 4k # (Gene Ontology,
GO A xALAE L5 X B AT AL H (Kyoto
Encyclopedia of Genes and Genomes, KEGG)fZ %
WG EHM R Hisat2 HAT 0L DEGs, R H
Stringtie ZX /4 WA ¥)id#2  (biological process, BP) .
4y T 3168 (molecular function, MF) 14 g ik >
(cellular componen, CC) 3/~ T GO DgE

(real-time fluorescence
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KEGG {5 %5 il & 8 50 B R A 45 12 S AE K
(http: //www. bioinformatics. com. cn/) #4171 #
b3, 2l K&
1.4 Von Kossa % & 3 WK & 48 48 o 45 1Lt AL
KR AY ZRWPEEFEHMM, A Von Kossa #
VW, RGBS 15~60 min, ZE @K YE % 1 min,
A B AR B R B A WAL 3 2 mine Van Gieson 4t 8
WA, T I R
1.5 RT-qPCR % #& @ 2 48 %0 f6 b 5% 0k B 8% B
(alkaline phosphatase, ALP) \ B B & X £ % @ 2
(bone morphogenetic protein 2, BMP2) | a-F #& AL
M % & & (alpha-smooth muscle actin, a-SMA)
Tp53.GPX4.Ftll #= GPLD1 mRNA £& K FE %
FI TRIzol 1 $2 U4 M 5 RNA, 5% 583K cDNA

AT PCRY . W &4 95 CHZAE M 3 min, ¥
Wo95°C, 15s, 60°C, 30s, HA40NMEH, 5I1YFF

UL T R 270 AT H R R AR

x1 31WF3)

Tab. 1 Primer sequences

Gene Primer sequence(5'—3')

ALP Forward GTGGTATTGTAGGTGCTGTGGTC

Reverse ACGGTGTCGTAGCCTTCTGG

BMP2 Forward GTTCTGTCCCTACTGATGAGTTTCT

Reverse CTGGCTGTGGCAGGCTTTAT'
o-SMA  Forward GGGCATCCACGAAACCACCT
Reverse GAGCCGCCGATCCAGACAGA

TPS53 Forward GCCATCTACAAGAAGTCACAACAC

Reverse TGTCGTCCAGATACTCAGCATAC

GPX4 Forward ~CAATGAGGCAAAACCGACGTA

Reverse CCTCCCGAACTGGTTGCAAG
Ftll Forward CAGCCTGGTCAATTTGTACCT
Reverse GCCAATTCGCGGAAGAAGTG

GPLD1 Forward GGTGGGCTCGAGCAT

Reverse GCACCTTTGTAGGTGAGCAG

1.6 %% 5% KM SPSS 23,04 i+ 8 # 47
Ao, 2 ALP. BMP2, «-SMA |
Tp53. GPX4. Ftll Al GPLD1 mRNA ik 7k F#

TFEESHA, UrtsEn, 24 EARE LI
KHAWIISIAEAR (K% . DL P<<0.05 M2 RH 51t

2 & B

2.1 2B DEGsFRESH SHWMALLHK,
158 B 4 40 M JE A 2 524 4 DEGs, Ho 1 368 4
DEGs % ik B, 11564 DEGs £ ik F i . ¥
DEGs #EAT R0, 4R Won . 2 L4 DEGs
REDEIIE . WK1,

2.2 GOH#®AKEGGREFTERBEELH Kb
LI DEGs £ 2 2 5 U8 MM L A 200
0B P B T L R A R R 4 A BP, 1
A B R A . B A S G R R 22 kL IX A
CC, K5 WENE B NUREWE IR £ . Rho & 47 iR —
% fiff (guanosine triphosphatase, GTPase) #H H 4%
B S5 B Rz M T O S ME s R
BT DEGs 82 5400 5 # ik . & H R E
£ . mRNA BRI (5T 5T 8 255 BP, 4
BRI A7 20 A H R IR SE CCL, RIS 5
HEDNA, BHZEAEZSY . EKETHES . H
AR A P AR A MEF . IR 2. 225
Fik B EEN R 7 RESEN, HhEoh R
P S M L S T WL (glycosylphosphatidylinositol,
GPD) B3 AW &8 RIE T DEGs & 4
18 % A5 il ik, Hovhir W3 AR BRI T . GPIg
SE B AE W6 AR S E i AR 3 B IAY DEGs, 7y
Nk wE IR BE UL BE RO R OZ W B NV
(phosphatidylinositol  glycan biosynthesis
GPLDT A1 i Bt AL B 2R 0 i e 2
(phosphatidylinositol glycan anchor

anchor
class V, Pigv) .
& ok C
biosynthesis class C, Pige). #6115 5 i It
8 /4~ T M B DEGs, 4+ Jl iy LOC100360087 .,
AABRO7004746. 1., Ftll, Rho %t H.1F I 46 jfl
W4k 9 9 B ¥ 2 (Rho family interacting cell
polarization regulator 2, Ripor2) . ¥ bk/#5 e N1-2,
B 3 %% % B§  (spermidine/spermine NI-
acetyltransferase 1, Satl). GPX4, Tp53 FlH HE#K
# M P OB F i i 2 (voltage-dependent anion
channel 2, Vdac2). WK 3.

2.3 24MmIaHEEIA  Von Kossa e ik M nT
ﬂXﬂLﬁﬁéﬂé’H}H@ikﬂf WO R, RIE S IE
G NN TR SRR A O iR R oS N
o ff 25 E AR, AHMUB A AR E AR, AT LB A A
e an i B4 i, W4,

2.4 24 #mM P a-SMA.ALP f= BMP2 mRNA %
B S A, BORLZH A0 P o -SMA
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A': Volcano map of DEGs (Red and blue dots were genes with significant differential expression, gray dots were genes without significant

differential expression) ; B: Cluster analysis chart(Red represented high expression genes and blue represents low expression genes).
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Fig. 1 Volcano map and cluster analysis chart of DEGs in cells in two groups
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Fig. 2 GO functional enrichment analysis on DEGs

mRNA % 5K B & Bk (P<<0.01), ALP I
BMP2 mRNA % ik 7K *F ] & Jh & (P<<0.01) .
W2,

2.5 24mM ¥ GPX4.Ftll . Tp534 GPLD1 mRNA
AARF Hx A A, BRL 4 b GPXA4
Ftll 1 Tp53 mRNA # ik K °F W] W B AR (P<<
0.01), GPLD1 mRNA # ik /KF B &7 & (P<

0.01), W3,
3 it i

H Ay 4 Bk IR RO R B AE TR, T E
2030 4245 5. T84 N A R . VC & H R
WG HR W LG IR RORE e B DR R R A
O ML PR K G R T MR H AR T a6 & .
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A: KEGG enrichment map of upregulated DEGs (Red to blue indicated a gradual decrease in differences, and red was most

significant); B: Biosynthetic signaling pathway map anchored by GPI; C: KEGG enrichment map of downregulated DEGs;

D: Signaling pathway map of ferroptosis (Red to blue indicated a gradual decrease in differences, and red was most significant).

B3 DEGs KEGG {5 53& l B &7
Fig. 3 KEGG signaling pathway enrichment analysis on DEGs

Red arrows indicated calcified cells. A:Control group;B:Model group.

B4 Von KossaZu @y WL 2 4H MM AR (X100)
Fig. 4 Morphology of cells in two groups observed by Von Kossa staining method(X100)
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F2 244K «-SMA ALP I BMP2 mRNA kK F
Tab. 2 Expression levels of «-SMA, ALP, and BMP2

mRNA in cells in two groups n=3,x+s)
Group a-SMA ALP BMP2
Control 1.00+0.02 1.00+0.02 1.00+0.01
Model 0.4140.01" 5.1140.117 5.6240.03"

"P<0.01 ws control group.

3 244 GPLD1,GPX4,Ftll il Tp53 mRNA 335
KIF
Tab. 3 Expression levels of GPLD1, GPX4, Ftll, and

Tp53 mRNA in cells in two groups (n=3,z % s)
Group GPLDI1 GPX4 Ftll Tp53
Control 1.00£0.03  1.00+0.17  1.00+0.12  1.00£0.12
Model 2.24+0.07"  0.53£0.09° 0.360.01" 0.4140.11"

"P<<0.01 ws control group.

VSMCs /& it 57 IfiL & D e 1Y = ZE 40 M, =2 31 4 fk
IR C =R TR R S U N N S/ N ]
ALP. o«-SMA I BMP2 %5 M OCHE 1, #E M & 4= 4
JiL R AV Ak, o TR T A4 2 AR B A O B A A
FA U FE 2 BMP2 B T S A R R 5 5
VSMCs 54k, [RIIf 2k 2l 2 BARIE o-SMA 50,
21 i 388 Ao A SR A ) S A AR S D S AR IR, R
Y5 R T2 6 4R AL S A A6 i U B Ml R 5 i A AE K

Shy B G iy DA B SR 2 2 KO TR R PRI R B VC
BRI HLE , AFTER S8 S AR B VSMCs
FEAL, RNA-seq B RDH DEGs, Z5FWow: #5140
Marp gy 2 52440 DEGs, Hr11 3684 L, 11564
TE Xk R 2 RN AR A 2 4 i DEGs 228 3 4y B
DEGs il i 2 5 (U8 40 Ml B 22 20 LA R 5 . B
SEAL . 2R R . mRNA R 5 A R
FEANL AN BP R AN AS ki & 4 . KEGG R %
W EE TSR R mEEE SN T VSMCs
hEIEE DEGs FEFE T 7TRES @R, &
HE GPISE WM AEY & & #® . GPLDL 5 Z#
18P 0 R AR R A G, T L2 4 R I
GPIA & A A, MR FEA Y 2# 300, ik Rg
AR R T R B 28 R SR AR A T BEg T B
7N BE DR A K BN VA GPLD1 K 8.3 T
IEH A KR . GPLD A i 24 fiff GPT4k =2 40 i i 2
F b B A A 40 i R T Rk, R g DR TE
UL WY WoR . R FE AT LU GPLD1 Y
A8, BEAR M AE 3 GPLD1 K F, o3 ok B

Wi ABFREERER: FHEMDEGs FEEET 185
FEE R, RN BE RS TR . A M gk
HHESE 1 (ferritin heavy polypeptide 1, Fthl) #
Ftll &3k TS 808l 8 7. #kad 408 1 i 5 40
JHL 4 T AR B T AR N R A A Ak . BREE G R R
BRAE T A R AT e A% ke A g | R B Bk AE T KA
b, ERBCE KT, YIRS RE RS
ik (glutathione, GSH) {{#E, fEi#f VSMCs 51k,
1M N- 2152 bt 2 9 #h 78 GSH, #14 VSMCs 451k .
o A5 B R 46 T 1 GPX4 1 ik, FE LA e H K
W E ALY BTG R, fEE VSMCs i1k .

ARUFFELE R BN R EK S, 73
WA Ak A, R EBEE S0 VSMCs & A 851k .
Ry ik — 25 E S 5 A0S A OGRSy T, ARBESAE
AW AE B 2E o BT 45 R0 Lk B B AR 4y T HEAT
RT-qPCRIEFIZE R 7w . S5x) ] thd, BaAlgg
41 i 4% P T 38 1% A9 GPX4 . Ftll 1 Tp53 mRNA #
KK BB RE G, GPLAH & /Y 2B W) & B # 5
GPLD1 mRNA F kK] W &, (6 iR A& A
a-SMA mRNA £ ik /KF- W] 2 FE AL, ALP #il BMP2
mRNA RBEKFHU BT &S, RAamBEiEsHn
VSMCs %5 16 7] fig J& 2R IE T2 F1 GPL 4k & AW &
B IA AR L R A 5 8 LY

i ERTR, 454k 59 VSMCs 5 1E H 40 M A7 78
DEGs M3, #kPET- A GPI 4 & WA & s 5
BREEWHES T I VSMCs 451k 1) ¢ # 15 5
B, EFEHGPX4, Fill, Tps3 M GPLDI1 AT

Mo

PR

AT A P WA A R 2

EE B A

YT S Hig Sl . BEFE BT . IR SCHRE M AL,
Br . MRS S g a0, ROCE . aTRER
PR B MREEES SRR KOG R, Jr W
Z 51030 BFFE R ANE SO AL

(&% 30k ]
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