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miRNA-mRNA Network Regulation of Mesodermal Differentiation from
Human Embryonic Stem Cells

YANG Jiwen, QUAN Yingyi, ZHANG Huan, WANG Yongyu*
(School of Basic Medical Science, Wenzhou Medical University, Wenzhou 325035, China)

Abstract

cular, blood and muscle cells, and the hESCs (human embryonic stem cells)-inducecd mesoderm differentiation

The embryonic mesoderm cells can differentiate into different types of cells, such as cardiovas-

provides an important in vitro model to study the molecular mechanisms of differentiation for mesoderm and its
derived cells. The expression of miRNA-regulated genes participates in mesoderm cell differentiation through a
variety of signaling pathways. Although some regulatory mechanisms of the mesoderm cell differentiation have
been revealed, they have not been fully elucidated. Especially, the systemic analysis of expression changes of
genes and non-coding RNA, as well as their interaction network. To better understand the mesoderm differentia-
tion mechanisms from hESCs, this study established a potential miRNA-mRNA regulatory network that partici-
pates in the mesoderm differentiation from hESCs by regulating multiple signal pathways through bioinformatic
analysis. This study first applied second-generation sequencing technology (RNAseq) and microarray to detect and
screen the differently expressed miRNAs and protein coding genes during the mesoderm cells differentiation from
hESCs. Furthermore, GESA enrichment, GO annotation and KEGG enrichment analysis were performed. Finally,
miRNA-mRNA regulatory network was established and key genes were screened, and further confirmed. As a re-
sult, a total of 287 and 739 differently expressed miRNAs and genes were identified, respectively. There are 13 064
target genes were predicted from 287 differentially expressed miRNAs. In total, 401 desired genes were obtained
by the overlap of 13 064 target genes and 739 differentially expressed genes. GSEA and KEGG analysis showed
that these changed genes were involved in many signaling pathways, including Wnt/B-catenin, TGF-§ and Hippo
signaling pathways. And the miRNA-mRNA regulatory network of the three key signaling pathways were further
constructed, showing that 11 genes of Wnt/B-catenin pathway were targeted by 100 miRNAs, 7 genes of the TGF-3
pathway were targeted by 59 miRNAs, and 10 genes of the Hippo pathway were targeted by 106 miRNAs. Finally,
the expression of some key genes from these three pathways was verified by RT-qPCR. In summary, this study re-
veals that the Wnt/B-catenin, TGF-f and Hippo signaling pathways play an important regulatory role in the process
of mesodermal differentiation from hESCs, which may form a complex network with various miRNA-mRNAs and
precisely regulate the mesodermal cell differentiation.

Keywords human embryonic stem cells; mesoderm; differentiation; bioinformatics; signaling pathways;

miRNA-mRNA interaction; target genes
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BB R IT F B B, # NSE MG T 28 f(human
embryonic stem cells, hRESCs)fi74= [0 LA B FH T
OB AT, AT LAASTASE B () o Ik 358 4 Th eI 520 T
FRH, Z5PSCsiE M 704 2 (1 PR 2 AL 1R
Z, U2 4 EEE S5 EEW. BESREEA
(bone morphogenetic protein, BMP). TGF-B%% 5
WS, S WntHIBMP4E # 7] i 5 AE G T-40 i
BEN R JE 1 R, BE G FIWntiE PEKCE Y e T L
i AL Aris s Ak, 7E R WIS AL KT
of o U JZ 40 M 1 3 Ak AR A S R AR, i,
EZH2 n] @ i Jsk /D H3K 2 7Tme 3¢ 328 A\ IR AR T4 i 434k
RHIRZES, WA TR, JERIBRNAUImMIRNA,
IncRNA)TE £ 141 i 7 4y IR 2 i F vt 5 &
B AE AT,

miRNA(microRNA) & P ¥ PE JE 9% i5RNA, 2
22 nt, fEFESRJE KPR N RIEY, 2 5EKEK
B M. T RARAE SR I R AR K R, FEZH
Jl iy 318 PR 58 A2y Ak HR ik A EE A AR,
TE IR BG40 B 2 4k o A IR e v, R A LR R S
PEmiR-1F1miR-13 338 i T ER I UL PR 35k [R1 1 i f Hp i
JZ LA 40 B & 43 4600, miRNAGE /] DLE i 2 Ff
5 S IE % T mRNA K&, Whas-miR-3353
HWntFI TGF-B(E 5 i#% 1 1T BRACHYURY. GATA4
FINKX2-5(Co IE 53 A bt JE D)) () Rk AT (12 gk 0o U
IR 2 AR 40 A 43 A6 . miR-302d3# i #1 | Hippo
I P LATS24E 3#E N 2 B8+ 41 f A7 28 140 L 4H
JH B HE0D PR, miRNA AT A5 S 3 i 4 ) &2
FimRNAZ 5 JIE 5 T 40 J 4 Ak o I8 J2 o 78 o i
5. SR, 75 2 Be 40 e 7] 73 4k o v I 2 448 )
AR, miIRNAZR IR B (1) A4 AR b DL K 5 LR ) (1)
FE DR 2 [A] (R P 2 g AN 2 . PR IX L ] ), A
AT DA 5 R VR J2E 40 o A 1 3 38 A KT B )
miRNA ML LS, 1874 [ B miRNA 5 3
FIBWIEMPE AR R, 1 X 2 fe Ta e
P AR e 5 1 P B L B v A

AT TR 75 5 NV G T 40 B 5 1) 4 4k R R
VR JZ 41 B8 5 v, JF 8 I RNAD 7 (RN Aseq) fl 5
SR HAR R AEDE BT B, 7 miRNA, %
P L TR RIA Je R B 5 18 B 1) AR AL, PR E Wt/
B-catenin. TGF-BFIHippofs 5 il B -5 miRNA M 4% 1
B R, AT RIE G T 40 B 20 4 R IR 2 A 2
IO 265 2 A1 TS T LA

1 MRS
1.1 #REtEF

NEJGT- 20 fL(hESCs). H140 i 1% 7% T-Matri-
gel (Corning) &4 [ & £ HE T 41 fuNuwacell 55 77 5
(h R R) B 5 IR ML, JRCE $737 °CL 5% COLff4H
W BG IR AR T HEAT BE R BEOR S IR I, 4~5R H
Versene(Gibeo) AT IH AL E 15T ARG
T4 ff 1 R A L (ME) 20 £ 41 s BE 24 h B $6
HIRZE 5 S0 B 7R, BLFE: DMEM/F-12(Gibco).
Neurobasal medium(Gibco). N-2 Supplement (100x)
(Gibco). Supplement B27 Minus Vitamin A (50%)
(Gibco). 2-Mercaptoethanol(Sigma). BMP4(R&D).
CP21R7(MCE), ;42155 548 hjg I HUFEAS
1.2 microRNAJFHFEES A

i g2 N A T4 (day 1) B 2016k o I 2 40 i
1A% 1 (day3) B RNAFE AR, 7247 iy i & ) Fy A8
Jv oA, ERTHIER N A PB4 BR 2 7] 58 o
1.3 E=RFIEmIRNATIE REF M THE

N e 1 AR o 7 22 (R I 2 |1log 2 FC > 141
P<0.05[1) % 5 % X miRNA(DE-miRNA)ll % 5 £ i
FEA o ARAE PIEATZ 5 2, #2miIRNAFIMRNA R
A P K L P DA B Bk T 2 SRRk A
1.4 EREZEE7H(GSEA)

i FHGSEA2-2.2 3(JAVARRA) 474347, #EGSEA
g5 B v, ES(enrichment score)7& 7RGSEAZE (A ‘& 4E 1
43, NES(normalized enrichment score)# 7~ 34— 5 1]
F [R5 £ 1F 77, FDR(false discovery rates) & % HAR %
K904 1E J5 11 PIE , GSEAMRYE INES| = 1.0, P<0.05
FDR<0.25% 45 R BEAT I e
1.5 ZEFRIEmIRNATHFELE E AT

TargetScanfllMiranda & miRNA#E & [K] i ] [
WAk, AT DAAR 5 5 A I 3l 50 miRNA K T I 42 A
[Al, 4 [ {H ¥ & N TargetScan_score=50F1Miranda
Energy<-20, fi /& U & Tl 25 R A2 46
1.6 ERFIEmiRNAKBIREEGOINEEEFFEF
KEGGIERRE&E 7T

OmicStudio tools(https://www.omicstudio.cn/
tool)s 41 2% 4 i H M AE 4L T, 4 22 e Rk ZE
22 7 2 TE miRINA B T #0258 D) 1 AT B4 b 7, 22
il =5 U, AZEEE Oy H bR . H H AR R RIEAT 2
A, XPH1GH L A b IR JE o AT R 2 S R
I miRNA R HE [a] H A5 2 R 3E AT 5 DR A (410 H 4 e
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(gene onotology, GO)I fit 13 B MIKEGG(kyoto ency-
clopedia of genes and genomes){& 5 i i & & 57 H7 .
H GO Hr 45338 A= it #2(biological process,
BP). 404> (cellular component, CC)A14; T T #g
(molecular function, MF). KEGG& il %= 7 ik 5
DRIV 72 42 ) 27 D e IR A 25007 1%, KEGG 3 # ik ] H
T % R R B PmRNAR R RS B, (ENE 5%
R ik A% DA R Ak R 4 45 R0 Ty REAIT T FR T S5
e FEGOMKEGGHH, P<0.051F Ak briE.
1.7 SEESEEPCR

TRIzol® 5] (Thermo Scientific)$& B4l ffd /2
RNA, i F % 5k RT 107 i (TaKaRa) K A RNA(1 pg)
[T RCDNAL LA - iReDNAAHHR, FISYBR™ it
7fl(Bio-Rad)7EABI Step One Plus PCRAY _F#4TPCR
SR A GAPDHAE NN Z:, M2 % ab PR
S E S PCREE «
1.8 FIFENH

B 53 M1 S A 5 AE K H GraphPad Prism 8.3%K
PE5E . Xt B2 8T FH Two-Tailed ¢ test, £U1E JE 21
NV SRR UE 22 (vts). B H*P<0.05. **P<0.01.
#1xP<0.001, **#*xP<0.000 15K R 2% 5 HAH B E .
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o o
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2 H#HR
2.1 ABERsT4HABZE =) AR B ZHARAY 53 14

NV 4 M R4k 15 5 o0 4k o S T 4 B R 28
AR SEEG R FH OV R AR 10 434 J7 5K 52 1) A R J2 41 i
A, AfH GSK3BHHiI 7 CP21R7(10 pmol/L)F!
BMP4(25 ng/mL)HF 4215 548 h, # A G 41 i 5
R IR 2 g (AR E 1B, s fb it FE e, AT LA
WLEZF| P IR EFRICHE K T, EOMES. MIXLI 3%
N, 2 B ML N OCT4.E # R L(E10), &
AR S0 W 2 A AR R A AR
2.2 EHFIEZmiRNARHIE

e 18 B P R R R TN IG T4 R A
VR 2 41 i FE A miRNA R TA W 22 53 . AP<0.05A1
log2FC[>11E M & A 1EAT i ik, 5E 12871 miRNA
HRERIEZER KA EE LR, 1IN EE
TAER2A). N TR E 2 Z FmiRNA, ¥ 1j5
SR REIE R B H, L LAP<0.051F M2k 15t 2 5
miRNAEAT %, 3E3R19335 0 miRNA, X H kT 5%
2500 MT, F LR 7RmiRNA R IE & 201 DL (K12B)
23 EFRFRIEEEMNTFEMGSEARE 7T

J7 FF 225 BRLES A 7 N VR I 4 B 43 4R

®)

MIXLI OCT4
1.5- o 1.5+ o

E o 5 —
$ 1.0 $1.01
& &
o o
2 g
2 0.5 -50.54
= =
[} [}
=~ I~

—d 0_

D1 D2 D3 D1 D2 D3

A NESE T4 5 0 Ao b IR 2 40 7R B 1. CP21R7(10 pmol/L)FIBMP4(25 ng/mL)H] % ShESCs /b A IR 2. B: Wik )2 40 73 1k
TEA K. C: RT-qPCREG I o JE 240 AL R 1~3 R) P R EARICWIT. EOMES. MIXLI, % BEVEFRICHIOCT4 mRNAKI ik 45k, *#P<0.01.

n=3, GAPDH}NWN % . hESCs: AJEHGET-40H0 o

A: schematic description of mesoderm cell differentiation from hESCs. CP21R7 (10 umol/L) and BMP4 (25 ng/mL) are used to induce mesoderm cell
differentiation from hESCs. B: cellular morphology changed during mesoderm differentiation. C: expression of 7, EOMES, MIXLI (mesoderm marker),

OCT4 (pluripotency marker), during the mesoderm differentiation process (dayl-day3) by RT-qPCR. **P<0.01. n=3, GAPDH was used as a reference

gene. hESCs: human embryonic stem cells.

El1 hESCsif St b iR E 4k
Fig.1 Mesoderm cells differentiation from hESCs



1384

- TS O MR - A

2 A B IR mRNA ) 258 3 % 5, LAP<0.05.
[log2FC|>11F 2% kAT i ik, £33 BT i i€ 1541
A E Y AI198A T U 1 ZE 5 R IAmRNA(KI3A). ¥
72 AR IR I 3 E 4R 1 I B (P<0.05 HFDR<0.25;
INES|=1)f8 H #4 & B 7R (KI3B), 40t R s FE R B 1E
NWEJG T4 H o3 4y b 2 A M 78 O, i R
73k R AR AE NG 20 i oA o h IR Z 4 i o 7 R
W, T R 1A 3 FIGSEA(gene set enrichment analy-
sis)ZM T 27, Wntili % . TGF-Bifl i Al Hippoiff i i
=5 E(B30), 7 2 R IR B v Rl ix = 2%
5T ALE NG 40 7 A g v i J2 o R b
YER
2.4 ERRIEmiRNAT L E E BTN A1 B A5
EE R HIE R 57 4

LA P<0.051F 2% 1 % 22 53 miRN A BE 4T 3
1%, F£335/ miRNA, XF Hoi A7 ¥E AL R . 2
TargetScan(5.0) A Miranda(3.3a) 4 3 A4 T 22 5
miRNA#EEE R, B{E N TargetScan_score= 504/
Miranda_ Energy<-20. HUPR KA IO 25 3 1 52 4K,

33013 465N, H:A5266 559 miRNA-mRNA
KRN K2 57 3R 0K B FA 22 53 R A miRNA T
MIREEE R AT 25 G T S, 345 2 3 3R 1A miRNAK)
B DR AN 22 S R IA SE R I A 4R, BI401A4N B bR 2 A
(El4A). N T B B bRZER AR ZEE R, XF4014
H A5 52 K347 GO B v B FIKEGGI& 12 & FE 70 1
EGOMIREER T, AV R 4B B AR R7E £
MPEMKE F55HS. DNABR I T
SR R B A AN A AT R B, H bRt
R 5 EE TR, UM, RZES, 57
REMT bR NEREARE A S TR NNEEE
4B). KEGGEALE £ ai R iwos, HibrEEK e
FEIE . W2 AT ARG S E . Wntf5 518
PR AL ¥ E 4 IS TGF-Bil % . Hippoil igth A &
H£(K40), X 5ZEFEFIGSEAN EH£4 R 5.
2.5 miRNA-mRNAMEHES S50

R 4 R IR0, Won e B o 8 ) R A
RORI. DKKI. TP53. RNF43., WNT3A4. LEFI.
CSNK2A2. WNT5B. LGR5. WNT8A. WNT5A,

(A) (B) 2
1
51 . . e
| I 0
| I
b |
4 I I B
b
° | b % -2
« * . : I * .
3 . o Significance
< 3 -
%) ql - e up: 172
= | « no_diff: 1 685
! e down: 115

HI-1
HI1-2
HI1-3
HI-ME-1
HI-ME-2
HI-ME-3

A: KL EE 2 SR miRNA, P<0.0551l0g2FCP>1; B: RZFAE S HTmiRNA R ZRIE B4, FRIE /KT F HmiRNA RN AT, 20k KPR FmiRNA
SRS . HI-1, HI-2. HI-3{RRhESCs|i] it 25 hday 1 [ =ANFE i HI-ME-1. HI-ME-2. HI-ME-3{03&Rday3 ) =M. ME: Hifit)z.
A: screening of differentially expressed miRNA volcano plots, P<0.05F/1]log2FC[>1; B: cluster heat map analysis the expression changes of miRNA red

denoting a higher and green denoting a lower miRNA expression level. HI-1, H1-2, H1-3 represent the three samples of dayl; HI-ME-1, HI-ME-2,

H1-ME-3 represent the three samples of day3 during mesoderm differentiation from hESCs. ME: mesoderm
E2 R MRS LIS T8 E F FRIEmIRNA(DE-miRNA) K%k 5 5347
Fig.2 Screening and analysis of differentially expressed miRNA (DE-miRNA) during mesoderm differentiation
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Fig.3 Screening and GSEA enrichment of differentially expressed genes

A: KL B 22 7 R IE B, P<0.05F1log2FC>1; B: #VE B IR 22 7 3R 6 JE Rl ¥ & 4R 18 % ; C: GSEAZ BT @/ Wntili % . TGF-Bid % FllHippo
W E . 1 ABEIGF4IML; ME: HiR)2 ; Wntill#% : P<0.01, FDR=0.25, ES=0.45, NES=1.61; TGF-Bi@ : P<0.01, FDR=0.23, ES=0.47,
NES=1.60; Hippoifi #: P<0.01, FDR=0.24, ES=0.43, NES=1.57.

A: screening of differentially expressed genes volcano plots, P<0.05 fl|log2FC|>1; B: heat map shows enrichment pathways of differentially ex-
pressed genes; C: GSEA analysis shows enrichment of Wnt pathway, TGF-p pathway and Hippo pathway. H1: human embryonic stem cell; ME: me-
soderm; Wnt pathway: P<0.01, FDR=0.25, ES=0.45, NES=1.61; TGF-p pathway: P<0.01, FDR=0.23, ES=0.47, NES=1.60; Hippo pathway: P<0.01,
FDR=0.24, ES=0.43, NES=1.57.
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‘BAI15 100 miRNAG AH B K &, #43#H miRNA-
mRNA 2% & (Bl 5A). TGF-Bifl % b ¥ 5 1 A
FMOD. SMADG6. PITX2. LEFTY2. SMADY.
ZFYVE16. BAMBI, 5 591 miRNAMI HAEH , #4%
miRNA-mRNA M 2% ] (K] 5B). Hippoi 4% 71 4 5 [l
HID2, DLGI. WNT5B., WNT3A4. STK3. LEFI.
WNTS5A. DLG2. PARD6A. WNT8A, 51061
miRNAFH EAEA, #% T miRNA-mRNA ] X 25 ]
(KE5C).
2.6 KEEFRNLEE

ARSI I RT-qPCRETI T = 2538 BE 1 114N %
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