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[Abstract] Objective To systematically identify the key genes regulating the exit from naive
pluripotency in embryonic stem cells (ESCs) in order to provide novel targets and theoretical insights into the
mechanisms for pluripotency transition and early cell fate determination. Methods Nanog-green fluorescent
protein (Nanog-GFP) reporter-labeled ESCs were infected with a genome-wide Brie knockout library, and
further cultured under leukemia inhibitory factor/serum (LIF/S) conditions for 14 d. Flow cytometry was used
to sort Nanog-GFP*(naive-state) and Nanog-GFP™ (primed state) cell populations, followed by genomic DNA
extraction and high-throughput sequencing. Model-based Analysis of Genome-wide CRISPR/Cas9 Knockout
(MAGeCK) was applied to identify differential genes between GFP~/Input, GFP*/Input, and GFP*/GFP~ groups.
Metascape and Gene Set Enrichment Analysis (GSEA) were conducted for functional enrichment analysis.
Then the obtained candidate genes were employed to construct knockout models, and their roles were assessed
through cell morphology observation, Nanog-positive rate detection, colony formation assays, and pluripotency
gene expression analysis. Results The GFPY/Input screening revealed 2 921 negatively regulated genes (mainly
enriched in basic life processes, such as RNA metabolism and cell cycle) and 1 393 positively regulated genes
(enriched in the processes of nervous system development, carbohydrate metabolism, and vascular system
development). In the GFP/Input screening, 2 765 negatively regulated genes (enriched in RNA metabolism,
cell cycle, and other fundamental processes) and 1 303 positively regulated genes (enriched in neural
development, cell survival, and endothelial migration) were identified. The GFP*/GFP~ comparison identified
1 001 negatively regulated genes [involved in stress response and inhibition of mitogen-activated protein
kinase (MAPK) signaling] and 983 positively regulated genes [related to fibroblast growth factor/extracellular
signal-regulated kinase (FGF/ERK) signaling pathway and glucose metabolism). These genes, were not only
known pluripotency regulators (e. g. , Nanog, Nr5a2, Kif2, KIf4) and exit-associated genes (e. g. , Gata6, Grb2,
Zebl, Fgfrl), but also some novel candidates (e. g., Dmrtl, Rxra, Zbtb14 and Tmem41b). Functional
validation showed that transient knockout of Dmrtl, Tmem41b, and Hic2 significantly increased the proportion
of Nanog" cells (P<0. 01), suggesting their role in suppressing ground-state exit. ESCs with stable Dmrt I knockout
exhibited a more naive-state phenotype, presenting compact, dome-shaped colonies, with increased ratio of
undifferentiated colonies (P<0. 01), up-regulation of ground-state markers (Nanog, Nr5a2, Dppa3, P<0.01),
and down-regulation of primed-state markers (Fgf3, Leftyl, Dnmt3b, P<0. 01). Rescue experiments for Dmrtl
expression reversed these above phenotypes. Conclusion A candidate gene set regulating exit from naive
pluripotency in ESC is screened out and identified with genome-wide CRISPR. Our findings implicate Dmrt1
plays a critical role in promoting the exit.
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& 13 o TE DR IS 1 W N (1ecithin/sphing0myetin, L/S)
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AR FERL] , AR SR I CRISPR-Cas9 iR 3C
JEAE ESCWARAS” (1/S) Z% 1 fifi i ESC HE A Z gtk
1R SCEE LY, 1B AR R ESC iz P ALl B 42
A HELAL

1 #REF*®

1.1 ##

1.1 405 sgRNA mESC 4 it & R1.
HEK 293FT 4l g ( IR B 41 it ) i F ATCC 40 j 2
Nanog-GFP-mESC 4f fifg # b A< PR 2H 55 40 % 76 R1 20
Jfo Y LAl A . lenti-Guide (Addgene: #52963) |
lenti Cas9-Blast (Addgene: #52962) | sgRNA 3 J&

[Mouse CRISPR Knockout Pooled Library (Brie) ,
Addgene: Pooled Library #73633 L5)E! Addgene NG
112 FEAGSER  EsTAESEA T EDR
P Al 15 B AT BR N A 5 B o 3 1R 25 O AL (Thermo
Legend Micro 21R/21) \Nano Drop 43 V60GEE T 26 E
H PCRAY I [ 2 [ Thermofisher 23 &) ; it =X 40 M4
W [ 2R T EDABRAR . DMEM- &by F
2% Hyclone 22 A ; Jf 24 113 (BIOO1) B AL L/
A= 1ML35 14 H 55 [ Gibeo 23 A s NEAA  GlutaMAX 1 [ 38
[ Invitrogen 2\ w] 5 B i 2 £ GRS EEER W H 6 1E]
Sigma 2~ 7 ; F LKl [ § (eukemia inhibitory factor,
LIF) 14 T 3 [# Milipore 23 7 ; Knockout™ Ifil. 7 2 4 4
(Knockout™ serum replacement, KSR) W H £ H
Invitrogen 23 ] 5 336 % 5% 457 & W F 5% B Roche 23 7 ;
TRIzol 4 T2 [E Thermofisher 237l ; &4 oK O 1E . F
B T R AR A TR

1.2 F#k

12,1 s LSRR3R :mESC 41/ & R1
0. 2% WALl (3 7°) b 3E3% , 553758 Dulbecco
W R Eagle 1 9% 3L (DMEM;; Hyclone) CEEFERP SN
5% MG T 24 B IG 2F 1T (Gibeo) . 15%KSR(Gibeo)
2 mmol/L A Z Wk (Gibeo) 0. 1 mmol/L AE W35 KR
(Gibco) 0. 1 mmol/L B-%i 4% £ [ (Gibeo) . 10 ng/mL
LIF 2% 1 ng/mL LIF (Millipore), %2 KR FRIE A 2~
3 K R B G fe a0 i OF B AR . ESC Ih kA&
(EpiLCs) i 3% : B 56 1 0. 2% W e G0 W 15 35 0 1 h,
PL15% fa 4= 196 37 Cil i, dmissdon)a  1e5e
SRR IR IR 5 OB RO AL AC Z 20/LIF
FEFRIE R SR 2 do S5 K 20 M D T I T A e a5 R
B , Epil.C 434k 15 3% 3£ (DMEM/F12 £ Neurobasal 1: 1
TRBUR AW, BN 0. 5%N,.0. 5%B27,12. 5 pg/mL i
% 5 mg/mL BSA 0. 1 mmol/LAEMAFEZIERL .2 mmol/L
AR WERE S 0. 1 mmol/L BHIELEE MIA 20 ng/mL activin
A.12ng/mL bFGF 1 1%KSR) #5350k 3 d.

1.2.2 125 REM A EETE HEK293FT 41 fifg it
A%, MR ERE A pSPAX2 Fl pMD2G i 1o B R S0 4
Yok AL YL E| HEK293FT 4 b, HAK 5 vk WR S 2 Aiy
W SCRE 7 B IR AR A K12, 5 pg kLS
50 WL S ALEE (2. 5 mmol/L) IR A, FH Tris-EDTA 2% #h ik
B2 0.5 mL, RS WZ T A 0.5 mL 2xHBS
HLRRMRA . FRKIRA IR, ARG TE 1 min NIZ TN
ABEFREE 12 h e, R G IR AL F Y5 48/72 h
WOAR B, L B e AR . T Cas9 iR FAE T
LentiCas9-Blast 14 [ Addgene 28 7] (JFTR 475 52962) .
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) GFP J& Nanog [ 22 iK1 & , LA & GFP 15 5 BEME S
B P IR Nanog 25 1119 235 7K F, @7 i e s
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(FH TPl gRNA 3= B2 Y BEMLIE RS 200 ) o 5 B il 5
R SCE 75 R 1Y 400 £ (B 40078 35 %) o SR E B
(multiplicity of infection, MOI) 1% % A 0. 4, 5K AY 2 L
ZHORT DAGRE G B A M P S 2 sgRNA $5 U1 34
J& 1 sgRNA J7 81 £3 K AAETE T 12 4 M S AR 1A
2 A 1 sgRNA S FFEEFRIA H 51T Cas9 21 1)
B B R A S L7 A DNA X4 W 28 (double-strand
break,DSB) , 40 it i NHEJ & 52 ML 5| A Indel 2875,
FEEHIREEK o YR, i 8 wg/mL polybrene
B R B 4. 8x107 sgRNA % B JE B UL 1. 2x10%AY
Nanog-GFP-mESC. By , AETEE R IR E 2 h,
Bl HEFD T 16 0 10 em 3G FRMLAP (IE -4 d) . dhEds
248 h )5 (=2 d), A 2 we/mlL NE WS 55 28 0047 0 4 .
22 48 h(BIEE 0K ), W4 4. 8x1074 41 a1 M 4] B ke
A (Input) , 5B 4. 8x1074 40 i AE A FOARIF LA 1L 10 RE
I (5 2 KA, ARG 4. 8x 107141 . %5 14K
A, 3 A 3t 2 40 A A3 2 R 43 Hh GFPT 5 GFP 41 Jifg
FEEE . A BRI 5 ORIV Input FEAR 556 14 R
1) GFP" 5 GFP #EA — [m] AT VR BE W 5 43, 1 55
A EE 2K,
1.2.5 JEF4I DNA $2HL sgRNA 538 5900 77 53 B

H3 AR S 0 K (Input) FI5E 14 K GFPT/GFP Y 41
AL A, ff FH Blood & Cell Culture Mini Kits (Qiagen)
iz P v 7 Ul B B B R 41 DNA . 2 HUAY 3 R 41
DNA DL B SFORL SCHE (1 SRy X BED (9 9 38 5 ik 2 BE SR

[ 164k, X+ DNAFEAS, ffi H KOD FX DNA R4
(TOYOBO)# 47 PCR ¥ #4 . & 30 7M7Y 100 L
SR ZR A B I T wg BN 4L DNA ., 73658
WG BT BN B P A 91 . T4 sgRNA i A
A B SR : Crispr_seqF: 5’-TTGTGGAAA-
GGACGAAACACCG-3', Crispr_seqR: 5'-TCTACTATT-
CTTTCCCCTGCACTGT-3". i F #E i $2 B ik 7 &
(Omega) 4L & IS5 W PCR =9 . alifbr=9rik £ i
1A 52 £ 91 B R A7 BR 22 7] (BIOZERON, i [# ) , 7
Hlumina NextSeq ~F- 15 b #4755 38 0 5, 073 A 0l 1%
SRR B A M L R 2 9 sgRNA JF 81, X T HLER
PEIEAT AL PR LAl sgRNA £ . |58, IR e AL fr
A T2 BE (read) 5"3 19 1H 22 581 CACCG G P31 47
TET T dRNASRA R BRI IG A B ) o B, $2 1
CACCG JFHN Z J5 17 20 M FEAE Sl oRNA 4 AT 51 .
505 18 Bowtie 2 (v2. 3. 4. 1) 3 # oRNA J3 47
FE X Calign) 21043 55 SCIFE H T A 1T g sgRNA J¥ 31 115
% SCF T 8 1 45 gRNA (4 I 5 352 BE 3K (reads
count) , i & 3 AN [/ 41 H (GFP/Input . GFP'/Input |
GFP'/GFP™) sgRNA Y reads 7% fb 4 I H: X iy 0 3 A %
R IIEE

1.2.6 AEWIEE%SHr  CRISPR ik 54 14 43
iR HI MAGeCK " 3147 . LA P<0. 05 H.ILog, fold
changel>1 [ B 5 16 b 3 &% 4R sl AE 0B A Ao e A0 L A
I Metascape 7528 - &3 46 % e I [H R4 7 2L (X 2
BE B A2 40T, e EUIR S MEHE A F 10 A 4% H TR IR
[A) i, A1) 3 [ 45 & 4E 73 7 (Gene Set Enrichment
Analysis, GSEA) Eﬁﬁ‘m] , PEA LI %[21]7?'“5‘3 Rex1 28
G0 %5 B 22 Rl AR R s 5 TR AR E AR 5
GFP'/GFP™ 4t JfL HF v i 43 A R AiE o R R 2 he
(R 21 55 3% 2% 1) AH OC 3006 ok U5 F GEO i 1%
(GSE117896) ™ 5 = & J2 43 b AH ¢ ¥ 405 ok I8 F
ArrayExpress 503 5 (E-MTAB-4904) ™",

1.2.7 BRI A AR 5L DR 40 M 1 345 B Nanog FH
R AR FEF I 45 5L, 156 B o3 e
FE PR AT PR AR I E o B X R L ] ik
THRE 5 seRNA L e BRETIR 715 (1. 2.5) , 4% Nanog-
GFP-mESC fE &P RS T (LB A MHEILE) , 7E R
EE I (polybrene ) 7 7E T, 43 S B 2 Xof 1o 18 35K PR 114 462 9
B (30 min) o BT, B A0 DL 110> 40 /L A 25
PR T 24 fLAR P 3R . SR 48 W, T AL A IF &
2, DL 1104 20/ L 14 28 B e b 15 A TR B 2R (T
PEVR ) 1Y ESC K F 5L CE 1 12 FLAR ) AT e . +F
RO BERT 77 4~6 d(FEARE 21K , H 2 ARG T FE A0 iy
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SERAET HALI A Anfst T TAE . EA AN,
225 TR R 1 TR 9 A T 55 1 B PR T . SR A O
R £h 22 iR (PBS ) B A8 2 Mk 2 O 5x10° 2 Jfd /m Lo
B J5 , £ 3 =X 4 B AL (NovoCyte D3130, ACEA
Biosciences ) X Nanog [H 14 4f fifl Lt 5] (Nanog-GFP"% ) i1
17 43 A, AE %8 1) sgRNA (non-targeting sgRNA, NT-
sgRNA) 2% J ) 48 i 4 o B v o 1R X008 >R
FlowJo #f4 (Tree Star, Inc. )#475347 .

1.2.8 Western blot £l Western blot % 2% F 45
YE DT 32243 BT T A L 41 it T Cas9 . Nanog . GFP 25 [ A9 3%
1Ko WE SX 10 , FHER FIRFRRVK |24 30 min,
BRI I BCA Sl S ke B . SRR
PF i 2 8 Wk A5 P IS R 4T 10%SDS-PAGE HiL 3k (80 V ¥
AAME, 120 VI , BRI 185 1% (220 mA, 90 min)
K E RS = PVDF IR . 52155 F 5% IR A Wit 14
1 h, Jo)i 5—Pi(4 Cl &) M HRPHRICH —HT(37 °C,
1 h)JFF , Tris-22 iR 7 W -k T 20 BRI 5 SR 8 54k
SR GIRH R, VILBER BUE R G0 REEZ
1.2.9 3§k 5 52 A 2 i A A% X B (reverse
transcription quantitative real-time PCR, RT-qPCR) K&
il & F RT-qPCR A5 4% H A5 56 PA] A9 o BR 503
1 FH TR Tzol 350771 42 IR A i 150 Y 43 418 B % 2 6 A i
B4t fo i) 5L RNA . fili FH Transcriptor First Strand ¢cDNA
AT 6 (Roche) , DL 1 g 2L RNA B4R , R HIZE 5
AT FIEEALS | W) AT R 76 AR — 8 cDNA . & 80
cDNA FJC % BR B KA B8 10 F5 45 Fl o qPCR S Ry i A
FastStart Essential DNA Green Master i 5f] (Roche) , 7£
LightCycler 96 qPCR F& 4t (Roche) I 17 . 4B 5% fr
FHE R R AR 1 P 5 WA 1.

%1 RT-qPCREI¥IFY
Table 1 Primer sequences for RT-qPCR

Gene Name Primer Sequences (5'—3")

7 : AGGGAGTTCTGGAATGTGAGT
T : TCGTCCTCATCCTCTTCCAG
mEw4 3% : GCCTACCTCCCAGAACTCAC
7 : CTGAGCAACCCCACCATGTC
mEwS 3% : ACAACCCTGCTTACCTCCTG
T : CTCGGCCATTCAGAAACTTAG
37 : CCTTCTTTCTATCCTGCCAGC
T : TGGTGGTGGCAGGAGTGATG
mHic2 [-37 : GCCTCACAGAGCACATGCGT
T : TCTAGGAAGGGGAAGTGTGC
i : AGGTCGGTGTGAACGGATTTG
T U7 : TGTAGACCATGTAGTTGAGGTCA

mDmrt1

mTmem41b

GAPDH

1.2.10 Dmrtl 2 € 8% (Dmrt1-KO) M H [0l & F ik
(Dmrt1-KO-Rescue) [ 21 i 452 5 () 4y 28 R R
mDmitr] &K E R (KO )AL &1 XF mDmre] F K B
AERS T X IR B S RNAL B LU T 2 4500 355

(Intl sgRNA: 5'-GACTTGCTGTCTGTGCTTCC-3"; Int2
seRNA: 5'-CGCTGCCTCAGGTAACCAAG-3') 7 & &
pLv2-Casa-Puromycin 24K o i FH mDmrt1 5191 (£ 1)
MNP G4 cDNA H PCR 3731238 P 4 K T
Bel R AE o B JE 0 R0 R AE 5 B B & pGEM-T
Easy # A& (Promega) #F 17 M J¥° 5 3iF , 7 v B 2
pPGK. 2AP 1k . B S5 , FF 50K E 47 8 2 4 %€, XF
Nanog-GFP-mESC #fi ffl i 47 J8% Y S Pt A 2= i 32 , i 1o
P B T R B 4 B 37 B A B E Yy 5K 1k i ST
Dmrt1-KO 2 7 ¢ b 40 A % o2& T Tet-On & 48 78
Dmrt1-KO £ #5520 Ak v, 3 ok s 5 JR e (o
FCW-teto-RFP-mDmrt1)  RFP %¢ 6 §ifi 1% Bk B B 7 e
(975 204 2 Dmrt1-KO-Rescue ZH A1, Tet-On 2248
PRI R AEAE 5 J) % 2 B, uR-KRAB @il & 2 1
454 TRE JGIFHH CAG 5 351, REIEAT 4 Dmrt1-KO
Y 5 47 e 1B Z A uR-KRAB A5 TRE 454, A
7T e 53 00 356 DR A 2 3R 4 o, B A0 P M 19 RFP-mDmrt 1
235 AT P15 Dmrt1-KO, B B 5 Dmrt1-KO-Rescue
YA, AR ST KR R T L/S(LIF: 1 000 U/mL)
ZAF 58 1% %15 S RFP-mDmrt] 23k W), HoyR inve i
0. 1 mg/mLo A5G T B B4k Santa ) DMRT1
Pt (A-9): sc-377167.
1.2.11 40345 822 WA 5875 TE i Si 5

2 BRI TR 5 T A 2 A AL LA S 1034 4 /AL
R4 B Rl I RS A e ) 12 LA R, 2 A 5 A 2 Fh
AR EE LIF A9 L/SEEFRARIF R R EE LIF(100 U/mL)
FIE S LIF (1000 U/mL) | B3R 24 3 K, it
= W SR X 45 2 20 R R AT BH 3 RSCR AR L e S A Y
Ao WS, WU AN, SR £ W i e 8 HEBR 1 45
S 20 B, S0 R ot 240 A SO R Dl R N AT
FB T, ATl 40 s 5 15 0

SEVETE LS50 5 40 Bt DA AER 2% B (200 440 /AL
12 LA #A , FF 78 = e B LIF (1 000 U/mL) (1) LIF/ 1L
HRFEAME R . W96 dJa , (# F BCIP/NBT At
WEMRRE (alkaline phosphatase, AP) Y {71i 7] & (Beyotime)
XEEFE AT 0, AR R YL (B 25 SRR SRR B 47K
YN 32 AR (AP SR FHME B SR ) ok (AP
43 BEME B BE M I S AN O Ao 4k (AP B B2
IERE )
1.2.12 gt A RIE Nanog-GFP-mESC
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A: Characterization of the stable Cas9-expressing Nanog-GFP mESC line; B: Validation of the Nanog-GFP-mESC reporter line;

Under LIF/serum conditions, GFP* and GFP~ populations were sorted by flow cytometry, and the 2 fractions were subjected to

Western blotting for GFP and Nanog expression; C: Immunofluorescence imaging of Nanog and GFP subcellular localization in

Nanog-GFP-mESCs; D: Schematic diagram of the protocol of genome-wide CRISPR-Cas9 knockout screening; E: Density

distribution of sgRNA read counts in the plasmid library and the Input sample; F: Scatter plots comparing sgRNA read counts

between the plasmid library and Input, between 2 independent Input replicates, and between 2 replicates of the GFP* and GFP~

populations; Pearson correlation coefficients are indicated
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Figure 1 Flowchart and quality control of genome-wide screening of CRISPR-Cas9 knockout library
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A and B: Identification of negatively and positively changed genes from the GFP*/Input CRISPR screening; C: Bar plot of

functional enrichment for negatively changed genes in GFP*/Input; D: Bar plot of functional enrichment for positively changed

genes in GFP*/Input; E, F: Identification of negatively and positively changed genes from the GFP~/Input CRISPR screening;

E: Bar plot showing the numbers of negatively and positively changed genes; F: Rank plot displaying the fold changes of genes

in the screening; G: Bar plot of functional enrichment for negatively changed genes in GFP “/Input; H: Bar plot of functional

enrichment for positively changed genes in GFP/Input; I: Functional enrichment analysis of common negatively changed genes

identified in both GFP/Input and GFP*/Input screening; J: Functional enrichment analysis of common positively changed genes
identified in both GFP7/Input and GFP*/Input screening
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Figure 2 CRISPR screening identifies genes required for maintaining both naive and primed pluripotency
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A: Bar plot showing 1 001 negatively changed and 983 positively changed genes identified from the GFP*/GFP~ CRISPR screening;

B: Rank plot displaying the fold changes of genes in the GFP*/GFP~ screening, with highlighted known pluripotency-maintenance and

differentiation-associated genes; C: GSEA of negatively changed genes from the results of GFPY/GFP~ screening; D: GSEA of positively

changed genes from the results of GFP/GFP~ screening; E: Bar plot of functional enrichment for negatively changed genes in GFP*/GFP~;

F: Bar plot of functional enrichment for positively changed genes in GFP*/GFP~. NES: Normalized enrichment score; GSEA: Gene

Set Enrichment Analysis
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Figure 3 GFP'/GFP~ CRISPR screening identifies factors related to exit from naive pluripotency
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A~C: Expression profiles of the 5 candidate genes during mesodermal, endodermal, and ectodermal differentiation,

respectively; D: Expression kinetics of the 5 candidate genes during naive pluripotency exit (2i withdrawal ) ;

E: RT-qPCR

validation of knockdown efficiency for each candidate gene; F: Flow cytometric quantification of the Nanog-GFP™ cell fraction

after knockdown of each candidate gene. a: P<0.01, compared with the control group
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Figure 4 Functional validation of candidate regulators of naive pluripotency exit
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A: Western blotting confirming the generation and rescue of

Dmrt1-knockout mESC lines; B and C: Bright-field images and

colony formation assay showing morphology and colony characteristics of Dmrt1-knockout and rescue cells cultured in LIF/serum
(LIF/S); D: Cell counts after 3-day proliferation in LIF/S medium containing 100 U or 1 000 U LIF; E: Colony number and
percentage distribution of colony types in LIF/S medium with 1 000 U LIF; F and G: RT-qPCR results of naive- and primed-

state marker expression on day 3 of EpiL.C induction in Dmrtl-knockout and rescue cells.

a: P <0.01, compared with the control group
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Figure 5 Functional role of Dmrt1 in naive pluripotency exit of mESCs
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