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(2] IRREABERZE (ARR) TEAS PM,s 512N D &R BT, BEAEES
FIHIBERFRR DD FIZFEZER (miRNAs) ERMWEEFTFEOELZEFEZEEEM, M
BERE AnR BEIFIZ miRNAs FUFRIK, AL, PM,s B BT HEE T AR 15 58 B T miRNAs &
X, NEBOHELAERE,

[E /] 17 PM,s BAIREXY) (EOM) BUE AR [ 3T miR-101a BYIEIE, LI miR-101a R E R
K IMBI S & ERRS OE & B BIERVLE.

[7575] WEAHMNTH X PM,s F AR KIRBUEAIRENEOM, EXHEE 2h (hpf) RIIAEOM
(5mg-L") Bz AhR /N FHDHIF CH223191 (0.05 umol-L?) #H1THI D & FRRA RS, LINSMEZ
HERHTT ANRE ARV, LA miR-101a X7 5T # 1T miR-101a IE KiK. EXHFE 72 hpf,
MBRZAMGERBELEER, St ORBEZER, NS EFEROM, IREUERNA, B
SEBY 2% FE TE & PCR /5 761 M miR-101a F elfa. gsk3B. cdc42 mRNABY R K, LUTE &R EUEE
Targetscan H1THI S & miRNA BEE R TN, FLLDAVID HIEESTEEERHITREAERSER
HEREP (KEGG) BREE D

[4552] 5 DMSO XFERLEAALL, 5me-L EOM 52 72 hpf BT S &R DB R R 5% FHE E
18% (P<0.05)  EOM 5 2T & ARRS /A miR-101a FIABREZESXTERLAMY 60% 4 (P<0.05) ,
fl AhR /NG FHIHIF cH223191 (0.05 umol-L?) X2 AhR B E BRI XT EOM FTEX miR-101a 7
KT EEIER (P<0.05), miR-101a KA RIEE EOM FREIHIBE S & ARAS O AR RS (E
19% £ ZE 11%, P<0.05) o miR-101a BYFUNEEEEEHF Fox0 K Wnt FOEA BHEXNEE
55888, F B Wnt 3B EEEF gsk38 K Rho RiE/\D F 2 EH R = BEERES cdcs2 IFRIEIE EOM
RENDGEROETAS (FHE1.91F, P<0.001 ; 5 1.71E, P<0.01), {BIIA miR-101a
LWMEMEERKTFE (P<0.01)0

[Z59C] WIS &R OIS, PM,s FAY EOM BUE AhR 6 miR-101a IR IX, #HifiEd
gsk3B Rz cdc42 EERTHOELR S, 31O
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Heart malformations of zebrafish embryos exposed to extractable organic matter from PM, s
mediated by aryl hydrocarbon receptor-suppressed miR-101a CAIl Chang®, HUANG Yujie?, TAO
Yizhou?, CHEN Tao?, JIANG Yan® (a.School of Public Health b.School of Biology and Basic Medical
Sciences, Medical College of Soochow University, Suzhou, Jiangsu 215123, China)

Abstract:

[Background] Previous studies have shown that aryl hydrocarbon receptor (AhR) mediates
ambient PM,s-induced heart defects in zebrafish embryos, but the molecular mechanisms remain
to be clarified. Epigenetics such as microRNAs (miRNAs) play an important role in the heart
development, and AhR has been reported to regulated the expression of miRNAs. Thus, PM,s
may disturb miRNA expression via AhR signal pathway, leading to aberrant heart development.

[Objective] This study aims to investigate the regulation of miR-101a by AhR, and the effects of
aberrant expression of miR-101a on heart development in zebrafish embryos exposed to PM,
extractable organic matter (EOM).

[Methods] PM,s was collected in an urban area in Suzhou city, and the EOM were extracted by
Soxhlet extraction. Zebrafish embryos were exposed to EOM (5mg-L?) and AhR small molecule
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inhibitor CH223191 (0.05 umol-L™) within 2 h post-fertilization (hpf). AhR knockdown was achieved by using morpholino, and miR-101a
overexpression by miRNA agomir injection. Embryos at 72 hpf were observed under microscope, and the rate of heart malformation
was calculated. Total RNA was extracted from isolated hearts, and mRNA and miRNA expression levels were detected using qPCR. The
miRNA target genes were predicted using the Targetscan online tool, and a Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis was performed using the DAVID online tool.

[Results] The EOM at 5mg-L™ significantly increased cardiac malformation rates in the zebrafish embryos at 72 hpf compared with the
DMSO control (from 5% to 18%, P<0.05). Furthermore, EOM caused a significant decrease in the expression of miR-101a in the heart of
zebrafish embryos (decreased about 60%, P<0.05). Both AhR small molecule inhibitor CH223191 (0.05 umol-L™") and AhR gene knockdown
attenuated the EOM-induced miR-101a expression changes (P<0.05). miR-101a agomirs alleviated the PM,s-caused heart defects (from
19% to 11%, P<0.05). In addition, predicted miR-101a target genes were enriched in FoxO and Wnt signal pathways which are essential to
heart development. Moreover, EOM significantly increased the expression levels of Wnt signaling gene gsk38 and the Rho GTPase family
gene cdc42 in the heart of zebrafish embryos (1.9 fold upregulation, P<0.001, and 1.7 fold upregulation, P<0.01, respectively), which were
further counteracted by miR-101a agomirs (P<0.01).

[Conclusion] In the heart of zebrafish embryos, AhR activated by PM,s EOM significantly represses miR-101a expression, which in turn

disrupts heart development via genes including gsk38 and cdc42, resulting in cardiac malformations.

Keywords: PM,s; extractable organic matter; aryl hydrocarbon receptor; miR-101a; heart development; zebrafish embryo

FREODHEBRERAENNHEREZ—, &
RE0.6%~1%, WARKREET, AB13MEER
FHEFIFART, LXMOEFENFE A
W, MAKRPBHERZREEEER Y, KRSREE
FIREE IR E&RAMIRIFIRRIE, EPAKSARHN
¥ (PM,s) 38R/ TF 25 um ETHIY), BRESHRE
HEEIEIR Y, PM,s BFLEREIRK, AlEHZHE
2 (polycyclic aromatic hydrocarbon, PAH) S RAEHFE
M, eERHNBIARS, B D MARFFE, 200
BrILAE 2, ZTRITRERRRKRE, PMs 58K
MOBRZIEX Y, shRRtB LI, PM,s 5|
Moa Y NR"ERROELAERE. STERHES
PAH ¥R BV O BEEEE 1% , BIBEIAN PM,s BYIA D H
B PAHTELIELZ B SHRESEER ™,

7 & 1Z2Z 1K (aryl hydrocarbon receptor, AhR) &
BFHMiEE- - EREABRENERE T, 4
& ZIER ) PAH BR A G ] UM ARE R 3R iz N AR 1%
F, 55EFRZTAZEBUEFEMREZRE, B
TR ERE R A 1, I K S PM,s B IR BN
(extractable organic matter, EOM) FE SR HESH
PAH E¥)F1, AR A STRIFIARRA, TS &
Ba A/ B B RS FEE 4H A P19 HF EOM BE S ARR (5 538
B, #ms| OB ONAr s v EE 12, 8
DFNFERFH—TEE,

INGD FIZWERZER (microRNAs, miRNAs) & — 2%
/NERIDRNA, EFEAREINERFRAEHRRIEEE
EA ™, mRNASB 5 AT AR ZEYFELIE, W4
o BATIGES, EORAERESZTEEA, M

miRNAs IR B RAS OAARN S E 2 HIhEERE
B3 % oY, B 5T R BB 2 P miRNAs RiA 7] 52 AhR I3
=0 pM, s 2 EMIHI S & RAR P &2 T Z D miRNAS
RIEBRE, HP miR-101a WREBBEEAEE Y K
Itt, ZAFFZHE N PM,s 1 EOM ZeE BT T & ARRS O iE
miR-101a I FRA L W Kz AR ST ERYIAE, #H—F 1R
miR-101a AIREEI LB BEE N T PV IR R B

4.

1 WREFE
1.1 FEAF. AFIE S5

R DMSO FEERXFBI A DA, WFE
HEANFIAFTIER AT AnR/NDFINHIFI cH223191
(CH, CAS 301326-22-7) M F 35 [E MedChemExpress 23
g, B E R L EE O (FZE Eppenford X)),
NanoDrop ND-2000 73 Y Y E it (2E Thermo A F)) ,
AXEREE (MZEXK Optech RF])
1.2 Y% PM,s X212EX EOM

AMEX PM,s RETF 2015 F8 8 1—7H, EOM
RIS EAXRSREIRBAAZ 5iiRE ", Bk
EERERNENYEE, EESHPPFEI7Tmm BRE
500°CHtJE 2 ho SAIERIAREE T XU TH-150C PM, 5
Kt (PEEXKIINRERIERE) F#H1T
24 h FEIBF R, FIR 24 GUPHRFEES, UE
KiREUEA ZRBEATIRENEOM, AlREHEL
A BRRCREEWR T 578 #EF DMSO R HTE -20°C1R
F. EOM H B[ #2 M F) 10 T EEIFMR B IAE M IEIT
HPAH, BRREREN178.25ngm?, ERRHERE
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RE A 24.64ng-m>, BANZAIRIA 2 miAYiRE M2,
1.3 MoaiRiRRs

F4E (ABHRAR) HEaWERERSE&RFEFRD,
BRI 1ML RS e R e RAERIF
KFEFRE RS H, KGR (28+0.5)°C, HFERE I 14h,
EREHA10h, USRI BT S & R B8 #% & 4H 100 1
FEN D ERFIBIEAMA, FRHE2h (hours post-
fertilization, hpf) R3Z B AELHBIINN 5 mg-L* EOM K2/
3% 0.05 umol-L™* AhR/N 73 FHIHIFI CH 1T R B LB
(EOMM CHREREFES N AL R E=FHE L RN
=, W3O IR A BRE R B3 R T E R R ImIE
BHITERE X)), RIBIRENARREAZ4NFECH, LU
DMSO AR R, RIFE A DMSO AT DA KTF
0.1% (AT # T DMSO XFBRRE & B IN& B 4t
HEEXY), 2 EBEFNKREBEERERET,
JRE (2810.5)°C, 14h HER. 10h BBE, FIRRRAR SRR
B. BlRUhNTENFERSBRBARIERK, HE
HIMASMAYIHITRENIE, IS 72 hof BAFERRTE
REE TRNEE. OB, FHESANSa
Ba DR, AL ARFRE eI B@EE AN KFER
EBEZRSIIFENMNEERIE (BHRS).
14 RXBIHEZEES (morpholino, MO) &z miR-101a
¥ (agomir, Ago) ;E53

FB B 59288 (Applied Scientific Instrumentation
MPPI-3, Eugene, £ E) ¥ M0 (BT ARREREUR)
M Ago (FBF miR-101a i FKiX) JFEIN 1~2 NHBERN
R8BI 5 & BRBA Ao ahr2 (5-TGTACCGATACCCGCCGA
CATGGTT-3") Hi % [E Gene Tools A &) & Ao miR-101a
¥ (5’-UACAGUACUGUGAUAACUGAAG-3’ #ll
5’-UCAGUUAUCACAGUACUGUAUU-3") K JE4F B X7 B
miRNA 2 ¥ (5’-UUCUCCGAACGUGUCACGUTT-3’ #ll
5-ACGUGACACGUUCGGAGAATT-3’) HFEFIZE AR
& Mo
1.5 SERFRFETEE PCRIEM miRNA &2 mRNA &KX

FAHBI100NEA2hof IS B KR OIEES
&, BATRNzol-A* 2 RNAIRBUAFI & (FEXBAE)
1R EY S RNA, F NanoDrop ND-2000 43 ¢ 3¢ FE 1110 M
FRiREXAYRNA I EEFIRE. D5 BE—F A mRNAR
BRI &2 (B [E HaiGene A F)) F RevertAid™ First
Strand cDNA Synthesis it | & (£ [E Thermo A 7)) i##
77 miRNA F1 mRNA BY [z ¥ R, 7E ABI QuantStudio 6 S5
It R K EZEPCRIY (EE Thermo A F]) L, {FAHFS

Universal SYBR Green Master mix (& M55, thE) #
TR BRI TE & PCRo K A3 U6 /9 miRNA FRIXXT BR,
gapdh F elfa 79 mRNA ZRAXT IR, LL 22 /5 7A1TEHE
WRIAE, 5IMFTINER 1,

®1 ERERFEEE PCRPEANERESIMFT

Table 1 Sequences of primers used in gPCR

2EH | =M

Gene Forward (5’-3") Reverse (5’-3")
) CTCGCTTCGGCCAGCACA AACGCTTCACGAATTTGCGT
miR-101a GCGCAGTACAGTACTGTGA GGTCCAGTTTTTTTTTTTTTTTCTTCA
gapdh GACGCTGGTGCTGGTATTGCT ~ CTACTCCTTGGAGGCCATGTGT
elfa CTTCTCAGGCTGACTGTGC CCGCTAGCATTACCCTCC
gsk3B GAAGCCATTGCCTTGTGCTC TGACATTTGGTTCCCGCAGT
cdc42 ATACGTGGAATGCTCCGCTC TTCCGTTTTCGCTGCGTTTC

1.6 miRNASEEE T

LU TE 4% B0 3 % Targetscan i# 17 DI & & miRNA $E
ERFUM, H L DAVID #IEEN EEREFHITREBER
5EFABHR LB (Kyoto Encyclopedia of Genes and
Genomes, KEGG) B EE Do
1.7 HFitFESR

S A SPSS 22.0 314, 1L one-way ANOVA fill Turkey
BENKRFEHITZAHRIT D FIBLERUIE +
MREIRTR TN 12327KE 0=0.05,

2 4
2.1 PM,s® EOM @i AhR F& KBTS & BR RS 0 A R
miR-101a &KX

B 5smg Ll EOMR S I &M, X0
miR-101a FYFRIA T FE EXT BRLA Y 60% /£ (P<0.05),
1M AhR /N> FHD 57 CH (0.05 pmol-LY) BT #531 EOM FR
A miR-101a RIATFE (P<0.05), H—F LI ARR R
M B9 MO BSURL AR, & I BRI AR £ 15 3 EOM 5 &2
B9 miR-101a FIXFEE (P<0.05) . LEIL, B ARR S
0T 315 & FRBROBE F miR-101a YRR (152K
A, P<0.05) (A1),
2.2 miR-101a ¥ EEE PM,s F EOM 5| EERIHES
£ ARRS O AR B 2

EOM AN R F KO AEREA E 25 08K
D&M E (Bl24), EOMIES TS &R D
FEES 2R (5% F+ = 18% £ A, P<0.05) (& 2B),
miR-101a ZE{A4#0H EOM S LB XA S (B
19% R ZE 11% /£ H, P<0.05) , 1B TF DMSO XTERLH
(& 28B)o
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[£] EOM : 5mg-L*; CH : 0.05umol-L™ ; MO : ahr2 & X 1B IHBAZE L.
AR T 100 BB ES 3%, * | P<0.05, ** : P<0.0Lo
[Note] EOM: 5mg:L%; CH: CH223191 0.05 umol-L'%; MO: ahr2 morpholino.
For each group n>100 with at least 3 independent replications.
*: P<0.05, **: P<0.01.
1 SHE/ 72h BIS B BFRArRDS) AhR BTHEHT EOM FREX
miR-101a FRAFE(E
Figure 1 EOM-induced decrease of miR-101a expression
attenuated by AhR inhibition in zebrafish embryos at 72 hpf

DMSO EOM
R 25
)
©
1% D\\c c 20
??( £ 15
100 um Oum ER ¢
N = E500
Ago+DMSO  Ago+EOM & E
S5
©
i [
- T 0
oY O@ L O@
) D
100 pum 100pm (CANRN S %

UE] A ZHEE2h IS ERRAREE R RERT0E (LI18) M

DE (HEB). SikFR ALK B - OAERT

2, NC : JEFF R miRNA K HIITHR 5 Ago © miR-101a KM, &

HRERREIRT 100, BRI ES 3R, * 1 P<0.05, ** | P<0.01,

[Note] A: Representative images of zebrafish embryos at 72 hpf. Dotted

lines mark atrium (red) and ventricle (blue). Arrows indicate

pericardial edema and heart linearization; B: Heart malformation

rate. NC: Non-specific miRNA agomir control; Ago: miR-101a

agomir. For each group n>100 with at least 3 independent
replications. *: P<0.05, **: P<0.01.

2 RHERET72h S ERRRREY ORI

Figure 2 Heart malformation of zebrafish embryos at 72 hpf

2.3 miR-101a /7% PM,s FEOMXF A B X HEE
EiEE

X miR-101a AY #E L K T 45 SR # 1T KEGG 34T,
EMFoxO RWnt FEESBRES, R25HTHD
EEEEENESER #—FNT wntiBEE R
gsk3B Kz Rho Rik/ND F 5 EH R = B FRES cdc2 BY R
X, SNE 3PN, EOM 5| 23T 5 & R RS 1O BE A gsk38
MRNA RIEXHAH S 29 1.91% (P<0.01) , cdc42 mRNA RIX
AEL91.715 (P<0.01), /S miR-101a KA EE

EER (P<0.01),

&2 miR-101a ERFAMLE R KEGG 5347 (n=556)
Table 2 KEGG analysis of predicted miR-101a target genes (n=556)

ES@ER 2RHE Bath/%

Signaling pathway Count Percentage/% P
FoxO 13 23 0.005
Wnt 12 2.2 0.011
ErbB 9 1.6 0.016
MAPK 17 3.0 0.025
GnRH 9 1.6 0.025
Insulin resistance 9 1.6 0.044
Regulation of actin cytoskeleton 14 2.5 0.059
g 25 ** o 2.0 S — e
c L — c
250 2
2o 2515
me . £ S
gt X
oY 0 1.0
KBS, K g
— x 1. = X
@ g E g os
< .
2 05 2
3] ©
K9] K9]
=00 o) ) =0 o )
Ny <<,°® Ny &@ Ny <o°® Ny @°®
Q & Q X Q & Q X
RN I A O AR
< & ¥ N & ¥

CE] A 2 gsk3pEEA ; B - cdea2 BRA ; NC : IFHFF miRNA SEBAIITER §
Ago : miR-101a ¥, SLARRREAT 100, BT EE 3R,
** 1 P<0.01, *** [ P<0.001,

[Note] A: gsk3B; B: cdc42; NC: Non-specific miRNA agomir control; Ago:
miR-101a agomir. For each group n>100 with at least 3 independent
replications. **: P<0.01, ***: P<0.001.

3 ZFER T2h B &R O miR-101a ¥ Wnt iBEEE

MRNA RXHIFZ A
Figure 3 Effects of miR-101a on mRNA expression of genes
involved in Wnt signaling pathway in zebrafish embryonic heart
at 72 hpf

3 g

miRNA 70T A B e XA IER, FELKFE
Y1 H] LU miRNA I R RIXSBO R, 4
REAZHIIRET =R 2 H5 RS &R OEF
miR-133a RIAFZ(K, SBOHEAERE 2, [LHAEH
RAETPM,s ZHHHI S & FRRE 0L T % > miRNA
REEE, HFmiR-101aWRIEXBEEFNEE™,
miR-101a 7E D\AE LT L RiC & R AT RERRIVERR 17,
Hid FRxaT s ami KB O A4RET » BT 280
BYRR ST TER (R ERRS B9 miRNA FRIX (L 1), AHfSR
PEIENET S & ARBR O A H R BUE RNA, K2 miR-101a
FEOHEFHRRRIA, AR AT PM, s FEIEOM 5|
TS akia OB, FEHE] miR-101a 720 AE
R RIE, XEEKKBFNER -, #—%
& I miR-101a AW H5 1 EOM FR BN VAR RS 72, &=
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BH miR-101a I & B K FRIATE EOM B9BI S & RS O\AE
ABEMFTEEEER.

1T PM, s BY EOM HR B & K H £ % PAH K [,
BEE MUBUE ARR 2, BUERY AR AJfE A REA F 1B
EmiRNARIR, W/NEAELR AR ZEHRIHEE
%Fﬂ?yﬁmmmﬁﬁ,ﬁﬁﬂ%fﬂﬂ%mﬂ
=21, ZEF 335853 AR 00 ARR /N9 F 3065 A0 ARR B
&R, #RBA PM,s H EOM X miR-101a IR XFIE =
ARRNE ; F—FTHRGANKAIRSERARIE
miR-101a B3 /J AR N E B EH,

Wnt BB 2O A4 25 LY RS S B, &S
R Z AR R IRIE T K PM,s 80UE AR S
WntiBES, SEHISEKEBOEABHXBERRA
S5 12, (B PM,s EE ARR [E3T Wnt SBER B A
1= REAf, AP A miR-101a FLNEE R A H
BIE gsk3B TEN Y Z P Wt iIBER E A, [FBT miR-101a
*M%Fﬁwm¢mmﬂﬁmww$%3H A
Itt, PM, s B EOM E7E AhR [5, 7] BE@ 31T miR-101a F
o wnt BEREREFRIK,

cdc42 B B I 7 MR BRI —F Rho KTk
INDFSERR = BERES, X OBE A B ES O
WA R AR E FE M B EEVER Y, AARERKA
PM,s 7 EOM AJ BE3&1d miR-101a 5|2 cdc2 I B HE &R
X, SROEABE RS, miR-101a $EE R FNE 4 I
FoxO &2 MAPK F5 5B, EfIEOHAERHEE
ZER, @ T—FTHARANES,

SARTHRSERBORBERERITRE—
EANRBERBENIRE, B8XERE—FEE 100,
B3R MBS, BOBEBEERARRIAE,
XL L T RE. N TFERKRERN, HTF2S4
K29 100 MEBERVE S EIREVE RNA, XIBIN T AR
HMrIEE M,

B2, ZIRARKBPERS &R PM,s H EOM
BE ARR [EHDE] miR-101a KX, FH wnt 15 588,
MMEHOHEALAERE. T —FTHRIGIIE AR KT
miR-101a A EAINHEINE, miR-101a 2B BIZIEHT gsk38
F Wnt BERERARIK, MUK Fox0 FES@EEIER,
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