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Abstract

As more and more cerium oxide nanoparticles (nCe0O;) enter the aquatic environment, the health
risk of aquatic organisms exposed to nCeO; increases. To investigate the function of microRNA-190
(miR-190) and the effect of nCeO, exposure on the expression of miR-190 and its target gene MARK2
in Daphnia magna, we analyzed the phylogenetic relationships of miR-190 sequences across spe-
cies using the miRbase database and MEGA 7.0 software. Targetscan, miRanda and RNA hybrid
tools were performed to identify miR-190 targeted genes. Biological roles of miR-190 target genes
were revealed by GO and KEGG clustering analyses. qPCR analyzed the effects of nCeO; exposure
on the expression of miR-190 and MARK2 transcript levels in Daphnia magna. We found that the
miR-190 sequences of 14 species were identical in 16 bases and that the miR-190 sequences were
highly conserved during evolution. The 852 target genes of miR-190 are mainly located in the cell
membrane and cytoplasm, and are enriched in biological processes such as intracellular signaling,
DNA template and transcriptional regulation, protein phosphorylation, etc. Moreover, the target
genes are involved in important intracellular signaling pathways such as cytosolization, ABC trans-
porter and FoxO. After 24 and 48 h of nCeO; exposure, the transcript expression of miR-190 was
down-regulated in Daphnia magna, whereas the mRNA expression of MARK2 increased signifi-
cantly. The results suggested that there was a negative regulatory relationship between miR-190
and MARK?2 expression in Daphnia magna, and that miR-190 may affect related cellular life activi-
ties by regulating the transcriptional expression of MARK2. This study provides a scientific refer-
ence for analyzing the toxic effects of nCe0; on aquatic invertebrates.

Keywords

Nano Cerium Dioxide, Daphnia magna, MicroRNA, Target Gene

Copyright © 2023 by author(s) and Hans Publishers Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

1. 5|15

YK ALl (Nano cerium dioxide, nCeQy) & — K HE F 1) & J@ AW TREGUK A R 1], BA R m IR
HUARRLL . PUAANE S JER I A S BRAAFAE[2], )2 R T AT RL SRR FE It &5 Tl AN R 24547k 3]
PRI, % 2050 4EAERERE A2 nCeO, #4ik 10,000 W, [l HAHUBAE T, 245 300 M4 K 4R
kLo 28 B T AR V5 KAREE . BB eSS 2 Mg A HE B K A5 [4] [5]. CeO, Y KFIRL AT WL
BLEK A AR, BB N AR N AR, JFBEAE B RE (M) LE LAt A AR N AN B & 4R, kTt 7K
A FPELZE N0 A A fe R A BT AE U [6] o

T nCeO, MEMIE JFFHERRIAR RN, HEGTHOKEEMERK, MfKESMERKE. F
FNUVARSEAL S5 BRI Th e S A YR RN« A IE 7 (Anabaena cylindrica) £ #& T 80 mg/L nCe0, 24 h
Jei » 375 B EL B 5 TR 5 s £ R R 4 e 2 T 0 4 K R 7 5, T R VR A I 45 M IR B BB T A 40 IR IR [ 7]
B R %55 T nCeO, £ 5 8P T ff1 (Danio rerio). /i H (Paracentrotus lividus)Zs /K A4 S 524 R PR,
LR IR & B W T 2 FNBE T 2 Bl 40 K SO R P58 () 386 I g 43 (8] [9]. B I fa iR i B 85 T 20 ppm K LA ik
ff) nCeO,, AR EMAEIIGIIAIEZEN, F-FIRIagIA — AW B S BN, &&SEOES @Rk
RERWEIETI[10]. Ef8H 4% (Pseudokirchneriella subcapitata)2s i A 5% 7 T AN FER E ) nCeO,,
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HAKZ R [11] [12]. &M% (Scenedesmus obliquus) Z A% (5 mg/L. 10 mg/L)f) nCeO, % & Al {2
HEHAK, 7EFIREE(S0 mg/L) nCeO, # e FHEMIAKIT U Z BIHNH], ¥ 5 FE T =R B (100 mg/L. 200
mg/L) nCeO, i}, AR B &2 I [12] . FREZ MR EAE K, 755 nCeO, /KT
7% 10 K, JEMizh(Corophium volutator) i BLHLAZN AL Y DNA W%, i SbFE ™, SeRist
WREEI nCeO, FHUK AN I T BB 1 E A B 453 [13]

/N RNA (MicroRNAs, miRNA)E FAZ A YA A (1) — 2R AEgm AL IF 5285 /N 737 RNA, KEEZ)RN 20~26
MZEBR . mIRNA fE40 7 AR T2[14] [15] AV K E[16]. A 5 [17] AL ARV PR e 1)
LI L [18]55 7 Th R FE B E A, AR E - B TR 1) miIRNA S R I EE R . miRNA 3
IR LI (MRNA) 7 T45 6, 5 S50 R DR 11 R B o S DR (0 0 15[ 19] . DRTE, miRNA Jd i %)
BB S VR B R AR P, )5 el £ i SR R DG 1 B AR i TG B0 [20] . G A B T R R T LN
SR (Litopenaeus vannamei)f& iy miR-1175ap. miR-46. miR-228 f1 miR-8 &k k4= 7 B #&401k, Xut
MIRNAs 1] A% G fHOCEE R (3R 0E, AFE C BB 2 (CTL) 4HMi 3 p450 (CYP450). T & 1
(IAP)ZEIE R, KB miRNA FJRES Y T H & @ 5 S AR AR ROEUS B [21] o 75 B & 850 3 7 10 R 5%
T, EEANS R miR-217 FIAETFE, miR-217 (@il SIRTL Ml NF-kB i@ i 1%, InEML
M RORE S R, IF S FE 4 Ja e ) il £ A G s B VE[22] . FEARIE, 7E 5 po/L 150 po/l 4585 96 h 5, 1E
0 U1 (Mytilus galloprovincialis) &% 2023 AR M 2 107 4~ 240 miRNAs FiT 32 4S8 ) miRNAs, Hrp—it
MiRNAs 5 G B, 20T, R PURIAR A S ¥R R R AR 2R B, T A T Rk [23], 5 b, 7R
@M. WEE AT, mIRNA Z 51K 580 T PUEMECH . SORHUAT 32 1455 2 >4
WA A iE SN, T2 5 7K AL B0 T Ge i) g 1 v 7 3

KAVERKE BN EZEART, B AdAE. . 5T sEiss. K
A R R U SR R, DO KA A A EE R AT T AR A2 P [24] [25] [26] [27]. HET, nCeO,
e AR5 Gy ied 7K AR B A B AR AR AR AN L DR 304 U T IR AL A AN/ [13] [22], 1M miRNA 752 5
F nCeO, 17K A= B AR FH BORIE 72 i A AR IE . miR-190 & Uk AR W6 DR 41 b v B2 A 5F 1) miRNA, 38
R AH LA N 2 S A G T . 1T IR 2855 H B A dr G 3)[20]. miR-190 [WHEEER MARK2 (micro-
tubule affinity regulating kinase 2), %4 Par-1, /40 ¥ —F LR RR/ 75 2R & DM, S S5HEHE
FBEIR L, TEMZb . #hEARME . SR IE . 200 P % 12 R0 4 B 8 25 0 i A i vt 2 g S B A
[28]. AHFFT LKA B Nseib st 4, @it GO F1 KEGG vERZ M miR-190 HIAEKL R AW 1E 1, WFST
nCeO, % i % K% miR-190 I MARK2 AL s RIA MM, LAE7R KA miR-190 A1 MARK2 %[
TEYNK G 15 G 1 ol 2 v 97 F 350 20 L o

2. M5 %
2.1, REGERIEFF A TE

AW FEAE FH R Bk H T 10 T8 K AR AR B st & . KRR FRIBE N 20°C + 2, YA
N 12:12, FAFEIRETA 1000 T SRR R A B SUK . K TR A R 2 /0 M = VMl (Scenedesmus sp.) . 7E
nCeO, ZyAbEEHT, KRANRAE /DA 12 /M. SEIG 5 FZLAT nCeO, 24 AbHE4H, nCeO, ik ¥ E
50 mg/L, FEHREAT 4 ARG ESE, FNEEPE 50 ROKANER. SRR Al 24 h A1 48 h, 7E 48h
FERAWE, MR AT I RAAE-80°CIRE T, AT IR B350 04T

2.2. miR-190 FFHIBYR T 4T
KA miR-190 /¥ ¥k H T i 8l 41 51 ] nCeO, % & T KM % miRNA 3 1A i I /7 5 4
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(https://dataview.ncbi.nIm.nih.gov/object/PRINA995390), +: /741’8 AGAUAUGUUUGAUAUUCUUGGUU.
FAIM miRbase %#E % (http://mirbase.org/) F3REL 13 MiAY(PE St . fRfa. SCEf. K&, JEiER.
WK ZKA ZHRRRER. B, NERL BEE. EERMAZ)M miR-190 741, 5 KRN miR-190 7
5| F MEGA 7.0 541 Cluster W ikt 47 2 B 5 41 L X, B T2 miR-190 ¢ 5176 AN [Rl40 84 F ) miR-190
TR

2.3. miR-190 ¥ EFEFMFNE &E 24

FIFH TargetScan £ miRanda 7E4E T F., XF miR-190 #4T 7 #EJE LA (T . 38 5 o P AN AR S50 1) 22
NHTIRIE, BhE T RARIREREYER . FIA RNAhybrid %55E miR-190 5 MARK2 EH L X R . @
i GO £ X miR-190 $EREPNAEREAT 1 I REERE . AIH] KEGG $udfa i, *f miR-190 HER R SEHEAT 14K
Ul E T, B EREEN p E 0.05.

2.4.qPCR

F TakaRaMIiniBEST Universal RNA Extraction Kit 76 (5 44 TAE &R PR A 7)) IR A KB
148 RNA. 7 1.2%35 fEFE G -1 RNA FI5E%4E, f# ] Scientific nano drop 2000 (nano drop Tech-
nologies Wilmington, USA)RllAE i RNA FIRFERIAEREE . SR F T RS SR A9 TR PR m] S 4 i)
miRNA 1st strand cDNA synthesis kit I SYBR® Green Premix Pro Taq HS g-PCR Kit I (Rox Plus)i®) & X
KALFER] miR-190 J7 51347 cDNA [ 5% 3% Kt i€ & PCR #3556 . MARK?2 e ik FH 3R A4
A ) Evo M-MLV RT Kit with gDNA Clean for qPCR X K Z 7RI AL RNA #E47 865, 3715 KAL)
cDNA, | SYBR® Green Premix Pro Taq HS g-PCR Kit (Rox Plus)i 7| & #1T MARK2 ¢t & & PCR 4 1%
5256, qPCR £ Applied Biosystems™ 7500 {3 #533E4T, [MiZfF: 95°C 30s, (95°C 5560°C 20s), 401
&3k, I Al A TAY TREAF SR, FAINE 1. N 27 % H A8 % miR-190
A MARK2 R A X R IA o

Table 1. gPCR primer sequences
# 1. qPCR 5|#5%1

Gene Primer sequence (5'-3") Gene ID
miR-190 AGATATGTTTGATATTCTTGGTT R
MARK2-F GGCCTCTACCAGAATGCGTAA
LOC116829678
MARK2-R AGGAGACTAGGTGGCGTGTA
U6-F TGGCTGACTTACATCCTACAAA
LOC116922842
U6-R TGTCCAGGTTGGTTTTCCCA
, CCCCATTTATGAAGGTTACGC
ge:a""C:F”'; LOC116919128
eta-actin- CCTTGATGTCACGGACGATTT
2.5. HiEabE

f# /i Excel (T-TEST). GraphPad 8.0.2 (one-way ANOVA)HES3 5t HRZHLFT nCeO, kb4 A H %
miR-190 1 MARK?2 %X [ IA4E ML . P < 0.05 B nCeO, AbFHAH 55 FR 41 H0 4 2 2 A 4 it L (&
), P<0.01 8% R EERH**ER).
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3. R

3.1. miR-190 FFHBIRT 534

MIRNA 3 3 2 3858 Hof 7 [X (seed region), Bl 5/ 2-8 Arhs it 5 H LR mRNA A7 £ 58 4 VLD 25
Ao miR-190 JET 5 HFRFE R mRNA [ 3'UTR XIRBEFERLST, 45 14 ANMFE) miR-190 F¢ 41 5% i Fh
- 5(2~8 A R HEAT B ubric W7 2. FIFH MEGAT.0 #1) Cluster W SEH L5 K AL AE A (1) 14
YA miR-190 R HIHEAT T 2 A0 LEXT, 14 FhAEYIH miR-190 741t 22 bp~24 bp #Z HRZL K, Hrb
KALFH) miR-190 1% 4 12 7 51K J 2 23 bp, 11 H 14 AN ) miR-190 7 4145 16 % R EE 43— 5,
BURF I 1~3 MIRFE R 2 7 (4 1), miR-190 3 A 78 AWk Ak it R rh s BE AR ST

Table 2. Mature sequences of miR-190 in fourteen species

52 2. 14 MFhH miR-190 BIRREAEFFI

Yk B FFH TRSF 41
Species miRNA name Serial number Conservative sequence
Bipy
jc.i& dma-miR-190 - AGAUAUGUUUGAUAUUCUUGGUU
Daphnia magna
B i
. . dre-miR-190 MIMATO0001854 UGAUAUGUUUGAUAUAUUAGGU
Danio rerio
i . cpi-miR-190-5p MIMATO0037804 UGAUAUGUUUGAUAUAUUAGGU
Chrysemys picta
NEH .
. . bfl-miR-190 MIMATO0009489 UGAUAUGUUUGAUAUUUGGUUGU
Branchiostoma floridae
F 2
B bmo-miR-190-5p MIMATO0009153 AGAUAUGUUUGAUAUUCUUGGUU
Bombyx mori
N 'Iklm%% . xtr-miR-190 MIMATO0025392 UGAUAUGUUUGAUAUUAGGUU
Xenopus tropicalis
L . fru-miR-190 MIMATO0003109 UGAUAUGUUUGAUAUAUUAGGU
Fugu rubripes
HE bta-miR-190 MIMATO0009251 UGAUAUGUUUGAUAUAUUAGGU
Bos taurus
=R I .
. - . tcf-miR-190 MIMATO0041377 AGAUAUGUUUGAUAUUCUUGGUUG
Triops cancriformis
B gga-miR-190-5p MIMATO0001155 UGAUAUGUUUGAUAUAUUAGGU
Gallus gallus

ZINER
Mus musculus
R
Pan troglodytes
HIES
Capra hircus

NE

Homo sapiens

mmu-miR-190-5p

ptr-miR-190

chi-miR-190-5p

hsa-miR-190-5p

MIMAT0000220

MIMATO0002313

MIMATO0036019

MIMAT0000458

UGAUAUGUUUGAUAUAUUAGGU

UGAUAUGUUUGAUAUAUUAGGU

UGAUAUGUUUGAUAUAUUAGGUU

UGAUAUGUUUGAUAUAUUAGGU

VE: AT REX N miR-190 HEE 1541 .
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dma-miR-190/1-23 A
dre-miR-190a/1-22
cpi-miR-190a-5p/1-22
bfi-miR-190/1-23
bmo-miR-190-5p/1-23 A
Xtr-miR-190/1-21
fru-miR-190/1-22
bta-miR-190a/1-22
tef-miR-190/1-24 A
gga-miR-190a-5p/1-22
mmu-miR-190a-5p/1-22
ptr-miR-190a/1-22
chi-miR-190a-5p/1-23
hsa-miR-190a-5p/1-22

PPPPRRBBBBBBDD
PPPPPPPPPEDDD D
PPPPRRBBBBBBDD

Consensus

UGAUAUGUUUGAUAUAUUAGGUUG

Occupancy -,

Figure 1. Alignment analysis of miR-190 mature sequences in fourteen

species

[ 1. 14 #4905 miR-190 BLFARFFRY % FF 5L 3

3.2. miR-190 $REEEE ST

FIH Targetscan F1 miRanda {47l miR-190 $EIELK], FFK W& A3 I IE R B RS £, #5931 852 4
miR-190 LA . G GO VIR, ISR R FE P44, miR-190 #EEEKZ 5 A RAFHE S
#: S (signal transduction). % 3%if#% (regulation of transcription). DNA #54% (DNA-templated) 1 25 [ Ji i B2
{k.(Protein phosphorylation)% . miR-190 #JE [K] 3= ZL47 T 4 a5 (membrane) - 211 ff #5 5 (integral component of
membrane) F1 41 ffi /57 (cytoplasm) 7, 437 Zh g £ EALHE 5 & A 45 4 (protein binding). & BB 145 &
(metalion binding) A1 ATP 454 (ATP binding)%:(/4 2(a)).

100 =

Num of Genes

50

. biological process [ ] cellular component molecular function

WIIIIIIIII.......---------___[w4|]AWJ
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Statistics of Pathway Enrichment
mTOR signaling pathway-
Wht signaling pathway-
Valine, leucine and isoleucine degradation- ®
Tryptophan metabolism- @
Progesterone-mediated oocyte maturation-

Phenylalanine, tyrosine and tryptophan biosynthesi-

Phenylalanine metabolism- [ pvalue
Peroxisome- @ ! 0.06
£ O- i - 0.04
Other types of O-glycan biosynthesis O
g 0.02
= Mucin type O-glycan biosynthesis- i
z A
= FoxO signaling pathway- @
& Gene_number
Fatty acid metabolism- ® ® 5
F id degradati (] ® 10
tt tion-
atty acid degradation ® i
ErbB signaling pathway- . 20

Endocytosis- .
Cell cycle- @
Biosynthesis of unsaturated fatty acids- L]
Apelin signaling pathway-
Alanine, aspartate and glutamate metabolism-

ABC transporters- [ J

0.05 0.10 0.15 0.20
Rich factor

(b)

Figure 2. Gene enrichment analysis of target genes of miR-190 (a): GO annotation; (b): KEGG pathway
2. miR-190 $BEEWINEEE R 7 H(a): GO HIERE; (b): KEGG ESiBE

FIFH KEGG #u# 2, oA 1K 852 A H Ar K = FE 31 125 4415 F il B o AT I 0B R (K 2(b))
RIIBEARRAFE R P E, P/, &8RS E . miR-190 45K 7E 7 /E H (Endocytosis) . HiAt:
KAL) O-H2E W4 il (Otner types of O-glycan biosynthesis) % P 2 F2 X5 (Phenylalanine metabolism). ABC
#3233 (ABC transporters) fll FoxO 15 = i 4 (FoxO signaling pathway) - & 72 5 5 = (< 2(0))

3.3. nCeO, REX AEE miR-190 F1F1 MARK?2 FikKEHIF M

W KA R 77 T 50 mg/L nCeO, 24 h Al 48 h J5, S HALIAHLL, miR-190 [K3iAH T (% 3(). #
KBS FET 50 mg/l nCeO, 24 h J5, SxFHEAIAHLL, MARK2 ZEK ¥ mRNA Rik i, 1MiES:R 48
h 5, MARK2 ] mRNA ik 2% Fif(E 3(b)).
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159 = control 2.09 = control -
S 3 nCeO, o = nCeO; =
512 = 15l -
= < B
£ T T =
— 0.94 .
o 1.0
c s
S 06- - 2

T 0]

4 * g 0.5
g  03- X
LIJ *%

0.0 T T T T 0.0 T T T T

24 48 24 48
Time(h) Time(h)
(@) (b)

Figure 3. Effects of nCeO, exposure on the expression of miR-190 and the target gene
MARK?2 in Daphnia magna (a): Expression of miR-190; (b): Expression of MARK2

[#] 3. nCeO, & & 3 K EE miR-190 FFLE[E MARK?2 FKiXRIFZMI(a): miR-190 AIFRIA
£; (b): MARK2 HIRiAE

4. ¥ig

BE%E nCeO, 7£ TV FREEANA W12 2 A3 1) |z N, T3 A (Rl A B B 7K FR  H [29] . nCeO,
BENKIR G & ERIEKAESIYIIGIE . FFE. SRS 5 [30] [31]. KA. BT S5 /K AE sh gl
K& BEPRLG, LR rRE. seERE. ARAEKSEFAEGENZHE T, sIREMEhR
W, WASBUKEEMAK. REMASERERS LR SETI[30] [32] [33]. #EESEMFUIRIE, nCeO, X/KA4
P EIE RN AFE S B EEVE[34]. AEFEFEME[35]. B EE I [36] MM L BEPE[37]. nCeO, X /K EZ)
VIR RN 2 BRI RN, BRI (EFR ] AR R UL R A A F IR L AP R R 1
M [38] [39]. Birgit &8 NEIE XA FIRAS . AL A[EBE] nCeO, # &% N ARLEM A E BN
SEIGEIEHEAT 0T, RINSE < 25 nm ] nCeO, 7 10 mg/L & K LA )28 B 5t K AR A R BLH B &
Rt KAERRER T 10 mg/L 1¥) nCeO, LR JG A &M L2 M WA T IR [34] . XAILER
FEIR nCeO, W LW I FEME R /IN G FLAEAE AR A 5 R IR BeF T RRE B2 AH G o A BF 78 R BId ik 2R R0, & (1 705,
A LLE 2| nCeO, 7E R YRR N FE L Ce(IV)TEAEAE, REAH 3%E44k 7y Ce(lll) [40]. A B FTIEBITE
fif T 7K ) Ce™ T W B £ 3K 14 4<% (Chlamydomonas reinhardtii) (4R EE b, H-Z bl e 4n i ie, 3k
SR AN AL AYE I [41]. DRtk nCeO, MIAEMFEME RN AT g -5 W BRHE AR SR I AN K FIORE ) K 2R 8 21
R LB BN K TR A P9 O N K SO0 1 B BB TR 1 AR ) Ce* B 15 R o

MIRNA = 255 53 3 AR b X 7 21 1) BANEC X R A #EEL R 1k, miRNA 5 H R K77
TERPAFE R R RN EFRIEN miIRNA A7 {22 R R ) mRINA B AR B i 4 55 5 I S5 DR B 5 1)
BRI RE[42] . miR-190 2 — R AEBSH A S RS (1) miIRNA, f7 75K Talin2 (194 & 1 H1[43],
MiR-190 FES 5N IniE ERE[44]. e i fe 2 ACH [45] LA Kkt 25 4 8 38 ¥ s Bi[46],  #RE] miR-190 1)
B R 38 7R FLAE K AR B AR ) 2 T RE R DG4 . O T 4R miR-190 7E nCeO, e KBS i (1 1 FH AL,
PATE ST T miR-190 R <3 1t FIRE I A 1R T e & 4R 23 B o FRATTHE R ARG L B 5 18,45 14 Mz miR-190
FAI % o et 48 B R I, A4 K4 22~24 bp I miR-190 A% H R FEHIRRR: 2 AR/, &Wphh
miR-190 1) 16 ML e 42— 1), BtHHETE MY RPEHES Y B FEdr, miR-190 ¥ 41 BE )
5F o miR-190 B L PR i ke %5 i€ 45 R ORI, miR-190 F]#E A1 % (AN A ) mRNA (] 2 & 3), fdE &t
U5 2 AN e s B 1 B R SE 6 I8 IF 1) MARK?2 [47] PHLPP1 [48]. IGF1 [49]. PRDM16 [50]. IL-1R1 [51]
SHEH . AWPEN GO BRI, miR-190 FI¥LELR FEAAEMBEMARF T, 35 T E5H#S.
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DNA HEMR AL SR AR (R RS AEY e, BASERE FEEG. BEARSAM ATP 441
5> T IhfE. miR-190 FSEJEDH & BRI T M 1E A L HAMSRALY) O- M A& i RN E I % KEGG
pathway {5 5B (4 2). LL_L-45 F R B miR-190 Xt A=W 4E v & 0 (K 1 45 A& — A~ miR-190-#13 [A] i # 4 4%
Z 58RI,

N T A miR-190 & 7B I X #EE R MARK?2 %, 25 KRN nCeO, e /T, Al
B KBS FE T 50.0 mg/L f) nCeO, A7 24 h 148 h J&, FIF] qPCR #&ill nCeO, ##2 T A% miR-190
5 MARK2 ZE[X mRNA ARSI SEES K LA [FII[A] () nCeO, 275 5, RALEEAA N 1Y miR-190 H)#RiA
PR T X A (B 3(a)), FHH miR-190 AIAEAE KALEXS nCeO, 1A FH frma B A2 v A HEAE F o
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