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Abstract This study aims to investigate the proliferation, differentiation, and teratoma formation charac-
teristics of double-trisomic ESCs (embryonic stem cells), and discover the relationships between aneuploidy and
tumorigenesis. Two lines of autosomal double-trisomic mouse ESCs were established. Array CGH (array compara-
tive genomic hybridization) and FISH (fluorescence in situ hybridization) were used to determine the chromosome
copy number variations and the karyotyping of the two double-trisomic ESC lines. Cell growth curves were made
to evaluate the proliferation abilities of the double-trisomic ESCs. Flow cytometry was used to detect the cell cycle
distributions and the levels of apoptosis in double-trisomic ESCs. Colony-forming assays were performed to evalu-
ate the colony formation efficiencies of double-trisomic ESCs. qRT-PCR and immunofluorescence analyses were
conducted to determine whether the pluripotency markers were normally expressed in double-trisomic ESCs. More-
over, LIF (leukemia inhibitory factor) withdrawal and EB (embryoid body) formation assays were performed to
evaluate the in vitro differentiation status of these double-trisomic ESCs. Teratoma assays were conducted by using
SCID (severe combined immunodeficiency) mice to determine the effects of double-trisomies on teratoma forma-
tion and the differentiation capacities in vivo. Array CGH and FISH experiments showed that one cell line gained
extra chromosome 3 and chromosome 6 but lost chromosome Y, which was named as DTs-3+6. Another cell line
had extra chromosomes of 6 and 8, which was named as DTs-6+8. Double-trisomic ESCs exhibited rapid prolif-
eration characteristics when compared with wild-type ESCs. They expressed stem cell markers OCT4, SOX2 and
NANOG when cultured under normal ESC culture conditions. Upon LIF withdrawal, wild-type ESCs mostly went
to total differentiation, while double-trisomic ESCs formed many partially differentiated or undifferentiated clones,
which were positive for AP (alkaline phosphatase) staining. In the early stage of EB differentiation, the expression
of genes related to three-germ layers such as Fgf5, T, and Foxa2 in double-trisomic EBs were significantly lower
than those in wild-type EBs, indicative of delayed differentiation of double-trisomic ESCs. Once injected into SCID
mice subcutaneously, double-trisomic ESCs showed enhanced teratoma formation efficiencies compared with wild-
type ESCs. Teratomas derived from double-trisomic ESCs were comprised of many undifferentiated regions. Thus,
double-trisomic ESCs had increased proliferation capacities and promoted teratoma formation by impairing cellular
differentiation. Double-trisomic ESCs are important models for investigating the roles of aneuploidy in tumorigen-
esis.

Keywords aneuploidy; double-trisomies; embryonic stem cells; proliferation; differentiation; teratoma
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127 RNARIR. BiFREGRT-PCR  FFESCsE:
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FRE A = AR RR G T4 39 5815 0 AR 0 T

925

=1 51455

Table 1 Primer sequences

ElEZE20 SIFFEI(5— 3"

Primer name Primer sequence (5'—3")

Oct4-F GTG GAG GAA GCC GAC AAC AAT GA
Oct4-R CAA GCT GAT TGG CGA TGT GAG
Nanog-F TGG TCC CCA CAG TTT GCC TAG TTC
Nanog-R CAG GTC TTC AGA GGAAGG GCG A
Rex1-F CAG TCC AGA ATA CCA GAG TGG AA
Rex1-R ACT CTA GGT ATC CGT CAG GGA AG
Fgf5-F CTG TAT GGA CCC ACA GGG AGT AAC
Fgf5-R ATT AAG CTC CTG GGT CGC AAG

T-F GCT TCAAGG AGC TAA CTAACG AG
T-R CCA GCAAGAAAGAGTACATGGC
Foxa2-F CCC TAC GCC AAC ATG AAC TCG
Foxa2-R GTT CTG CCG GTA GAA AGG GA
Actb-F ACC AAC TGG GAC GAC ATG GAG AAG
Actb-R TAC GAC CAG AGG CAT ACA GGG ACA

1E. XA 51%), 5 ng cDNA, RNase-free ddH,O#h & &
10 uLo S Z&AF: 95 °C 2 min; 95°C 10's, 58 °C 30 s,
72 °C 30 s, 40MfEFF. fERoche LightCycler® 4805}
5E B PCRAY 4T qRT-PCR LS « LhActb N ZHE A,
KA 2 M H A RKIE . 515 &L,
12.8 HERK  H4%ZRFREREEICH L
Jfl, ££0.5% Triton X-100iE 5 f5, 3% BSAfE = T
BEAT B, ARG I —Pu(FRELL A2 1:500), T4 °C
FAZI . BREIE, NN (R Ll > 1:2 000),
FIREEERFE 1 ho DAPIYAZ 5 £, fEZEISSIEE
PRI WEE T WL
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TNE T Oct4 B2 R R 3 1 X I R AR . B 5l
FEpiTect Bisulphiteisfl| £ 4L 3 3 F 4L DNA, Fif i
PCR. FEHETHAR AN FF 1) 7770 5E A H Ak 1) B
FLCHITHIHAL .
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A e AL T TRl ] P | 2P s S i ]
J7 AT U4 (embryoid body, EB)SEZH . V4 4k 5
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1.2.12 %t F o4 SIS K HE DAY H A5 ifE 22
(x+5)% 7~ . ¥ H Graphpad Prism 8.0% 317 5256
HOHE o b RO I, PR A E R L BCR F eR 6
P<0.05% R~ BA g X

2 HFHR
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FRATVLEAE FH 4 384 2 J7 16 VOV ST B = AR 1
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a3 ) g T A B 4 24, THE0CT 4 A I S
EREH (B 1A) . FRATE Ik 53k B 21 b A 366 D] 20 4%
22 (array CGH) 7 v X 1 1 1 4 o 1) 4 22 DR 2H 5
UIHGHAT 70, R CO-E8HANRTE T 35 fil6 5
et fi, IR HERT YOk (Y Y tifh F R0 M
/INERESCsIE 15 7R I 8 & A2 1121, i H8-B11[H]
B 3RAG T AN 6°5 F1 85 etk . PRk 4N M o 3L
fb G AR I A AFAE G R H H AR R IR (] 1 BFI
K1C). HEAIDHANR3IT. 65, 85 @ikl
WRYLRER BT T FISHERE, #E— DA T C9-E83k
13 T AAMA3 S R0 Yo ik, K Hofr 4 N DTs-3+6,
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Red: chr3 Red: chr8
Green: chr6 Green: chr6

A: S =AKESCs AT Y (i 73 2441 . B: A8 22546 SurePrint G3 /)N FUCGHAS MR &40 #TC9-E8 ESCs % [K#8 NI A4k, 4L (R 1Y,
G R k. C: fEHINimbleGen 3 %720 K/NRCGHEZ G & 4 HTHS-B11 ESCsHE R # NUA R . LRSARERY 1Y, FRREH L. D: i
MR35, 65, 85 YLtk KR AR BEATFISHS M . C9-E8: ZLBREHNR3 S Y i ik, SRR e S Y ik, H8-B11: L 4REH RS
SR, SEREERe T P B IR,

A: representative chromosome spreads of double-trisomic ESC lines. B: array CGH of DTs-3+6 ESC lines detected by Agilent SurePrint G3 Mouse
CGH Microarray Kit. Red indicates amplification and green indicates deletion. C: array CGH of DTs-6+8 ESC lines detected by NimbleGen 3%720 K
mouse whole-genome tiling arrays. Up represents amplification, and down represents deletion. D: chromosome painting of double-trisomic ESC lines.
For C9-E8, red signals indicate chromosome 3, and green signals indicate chromosome 6; for H8-B11, red signals indicate chromosome 8, and green
signals indicate chromosome 6.

El1l W=FESCHRFAMEE
Fig.1 Identification of the double-trisomic ESC lines
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A giiBA K2, 239 WT ESCs. Ts6 ESCs. DTs-3+6 ESCsHIDTs-6+8 ESCsbA5x 104N /AL FE24FL AN 3 25 4R |, Ll 774K, Rk
TR, 28 K. B: W 4HIE AR K IIWT ESCs. Ts6 ESCs. DTs-3+6 ESCsFIDTs-6+8 ESCsHI 40 i & #1484 . C: it x4t i A A )
WT ESCs. Ts6 ESCs. DTs-3+6 ESCsHDTs-6+8 ESCs -3 T-(Annexin V)RIZHMIEL ] . D: ToFEERSEL . *P<0.05, **P<0.01, 5 1EH %

A,

A: cell proliferation curves. WT ESCs, Ts6 ESCs, DTs-3+6 ESCs and DTs-6+8 ESCs were plated into 24-well plates at a density of 5x10* cells/well
and were cultured for four days. The cell number was counted at the indicated time points, and the cell growth curves were drawn. B: cell cycle distri-
bution of WT ESCs, Ts6 ESCs, DTs-3+6 ESCs and DTs-6+8 ESCs was detected by flow cytometry. C: cell apoptosis of WT ESCs, Ts6 ESCs, DTs-3+6
ESCs and DTs-6+8 ESCs was detected by flow cytometry. D: colony formation assay. *P<0.05, **P<0.01 compared with normal control group.
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Fig.2 Proliferation characteristics of the double-trisomic ESCs
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E
0.5 20 um
O-
Oct4 Nanog Rex1 DTs-6+8
20&1_11
© DTs-3+6 DTs-6+8
Q
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A: qQRT-PCRAG I X = AKESCs 1 Oct4. NanoghRex1FEH (515 . n=3, *P<0.05, **P<0.01, 5 IEH % RALAREL . B: A 5% ' SLI6 K6 I X = 44
ESCsH1OCT4. SOX2HINANOGII ik, C: Oct4 3[R A ) T DX P AL 3 Hro A (5 P AR R T AL I Cp Gz i, T8 0 [l Je AR K T 2R AL 1Y
CpG/ A

A: the expression of Oct4, Nanog and Rex! was detected by qRT-PCR. n=3, *P<0.05, **P<0.01 compared with normal control group. B: the expres-
sion of OCT4, SOX2 and NANOG detected by immunofiuorescence. C: the methylation status of Oct4 promoter region. White circles indicate unmeth-
ylated CpG sites, and black circles indicate methylated CpG sites.

E3 W={KESCsHI B 3k E F4FE S

Fig.3 Self-renewal characteristics of the double-trisomic ESCs

DTs-3+6 DTs-6+8

R

Rt : b \‘
’ - g i.';) L '
e R ‘ 2 SR
; 32 & .
o - (q | ﬂ'/"’
N N Ao o .5

X

i R -
El4 APR BN RIMLIFIETRSRE W= IAESCsH 7L BE
Fig.4 Detection of the differentiation abilities of double-trisomic ESCs upon LIF withdrawal for five days by AP staining

R ERREM MRS

Table 2 The frequency of teratoma formation

M A H LR A0 %Y E
Cell number The frequency of teratoma formation

WT DTs-3+6 DTs-6+8
5%10° 60% (6/10) 80% (8/10) 90% (9/10)

ARG A IR JE s & FE R Fgf5. TR JE bR SR A 2.6 W={KESCsH Rk BRE B RY BE 111858
T(Brachyury) VA Je 9 W JZ 5 & FE TR Foxa2 (1 32 18 B 0l B A2 AU 5 X = 4K ESCs 4y #1132 1 £ SCID-
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A: morphologies of double-trisomic and wild-type ESC-derived EBs at day 2 and day 4. B: qRT-PCR analysis of three germ layer marker genes Fgf5, T’

and Foxa2 in double-trisomic and wild-type ESC-derived EBs. n=3, *P<0.05, **P<0.01 compared with normal control group.
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Fig.5 Double-trisomic ESCs showed decreased EB formation capacities
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group. C: images of teratomas. D: HE staining of teratoma sections. Arrows, undifferentiated regions.
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Fig.6 Double-trisomic ESCs showed increased teratoma formation capacities
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