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[{5E] By - R thig ik SAr51# (total anomalous pulmonary venous connection, TAPVC) 1% AL, 4508+
?ﬁﬁ?’éﬂiﬁﬁ%ﬂ ARHGEF16, JXTHHEFTIREINIE, F5iE - Wtk 78 fil TAPVC L& 100 ﬁUEﬁX’fﬁﬁ)L;ﬁﬂ’JMWi‘ I DR 5 ke % Fili
Bh# A gE B, HhiR 41 DNA 3:4T ARHGEF16 5878 Wi 25, ¥9H ARHGEF16 ¥y 1= W [ e A8 B ek Bk, %54 293T iy, @ ik seif 2%
%€ B PCR (quantitative real-time PCR, RT-qPCR) fi1Z& [ it El i (Western blotting) 43 HI4% Il mRNA Fi1 % [ HU K ik K, @il ik
4 Cytoscape JE {72 115 & 19 Z MM H EAE A 07, 458 - 78 TAPVC 3L & Bl ARHGEF16 3£ 2 A KRR & 1 5838 15 ¢.C236>T
(A79V) F1¢.G619>C (G207R), FEXFHRZL P AR, SEARIAALL, 28R ARHGEFI6 mRNA ik QKL & LR, &AM
HAEM 541 B R, ARHGEF16 5 RACI W] DL B 5 A4H G BG s @ i RT-qPCR W, KIMAEE KK ARHGEFI6 W, RACI % ik iR,
Y518 - ARHGEF16 W5k A5 | ARHGEF16 mRNA J 2k 1 R kK P, it FKik ARHGEF16 ] 1l RACI Wy, $R/nH vl et
X RACI W8 55 TAPVC B R g

[ 58 | se A HERiERIk SO 513 s ARHGEF165 45 %48 RACI; RE
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ARHGEF16 variants screening and mutation function analysis for children with total anomalous
pulmonary venous connection
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[Abstract] Objective - To investigate the pathogenesis of total anomalous pulmonary venous connection (TAPVC), and to identify ARHGEF16 gene
through full exon sequencing screening and analyze its mutation function. Methods * The blood, clinical data and auxiliary examination results of 78
children with TAPVC and 100 healthy controls were collected, and the genomic DNA was extracted for ARHGEF'16 mutation screening. ARHGEF16
wild-type and mutant expression plasmids were constructed and transfected into 293T cells. mRNA and protein expression levels were detected by
quantitative real-time PCR (RT-qPCR) and Western blotting, respectively. Protein-protein interaction exploration was performed by Cytoscape software.
Results - Two novel variants ¢.C236>T (A79V) and ¢.G619>C (G207R) were found in TAPVC patients and were not found in healthy controls. Compared
with the wild type, the mutants ARHGEF16 were up-regulated in both mRNA and protein expression levels. Protein interaction analysis showed that
ARHGEF16 and RAC1 were directly associated; RACI expression was up-regulated in HEK293 cells with ARHGEF16 overexpression through RT-qPCR.
Conclusion - The missense mutations of ARHGEF16 affect the mRNA and protein expression levels of ARHGEF16. Overexpression of ARHGEF'16 up-
regulates the expression of RAC/, suggesting that it may participate in the development and formation of TAPVC by regulating RACI.

[Key words] total anomalous pulmonary venous connection; ARHGEF16; missense mutations; RACI; development
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B, HAERMEOIRH 2R T8, WHRE R, HAWN
ML A B, BT, W K& TAPVC FEARE T A 4%
ST TSI R LA, 3 TZIR RIS K Rl B K
IR X

Nash 25 3 i 4 5 4 240 000 7 J5 ¥ 40 #7 2 il TAPVC
B, R ERELAEE 5 (retinol binding protein 5,
RBP S5) MR, BAME " it 4k WA mF
JiiEAS M 6 5] TAPVC (B35 K 81 #t B, R B =%
& g 1 (activin receptor like kinase 1, ACVRLI) M il =
ffi (sarcoglycan delta, SGCD) 2 N4 R fF(E 2%, JHH1E
FH 12 {5l TAPVC EEHhIEUE Tix b2y, #ul- 2 B A,
TAPVC FH 5 1 i 2l B 2 (7 2R AR 20, LR R 5% 05
RIRRBARME R FEAMC B WA, HAZIRA BB R IE
FE AL A e R IS W AH O PR S5 G

2014—2019 4%, AU T 78 Hilf’k TAPVC il
F11 100 f3i] 1 {8 e JL oL A A B o B B e DR 98 k. i
AR H2 T DNA 172 4M B F-ll/F (whole exome
sequencing, WES) A% M H wT RE fY o Ak PR R 28 48
Mo WES J& FIl F 411 4 35 B A 8 4 ik TR 20 A1 8. - X 8
DNA $fi#i¢ H- 5 4 Jo 147 v a2 03 19 ik DR 4 40 A7 5 5
A — Pl B R AH ) SRR Ty F1 A i 2 R, RIS 0
JE R A A% R £ &M (single nucleotide polymorphism,
SNP), Indel 5F B A KIS 4 7 W TAPVC #IEL
A&, el ok SNP-based 3¢ B4y #r F1 Gene-based 11
B4 M5 1 B T Boxt WES B9 ScHs i 47 40 B b B
H J #4106 i 3 fik 308 ik TR Rho 12 WA 2% I 28 460 TR -
16 (ARHGEF16), ARHGEFI6 %¢ 7% fif. 35 A 4% ¢.C236>T
(A79V) F1¢.G619>C (G207R), ARHGEFI6 %3 5 [y %%
HORerE A, K2 5EAR - EAmEQR - Ik
JFURY AR B VE M5 Wl il i RHOG #H 3¢ GDP 5 GTP fy 58
i, 4r3 EPHA2 i RACL i /£ (L 20 IR Hh Ak 421
A, T Ed R & 1 HPVI6 E6.1 G CDC42 4 &
CDCA42 (i ™, AWFIE T ZARYE WES #7415 B

21 519751

Tab 1 Primers sequence

e 4 PRIk S AL 5 | e 58 LIS ARHGEF16 FE PR 5848 37 8 K 5838 Dyt 53 bt | 71

P Y, s S K ARHGEF 16 141 v ) 28 25
RESEAT M, JEETHE AT RE VTSI st 2L R, DA, )
Bl TAPVC kit (%4 THLHIE S i 1k

1 HRERE
L1 5%

WS AE Ll s il R 2 BB b J@ B R B e S L B e
Hobal s DR AR, O, IR CT S F R
il iz TAPVC BB L MkArA CRifdl), [E I
A5 15 955 51 2B 4 858 R4 S0 AR C I PR it R L 2 L 97 1 oAy f 1
., 2014—2019 4F 2R3 (I3 210 {5, S HE2H ifn %
150 f5il, E5E RAMRA REMBATIN GG S . BFITsk
FEPLEHEE AL, (B HA S5 H XHEC-C-2017-
KJB-003,

1.2 Jjik
1.2.1 TAPVC mIRe80mAE R AW BEor Xt 78 {3
TAPVC i JLFN 100 2 1F 5 4 L3 WES S it 74 T3
g 4 FNEO SNP [ 1, k15 TAPVC Y v REE0w
At B[l ARHGEF16, {E#THEI) 100 {5 L ESE @i
JEE A B DR ) S LA T O E (AR AR o) .
ok NBEAE A B A, 2% RO R A
1000G, Kaviar, ExAC, ESP6500 4% fjfi & Hi £ /N 25 fir 3
4522 (minor allele frequency, MAF) /T 0.01 5 UL
2845, 22 SIFT, PolyPhen-2, Mutation Taster %41 J%
175 348 HH B0 ol REVE 25 19 ARHGEF 16 1828738 7 5, C236T Fil
G619C, BJm, PHALAS S EA%H R B IR K T R 2
Wi, A4 G 5 (R A L e B AR (B A Kokt 2 [ L Eh RERA 5210
1.2.2  ARHGEF16 587 {ir xi ) Sanger B iiE B it A eIk
ARHGEFI16 (NM _014448.4) Hp &5l (F 1), L4
N T 955 (5] R it B3R A DNA S iz, PCR &34 e Sk v
B, Sanger My 56 EAS S07 A5,

Number Forward primer (5'— 3') Reverse primer (5’ — 3)
1 GACCCCACAGCCGCCCAGCATGG CTTGTTTTTGGCCGGGCTCCG
2 TGTGGAGCCGAGAGGTCTCT TGCCCTCTGATCTGGCCTTG
3 CAGAGAGCCCGGTGGCCCTCAAGCT AGCTTGAGGGCCACCGGGCTCTCTG
4 AAACGTGGGCACAAGCGTTCCTTCAAGGACG CGTCCTTGAAGGAACGCTTGTGCCCACGTTT
5 GGGCGGCTGTACTTAGCAG CGGTAGGATTGGTTCCGCA

Note: Primers 1 and 2 were for verifying ARHGEF 16 mutation sites ¢.C236>T and ¢.G619>C exon regions; primers 3 and 4 were aimed constructing plasmids with mutation
sites at ¢.C236>T and ¢.G619> C, respectively; primer 5 was for quantitative real-time PCR (RT-qPCR).
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1.2.3 kA GV358-ARHGEF16 BRI T35 WL 4L [
eyl LARF AR RUBURLCM RN , ST 2828 TR 5 |
¥ (£ 1), JH KOD-Plus-Neo (TOYOBO) it 1T
1532875 Bk C236T, G619C, 2875 ik ik 1&
KW oy w47 Sanger i, M7 45 5% F NCBI BLAST
Wik 5 GenBank t ARHGEF16 LU, 4y #5872 fir B R A7
1E#,

1.2.4 EEFESEYE NG BEdiez (293T) T
E Rl g e, 1o 10% iA4-1miE (MP Biomedicals)
1% HEER — BERIRA (Gibeo) [y HERs 7 M
¥ 3% (Hyclone), ¥:3R 451X E A 37 C, 5% CO,, Xt
B A K B FuGene #; 421X 71| (Promega) %% 4e 73 #;
(GV358). ARHGEFI16 ¥t M= %Y Jfi i (WT), ARHGEFI16
7245 JFokr (C236T. G619C), 4w 48 h J5 F RT-qPCR 45
M G783 F mRNA Feik &5k,

1.2.5 RT-gPCR ¥ 293T #40 g Lk 4 x 10° 4~ /mL [ %5 Jif
AT 6 fLAR, fR 40 fh A IR E] 60% ~ 70% B % Y
GV358, WT, C236T 1 G619C, 48 h J5 JH TRIzol %! fi#
YR HC RNA, ¥ 1 ug RNA H PrimeScript ™ RT Master
Mix (Takara) Jx %% 5% & cDNA, RT-qPCR 3% ff] 15 uL &
%, @iEcDNA h2uL, E. K514% 03l (5147
FIW £ 1), 2xSYBR (Takara) 7.5 uL, 50 x ROX Dye Il
0.3 uL J dd H,O 4.6 uL, 7¥ Alpplied Biosystems 7500 |-
PEAFR R, HEHEFIASPE 95 C 30s, PCR LR 95 C 5 s,
64 C 34 s (40 NMEIR) HIZAEHATY . GAPDH {E AN
Z, {2720 B4t ARHGEF16 mRNA ik 5 k£ 4%
T,

1.2.6 EHEBENSZ: (Western blotting) 293 T 443
FPT 12 fLb o e Gz 3. WT-ARHGEF16, C236T Fil
G619C, #£#4u 48 h J5 Fi] RIPA i1 PMSF ZUfgzmlia, FHlatE

=g < A
JERRAE,

#2 Ak TAPVC HBJLIMIGIR 15 B ARHGEF16 28728 A A AFAE

Tab 2 Clinical information and variant characteristics of ARHGEF16 in TAPVC patients
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EH. HBCARAGE AR R) MR E G INE A %MK
100 C A5 10 min, HX 30 pg kB PEER AREAVELT 15%
SDS-PAGE Hijk, Hif:ZRHRRLF4EZNE E (Millipore) , i
N5 2k iy 3= 78 ¥ /) 2 h, ARHGEF16 ) — %t (Proteintech)
1 anti-GAPDH 4 “C #F 7 i i, 45 %I L 24t G Anbit fl
THERPE 2h, ECL ki & (Millipore) 52
HH,

127 AWM B %J % FIH STRING %k 4 (https:/
string-db.org/) 17 H H B — & [ FUAH IR H B4 5 47,
WL ARHGEF16 FNCAUILAE A= . TAPVC SE[AR
B, T ARHGEF 16 15 H At DX 2Bt ) 28 19 AH LA
JH Cytoscape &5 {1 il £ W 2& A#H .1 FA B (https://cytoscape.
org/), MRk 100 M5 R FH . TAPVC ZEHH%
L R 4ah 3 1 5 ARHGEF16 #EATAH AR 5047,

L3 Gl tiik

K H SPSS 115 # et Bt it A7 Ge ik o0 i, Bt
PAxts FoRe BAKEHHEAT 3 RIS EY ¥ EL.
P<0.05 ZRERAGIIFR L.

2 "R

2.1 AiEwHiBilfs 2

AER 2 BB LS AL A5 IS A0 ERFLGIN
T TAPVC, APRht O HBL K A, MR R X R P I
U EIER . HBL AR AR S5 KA O IR B9 5
Mutation Taster [ i FiRMIX 2 /> 248 {7 mi 25 B A Bt
MAF /T 0.05, SIFT 4543 %124 0.12 F1 0.38 (%&b
/AN, BIEE A MRk AZ Ay Al RE ki) o 2 B LEE
B Bk 2 Bk,

Number  Gender  Age/month Phenotype L.ocatmn Function Nucleotide  Amino acid  SIFT Mutation Taster Polyphen2 MAF
in gene change change score
1 Male 3 Supracardiac ~ Exon 2 Missense ~ C236T AT9V 0.12  Disease causing  Tolerable 5.719¢-05
2 Female 13 Cardiac Exon 3 Missense  G619C G207R 0.38 Disease causing ~ Probably harmful ~ 5.063e-05

2.2 Sanger &5 BRI PR SFPEPE
Sanger {ll 545 B B AERY 2 BIEILE 2. 3HME T
[X. ¢.C236T, ¢.G619C 1k SEEH 79 fr & HE I N =R
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500 510
GAGCCCGOGCGOGCCCO

Control
, |

CAA

150 1l
CACAAGGGTTCC

l Control
| \

CAAGGA

e 4 PRIk S AL 5 | e 58 LIS ARHGEF16 FE PR 5848 37 8 K 5838 Dyt 53 bt | 73

500 0
GAGCCCOGOGCOGOUCCOTOAA

l Case A79V

B30 B0
CACAAGGGTTCCTTCAAGGA

l Case G207R

Note: The arrows indicated the mutation sites, and the case groups showed the change of heterozygosome peak.

1 IR R ERA )L E A ARHGEF16 I E

Fig 1 Sequence chromatograms of ARHGEF 16 missense variants in patients and controls

TN, BATEIIX 2 D RRMLAAENZE, KRR,
KA b BA LR RSF A1, R 2 A

ATV

Hunran

Macaca nemestring
Rattus norvegicn
Mesocricetus anralus S'I'QSP |
STQSPAR

Cercocebus alys

LR A b b b b b b b

HARZMEN, HRZ A SE ARHGEF16 JRENTS
% (K 2),

Note: The sequences of two mutation sites were highly conserved among different species.

2 ARHGEF16 ZER IR Z (8K RS E B BUF 5

Fig 2 Conservation of ARHGEF 16 variants among different species

2.3 ARHGEF16 mRNA FVE (13635 501

i1k RT-qPCR 43 #r WT, 2€78 %Y C236T 11 G619C 4,
ARHGEF16 mRNA ik & 7% %, &5 R 3A fioR, &
WT 4A#H kb, C236T F1 G619C 41 ARHGEF16 mRNA ik
2% FiH (P=0.001), Western blotting £5 % i 715, 5
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WT 4 #H bk, C236T 1 G619C 4 ARHGEF16 %& [ 2% ik
B FIAE3 (P=0.002, P=0.001), HAHX BB H
WT 4 1.9 F12.2 5, KWK 2 A7 A B S o848 5t 2
Rk R A (& 3B),
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bt

GV3ise WT C236T G190

Relative ARHGEFI6 mRNA expression

Note: A. RT-qPCR. B. Western blotting. © P=0.001, vs WT group.

3 ARHGEF16 mRNA fIE B FIAHH (n=3)
Fig 3 Analysis of mRNA and protein expression of ARHGEF16 (n=3)

2.4 ARHGEFI6 55 4athin 55 % 5 A% Ak B Iy 2 A £

ikgn

ARHGEFI16 f T 154 o fk, 15448 1 F0 14
ARG 4Lk, wT LR PR s B 5 8 4 e s &
Cytoscape &5 8 2. ;8 ARHGEF16 5 RACI 4# 1F B 12 3¢ Bk
(Bl 4), wligdid RACT 5H AN & & 2RI R AHTAEH,
Herfr vAV2 F1 KDR 2 © ) TAPVC mlRESCR i 2 R ™,
M B2 AE TAPVC ()R & T i B v K45 2R,

ARMGEFT6
4 ARHGEF16 fE b ERBXERE Z B ERHEERMLEE

Fig 4 Protein-protein interaction network between ARHGEF16 and other genes with
angiogenetic functions

2.5 ARHGEF16 5135 % RAC1 mRNA 35 5%
EAMOEHAS &R BR, ARHGEF16 5 RACI 17
EHIAETIEN. H ARHGEFI6 Bk ye 293T 4uff, W
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GV3isg WT C236T  GoloC

ARHGEF16 S '

GAPD . R — —

4 41 s RNA, 38 i RT-qPCR 4y Bt ARHGEF16 %} RACI
mRNA ki, 48K 5 s, ARHGEFI6 it ik
f RACI Wik & FiF (P=0.006),

20

1.5+

1.0F

05k

Relative RACTmEMA expression

GV358 ARHGEF 6 overexpression

Note: * P=0.006, vs GV358 group.

5 ARHGEF16 it 5kikxt RACT FRiARISSNT
Fig 5 Analysis of RACI mRNA expression in HEK293 cells with ARHGEF16
overexpression

TAPVC BILH AR HBEE, PR aR,
WA, HISINERLO RS, RS TIRT, 2E3A
RAEAFET:, BRifi, TAPVC HJ R IGHLE A B R, Neill
2 1960 49 IR AE 25 T) L5 A GE R ik T TAPVC, i,
R RN, TAPVC A gtk B iits, AR
SERAMNBER B AR PR, AT R, gadim
W AR T2 2 R (KDR) Fngahd ifil /MM fiT 4
AR FF% 1k o (PDGFRA) WIHR 25 TAPVC [k,
PDGFRA RER{E /N0 R s BR e, HEL TAPVC |y
FM, FWIH N PDGFRA #1925 TAPVC {45 ",
teAl, M TAPVC B3 4y B H I A1 & 1 bk B 41 e v % B
SR BE R 3 1| (ANKRDI) ik WIS N, 425
ANKRDI {3t ik 5 TAPVC [y &k 4 AH 5K, Degenhardt
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W fh 22 [ S F 3d (Semaphorin 3d, SEMA3D)
R 245 /N A TAPVC fyRA

1AMk, KT TAPVC M3k R =Aifoe b, Tiiicde
BARREAE—T8 ik TAPVC JfiilFn 100 filfid b L3,
i Al 4 1 DNA #E4T WES DA AT G A B0 2 KA
FpzE s, it SNP-based JCIksy #rF1 Gene-based 114 47
Wrs i 41 B2 ikt WES (ISAEIE 7o Brab P, et
H K ARHGEF16, HHA 2 42225 6 i (c.C236T:p.A79V
1 ¢.G619C:p.G207R ), i# i Mutation Taster £ £ T M| & EiL
X 2 ALY “BORE” nais R Clustalx 145y
MrE R FIGR P, G5 BoR, 3X 2 A28 0 sl i S R T
FIFEN. KRR A HE S b m R =F, fEmix
2 A5 p A RE HA I NRER Lo

RT-qPCR 1 Western blotting <0445 5260, ARHGEF16
(c.C236T F1 ¢.G619C) mRNA F1 & 19 ) 2 ik & % ¥ 4=
R LA, WX 2 AN A AS 320 T ARHGEF16
mRNA e I RIK, B, K7L Cytoscape fE£k 5
B, kI ARHGEF16 5 RACI {71 B A%<EL,

ARHGEF16 #ii5 i) & H BUEhRE AW, BFZE A BA
hHESEAR - EARMEAR - IBRMELEREx",
A EET " e W2 5N i 4 9 e IR A R ) 38 5 R E R
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