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HE A Tocl 4% 3R ) B B A3 2] Toc IV mESCs, 3% 7 F2ILA&MF T, 145 IfA8 % J&
FCre(AAV-Cre)sk b Tsc 1 #) 345 % 3% 7 #4 Tsc] WT/KO mESCsAER! | 25 & Western blotA=RT-qPCR#
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Abstract
cells), which were cultured under 2iL condition. Stable Tsc/ wild-type/knockout (WT/KO) mESCs models were
established by knocking out 7sc/ using AAV-Cre (adeno-associated virus Cre), with its reliability confirmed by

Tscl conditional knockout mice were used to isolate Tsc /=" mESCs (mouse embryonic stem

Western blot and RT-qPCR analysis. Using this models, this study investigates the effects of hyperactivation of
the mTORC]1 (mechanistic target of Rapamycin complex 1) on the pluripotency of mESCs. Changes in pluripo-
tency were assessed through morphological observations, AP (alkaline phosphatase) staining, and RT-qPCR anal-
ysis of pluripotency gene expression. Mitochondrial activity was evaluated by measuring mitochondrial number,
ROS (reactive oxygen species) level, and OCR (oxygen consumption rate). Rescue experiments involved treat-
ments with the mTORCI inhibitor rapamycin and the mitochondrial inhibitor DMM. In the mechanistic studies,
the mitochondrial activator DCA was used to simulate mTORC1 hyperactivation, while the PDH (pyruvate dehy-
drogenase) complex inhibitor was employed for recovery experiments. The results showed that mTORC1 hyper-
activation caused a shift in mESCs morphology from undifferentiated colony-like structures to flattened cells, AP
staining became nearly colorless, and decreased pluripotency gene expression. Concurrently, mitochondrial num-
ber, ROS level, and OCR were elevated, indicating enhanced mitochondrial activity. Treatment with rapamycin
and DMM suppressed mitochondrial activity and restored cell morphology, AP staining, and pluripotency gene
expression. Further mechanistic exploration revealed that mTORC1 hyperactivation downregulated PDHE1a
phosphorylation and increased PDH complex activity. DCA treatment mimicked the mTORCI hyperactivation
phenotype, suppressing pluripotency gene expression, while the PDH complex inhibitor UK5099 restored pluri-
potency gene expression in mESCs following mTORC1 hyperactivation. In conclusion, this study demonstrates
that mTORC1 suppresses pluripotency gene expression in mESCs by upregulating mitochondrial metabolism
through activation of the PDH complex.

Keywords mouse embryonic stem cells; mechanistic target of Rapamycin complex 1; mitochondrial; plu-

ripotency; pyruvate dehydrogenase

VR 20 i A R 42 AR 5 A= 6 ) SR B 22 /%
R , T 0% 2 ¥ 55 1 (mechanistic target of Ra-
pamycin, mTOR)Z 5 1 55 A~ 14 Bl A 2 BE 35 A~ [FH]
PIE AW, Bl mTORE A4 1(mTORC1)FI mTORE
AW 2(mTORC2), H A mTORCUEZ /M FE TR, &
JTFAEKE F581E 5, BOG Y& BIF ] H R
iU, Zad T ZERIRAB, B FATR I
mTORC1JLFZ 5 V45 40 i 4 Fr A 35 221 1 4%
“%, VP2 A B B T R e I 5 R M R
VMG B SR, 5T VF 2 R AT e i i g —
HARTT

WG TF-4H 0 (embryonic stem cells, ESCs)H %
5 7 A 23 Ak il = VR 5 40 T 1) 22 B 1R X P KRR
AIE T, e B 5 R0 22 B 1 R Y AR LA AN
AR IR A E K K B R A EEE XL, HT
Z P AR A2 . o, BLAE 2004 4F
A BT, mTORXS T/ s, ESCs(mouse ESCs,
mESCs)M I K & £ R HE, mTORMFR /) B AE

W R E 5.5~6.5 KINFET:, H 2 Tik3K1G mTORR
BRI mESCs™, B4 HRHEFAT K, mTOR1
A mTORC2E &5 45y Bk th & S HUN R AE
WRIG & B A FEIRHAZET S H A mTORC 14 741 55
Raptorig bk /N R -5 mTORRE /N AL, AR &
H 5.5~6.5RIT- M B 7m mTORCITE/NRIEIG R B
FIARIE 2 L EE W INRE. BEfE7E20164, BULUT
2 DARE 5 R B, A8 mTOR S 1) 751 INK 128 58 4=
#1#| mTORC1FA mTORC2Mi% M 5 , mESCs2 ik A
H R FE R H R B G A LM “pause™ R A&
286 =B AR R, mTORC Ll % 45 X
¥ 52 &W) elF4F (eukaryotic translation initiation fac-
tor 4F) [ I} 47 1) 20 B JoR AT 2R A (0 0 3%, Bk i 4
mESCs AT Fr. A1 mTORC g Mt &t 2%
WRRG R B = A SR S, B HI R TSC1/28k 2k
J&, mTORC L FE g 2 BN RAEMRIE K §14.5K
IFAET, WE7x mTORC g VI & tANH] T/ B Jig
REM, A, R E AR R, o RO
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mTORC 17 14 22388 1 {1 3k B RiAd A= ) & BLAM il 2 bt
AR 240 Jf 2 28 N T BELRS 2 g R 0k AR 1) R A 1319,
22 LI (serum~+LIF, SL)RF £ 41F T~ B mESCs4>
AR, mTORCT HTEPEIZ T B, M2 = 40 i
P PRI A BH PR 7K ST DUSEX 204 A2 rh Bl 75 K & 2R
HA R, (HAESEZ (ground state, TCILIFREFRIEH
RN LIF DA &% MEK/ERK A GSK3 f) 5 Ff /)N 431 11 il
7 PD0325901 1 CHIR99021, Bl 2iL) &5 7= 46 4F | i
B b e BBl 5~ TSC1/243 1 % mTORC1, AT
FEmESCs % fetkiR 11521, JR & mTORCI ¥
Th 2 it it % 53¢ K ¥ TFE3(transcription factor binding
to IGHM enhancer 3)7E4H A% 4 (1) RAR, AT FHASAH
RIE PR e s U7, 25 BRI RD, mTORC A 4% 42
A& FmESCsZ BePE M ANH1E

TEARTFIFEH, AT Tsc1-oroxe /N R AR Py 73 55
133 Tsc 1™ mESCs, Jfifl i B P HAC ) R AH 5%
Jpi B Cre(AAV-Cre)Rt % Toc 115 3| 7T LATEAR A2 e By
TR0 Tsc 1 B4R (wild-type, WT)AIERER AL (knockout,
KO) mESCs. @dAEAMEL. APYHI £ fE
PEEEPRI R I 0, FATTAREN Toe IR bR ), mTORCI
I BEOE & F B mESCsA A MRS . 37
SR HL I 235 T IR A 73 A SO IR AR B TC RS (1)
i TIRAS , APR L EE IR (VA R4 ot (A
ZREMERERIRA T O 7RIS, 45534
SEEG = FAHT 7R I mTORC I i i 12 2o Rk AE 4
B BB O 73 79 T 4 A 40 i 5 - EE 4w AR 1 A i
¥ A8 FI mESCs H 3 58T 3149, JAT TS I B A4 3%
K, mTORCIR JEHUH J5 - s BRI 1, ZokE
REE . TR (reactive oxygen species, ROS)/KF
FOCR/KF) L, Hixw] LA# mTORC14MH 7 7§
A% % (Rapamycin)Vk & . A T E I 28 R0 S 2
mESCs % Be 1 5k [ 218 T VR 1 J5L IR, AT 14 A ekt
AR5 A9 11N 71 DMM(dimethyl malonate, N &
IS )] Tsel KO mESCsHIZeRiAE 1, K I
SR EHEMBERAACL, TS LR AHE . ROS
K IR Tsel KO mESCsH ) £ BEME LK Rk .
TEALHI 7 TH , FATHE I ] mTORC ik & ¥ a5 A i
TR Wt & B (pyruvate dehydrogenase, PDH)E & 3G
PEEIR , A LR A0 71 DCA(sodium dichloroac-
etate, 58 RN S PDH S 03k M it 2 b i
R, RILFL AT DI mTORC 1 s R 2, i
il 2 etk R R K, PDHE &40 #1577 UK5099 1]

LAWK E Toel KO mESCs R4 P A1 2 fi 1tk 3L [A]
Fiko i b, FATGEF TR I T mTORC Ld i &
PDHE &) R AR A0 H] mESCs [ £ Rt 5
KIZIA, A5 8L — 0 [ B mTORC1 41 4% ESCs
(1R B IERE R L IR A 7 3t

1 ZLEMRERE

1.1 LM

1.1.1 S28zhdy  Teel™®oesizit/NGR I H Jackson
SRIG E, i &R ONCSTBL/G], T35 A B A b Ay Hh [ R
SRR PN A R 25 55 (g HERIE 7T e (GIBH) 1) SPFZK 5K
wzhr . BRSNS, Ira R gd
R BE )N AR R 2 5 4 R 5 B sk B sh P
O R s A SR, SRV %S
242021008

112 @z Tsel™ mESCsHi Tsel™wow /N
SRUMEREATIC 35K J5 , 73 B PR M BRUVR i O T4 oh o5
FE133), SRIE M8 H AAV-CreiH T AL P, 15 3] Tse 17 A=
AL (WT)/mst 5 % (KO) mESCs, iX 42 A6 3 3= 54
AR . E14 mESCsH Igor SAMOKHVALOV
SIS FE MG, AU S A R T A R AR B il &R K/
UL T24H i N E14.

113 SRkl 20LE;7R%E: DMEM R FERE IR 3L
PR 4 (sodium pyruvate)Id [ 35 & Corning A 7] ;
Advanced DMEM/F-12. Neurobasal##3&. B-me-
N-278 M7 B-274 N5 GlutaMax MI={E 44 75 2 1
I (non-essential amino acids, NEAAs)I H & [E Gibco
28 A ZINBR A P F0 1 AT~ (mouse leukemia inhibito-
ry factor, mLIF)J¥) A £ & Millipore A 7] ; PD0325901
FICHIR9902 11 H IR L= RHAA IR AR FHH -
Bl B R NP LI W (penicillin/streptomycin) i H 38
Hyclone/A 7] .

UM S FRAE N 7 TS - mTORC L] 77
T IH % % (Rapamycin). PDHE & 4% 7 DCAFI
TR ] R Y s A8 MR ) 351 UK 5099 H 55 [ Selleck 24
F] 5 AR REIR BE S S ) T ) 7R DMMUIE 3 58
Sigma/A#] .

RNAFRH. [ % MISIEIN 5 7€ & PCRATR
W : RNASZEUATFH Trizol RNAZHAIE H R II
JBAEPA BR 22 7] 3 JC RNAREE/K (RNase-free water)l
H EESREWHRATR,; RABEMIK ORI
H RER A ARG 5 S s BT RN AR 1) 771
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BRI

(RNase inhibitor, RRI). Oligo d(T)MdNTPIHH H
A TaKaRa/A 7] ; J i 5 il (RTase) Fil [ 5 55 2%
(RT buffer)ld F H A TOYOBO/A 7 ; S 5% ) i &
PCR(quantitative real-time PCR, RT-qPCR)FT ] f{JEs-
sential SYBR Green Master H ¥ -+ Roche A &) ; 5|
MG RTINS A EARB IR A

B 5 ENIF (Western blot)FH IR « IR 1
(bromophenol blue). SDSHIGEA ML 85 1 (bovine
serum albumin, BSA)IW H b5 5 [ & B YA R
3] PMSFAUE i IR B 4 KW H Sigma A A ; it
15 -20(Twen-20)14 H Amresco/A 7 5 30% 5 A M 9t fi%
(polyacrylamide)ld B H1 GE U AR A IR A A ;
B B 1] 71 Cocktail i H Roche A &) 5 67K H B
H R ER A A0 R Wk A S R
Fl szl £ B 43 A BR A 7] 5 pH6.8 Tris-HCl. pHS.8
Tris-HCl. 10% SDS. 10x SDS-PAGEfi#ii. 10x %%
JESBUABURT 10x TBSBERL IR A& B RIW B EiFE =
RAEMA R AT B ERARR (5> BRI )AL
3% A AW L5 PVDF) Y H Millpore 2 7] o

2R ARG AT & - ROSK IR & B _E ik
B REVAR AT ; #2553 (oxygen consumption
rate, OCR) &l It 75 ff)Seahorse XFe24 FluxPak. Xfe
24V7PS cell culture microplates fIXF Base Medium/i
[ 2% [ESeahorse A 7] -

HABIRF : 0.1% Gelatinfll Tryplefi# i [ £
GibcoA 7] ; - LI HA (dimethyl sulfoxide, DMSO)
) H SigmaA F] ; DPBSZEm Iy B IR ES P E
HA R A A ; BRA 9% 5 Cre(AAV-Cre) W H | JHIR
HAMBHEAR A .

1.2 LWFE

12.1 #afg3zs  Tscl WT/KO mESCs 5E14 mESCs
14 FH 2L R B M B0 75 . Toel WT/KO mESCsfF4 K
K, E14 mESCsEE3 KA — k. AL, Jafll
FH DPBSH e 41 31 F Tryple?£ 37 °CHE 348 1k
2 min, ZRJ5 N 3~44% TryplefA#H ) 2iL 5 75 3L 28 11
Ak, EIE300x g3 minfF B2, PA8x10%/4L
()35 P R AE SR AT 2 0.1% Gelatin I35 7B T ik
A37°C. 5% COAH s F= 48 h 4k 245 97

122 RNA4RIRE5RT-qPCR  U4E & E41E )5
Trizo R RN ML, it B FRPTIE . S A RE 4l
N 75% LSRG 19 2 401 2 RNA . FEJSHE2 g
RNA#HT S i 5158 cDNA . #%%E ¥ cDNAREAHi
FEAOFE IF HAE AsiMR, /I SYBR Greené )t ek}
UM 2519 EHLEEAT RT-qPCR. # )i BLULBN & (1
(Actin) FJFRIAE A —WE A, FFIE T 272 kA
FHXT R . B 519 &7 WK .

1.2.3 Western blot B, WELEHME A
EHEB-MAECEN 1x EHEENREWR, &R

#*1 RT-qPCRAEXSIHFF
Table 1 RT-qPCR related primer secquences

GIEVEZR S I HI(5'—3")

Primer names Sequences (5'—3")

Actin-F CCA CGAAACTAC CTTCAACTCC
Actin-R GTG ATC TCC TTC TGC ATC CTG T
Tscl-F ACA AGC CCG ATA CAG TCA GC
Tscl-R CTG TAA CTC CTG ACT CTG GTT GT
Nanog-F CTC AAG TCC TGA GGC TGA CA
Nanog-R TGA AAC CTG TCC TTG AGT GC
Oct4-F GCT CGA GAA GGA TGT GGT CC
Oct4-R CGT TGT GCA TAG TCG CTG CT
Sox2-F AGG GCT GGG AGA AAG AAG AG
Sox2-R CCG CGATTG TTG TGA TTA GT
RexI-F TCT TCT CTC AAT AGA GTG AGT GTG C
RexI-R GCT TTC TTC TGT GTG CAG GA
Esrrb-F TTC TCATCT TGG GCATCG TG
Esrrb-R AAT CTG AGT TGG CGA GGG C
KIf4-F CCA GCAAGT CAG CTT GTG AA
KIf4-R GGG CAT GTT CAA GTT GGATT
Dppa5a-F CCG TGC GTG GTG GAT AAG

DppaSa-R

GCG ACT GGA CCT GGA ATAC
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100 °C#& 5~10 min A3 HUER F i . B f5 FI A SDS-
PAGE/JR T B LK 70 85 J5 , K I JEAR R — I — )&
M =R R EO % 2 PVDFKE E, A&
Ja £ 1x TBSTHECHI] 5% i i A5 4 975 v = i 15 PR 3 P
1 ho FEATARSE HoAA UE B 4548 FH 3 PR R 4% HE 121 000
Fike—Pi, FEME2 4 cCilk. —PHELS
WG, A T Tween-201 1x TBSTi ¥ PVDF
JEE3YR, BFIRS min. $ZHE1:2 000F R 9, =i
Hl~2h WESHNG, BEE FRFEERLE. i
IR 2. 2R IR AR B A LA 12 1R A fiC
S TR, 86 R N3 min, AL R OGACE B)
BRI RAE B o

124 AP# & i FHDPBSI& B 41 M2 /% J5 I &
i 4%% B B = [E % 2 min, ff ] DPBS4GTE %

3G A TBSTIE R4 10k . FFIRW, INIE
B APHI(9 uL 100 mg/mL NBTAI35 uL 20 mg/mL
BCIPYA T | mLBS MW RE 2% i), G = iR et
6~15 min. FFAPHK, H-{d FHDPBSIHHE2K, R4
DPBSH & 1k Je B 30 0RAF . R A 75 21 K
I RAR &S

1.2.5 &AREMEN  OCRKI L HE 0. 37
AT IC B OCRAS M ZZ i H T, RBP4
7£ Utility Plate™ Jill \ Saehorse XFRIAER , H5 il H
AE KA |, BT 37 °CTE COB5F: 48 hid i /K 1k
PREF o K AN 40 B v A2, RIS ¥ OCRAR:
M FaRe, BT KR b, BRI ¥ E 3~51
HE. R KEAIE £ 37 °CT COREFFMF 1 h.
B il H AR 2 B T TR IR, B R R L I 254 7 5l
IR _E AL By C. DIUASINZG L A A
FIFLHRMOCR « 52 Je K H wave B 3E47 54t 2047 -

ROS Y. €t K $ i 43 #r o MR 75046 i i i -1
HEAT S . BRI - SRR A F1285
FREEIZ IR 000< I LU M RE Gkl . AR J5 & FLIH A
YU, 74 H DPBSIE VR 210G I Gk IE 137 °C
B FEAH M A 30 min, FLAIVE AT 2~31K. EIE300 xgy
5 mindFFE YLkl 18 DPBSTE B2 40 i LA # 52
KEIRRL, 225 B4 I DPBS & JF s B Tk
k., T30 min A SR Al . BD C6 plusii 241 i
PO IEAF T, DAARIIGYRH 4 M 2 0 R,
FITCIBIE LS 5 H I FlowJo A4 33047 0 40 A
1.2.6 #IEL%T 04 ARSI G R g e
F-F- 2 8 £ A5 AE 22, B A S50 430 9 M Sr 1) A= )
FE, PEEE AR AR BN A R 5 (two-
tailed unpaired student’s ¢ test). *P<0.05; **P<0.01;
#*%P<(.001; ns, T2 ZE .

2 HFR
2.1 mTORC1H EHES|E mESCs % ge 1 E F
FRIETH

SN N Rl A v I g
mTORC V& P52 2| 17 2 FiE 5l i i 45, 38
TSC1/2-Rhebf1 GATOR2-GATOR 1 ¥ 2% 3 1% 15191 7%
T 7E @I Ji Bk Tse RIS mTORC G . N T k15
Tscl 58 4 i bk H B85 7R #h Fa i 55 77 1) mES Cs 4 il
R, AV E Tse 1=t/ GRS FLMERERZ L, 73 B3R
Jf3.5 K1) Tsc 1V mESCs 15 7R AE2iL 614 K, B
JE A5 FH R AR OG99 55 (4f B LA S AAV-Cre)!" VB L 411 i
33T LA SE B FR I Tsel WTAIKO mESCs(E 1A).
Western blotFll RT-qPCRASMIIE B Tscl CL 8 58 4 R
(F1BFE 1D), Tscl KO mESCs*+ mTORC 13 &

=2 mAER
Table 2 Antibody information

EARIN IR i)
Antibodies Source Identifier
ACTIN Sigma #A2066
TSC1 Cell Signaling #6935
p-S6 Cell Signaling #4858
p-4EBP1 T37/46 Cell Signaling #2855
4EBP1 Cell Signaling #9452
NANOG Bethyl #A300-397A
OCT4 Santa Curz #sc-8628
p-PDHE1a S232 Abcam #ab92696
p-PDHEla S293 Millpore #AP1063
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(A)
Ts¢1 WT mESCs
TscI"Ptow mice Tscltowter mESCs o2 @
- S
Collect samples
X
s —
o\
Cultured in 2iL
Tsc1 KO mESCs
(B) ©
<
g
&
= o
z 2 a Tscl KO+
TSCI1 -180 kDa » Rapa
P56 [ W - 3410 R

p-4EBP1 T37/46 [ %% @& 8. 17 kDa

ACTIN [ wm - 43 kDa
D) (E)

Pluripotency gene

< 3.0 ml5cI WT m Is5cl KO m Tscl/ KO+Rapa =
>
22s &
S £ 99
Z 20 B 2 %
E 1S NANOG [ 5 ] - 40 kDa
%10 OCT4 [ o -39 kD
2 ACTIN [ & &%1].-43 kDa
205
153
~0
Tscl  Nanog Sox2  Rexl Esrrb Kif4  DppaSa
(F)
Ectoderm Mesoderm
: Snail
Ectoderm Gjal
Foxa2 Trélg a Ig g;g]
% Sox7 C[;)fj? al Msx2
= Sox17 Fofs Eomes z-score
& Garat e Handl g 2
= g‘;atr(zﬂ Dnmt3b g;"y% 61 1
P Elfs . M, Pedhl9 9
a Bmp2 Tom3 Kdr ! -
3 Gatas bt Fef$ -2
o Sp f
2 Nodal wistl
 Pou3fl
& A]jmal - Cxell2 Tmem132c
: nflb Sox3 Bmpr2
Mapkl5 Sox2 Thx6
O Tefis | Cebpa
=0 o I Mesp2
x4 = MO =HOox
M = Mg

A: 3B Tsel WTHIKO mESCs7i i F; B: Western bloth& i 7sc/ WT+ KOLL & T %5 Z K & I mESCs HmTORC 135 14, p-S6/1p-4EBP1 T37/46,
mTORC! i EYIS6RI4EBP 12 1k 7K T, XX mTORC1IF T, Rapa. Rapamycin. A%, 0.3 nmol/L, R [d; C: Tsel WT. KO K FHIHFE %
KA ImESCs T f2IEAS; D: RT-qPCRE I T5c7 WT. KOVL K A8 3k B IImESCs £ R P13 K 38 7K ¥, Bt Ge ik (8 -3 Bebritk 22, PIETH
SAd X A Fic o) 2 4 46136 (two-tailed unpaired Student’s £ test), | [, ¥P<0.05, **¥P<0.01, ***P<0.001, n=3(Jh L EH) % H F); E: Western blot
Kol sl WT. KOV &5 R E MImESCsh £ e Lt (1 RIA K Fr Tsel WT. KOLUK B I % 35 K B AT mES Cs 1 = /i /2 35 R #34 7K - 11
RSECE

A: schematic representation of the isolation of 7s¢/ WT and KO mESCs; B: Western blot analysis of mTORCI activity in 75c/ WT, KO, and Rapamycin
rescued mESCs, phosphorylation levels of p-S6 and p-4EBP1 (T37/46), downstream substrates of mTORC1 (S6 and 4EBP1), represent mTORC1 activ-
ity, Rapa, Rapamycin, 0.3 nmol/L, also hereafter in all similar experiments; C: representative colony morphology of Tsc/ WT, KO, and Rapamycin-treated
mESCs; D: RT-qPCR analysis of pluripotency gene expression in 7s¢/ WT, KO, and Rapamycin rescued mESCs, data are presented as X+s deviation. P-
values were calculated using two-tailed unpaired student’s #-test. *P<0.05, **P<0.01, ***P<(.001, n=3 (independent biological replicates), also hereafter
in all similar experiments; E: Western blot analysis of pluripotent proteins in 7s¢/ WT, KO, and Rapamycin rescued mESCs; F: heatmap results of triplo-
blastic (endoderm, ectoderm and mesoderm) genes in 75c/ WT, KO, and Rapamycin rescued mESCs.

Bl 3 EHEMTORCIS|EmESCs4Rpaf S M B S e ERRIA T
Fig.1 mTORCI1 hyperactivation induces the flattening of mESCs morphology and downregulation of pluripotency gene expression
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T HL AT PLgE mTORC 14 71 75 1A 5 2% (Rapamycin)
W (B 1B). Tscl WT mESCs i JE 2 530 o ] [
i Aot s HL G i B R e BUE AR M Toel
KO mESCs4i /25 2HUm TR, BEHR b gifi,
B IAEE 20T DU X PP e A8 5 (B 10), KR
mTORC 1 #3% J5 mESCs £ GE M i) BE 52 30 .
KIHEFRAT A I T 445 Oct4+ Nanog. Sox2Z51E N HY
ZAZ AR RIE, 50—, M el WT
mESCs, Tscl KO mESCs# fE 4 5 K 3R 1A B AR T 1
HAr Atk & RS (B 1D), [, ZaEttEH
NANOGAHIOCT47E Tsc! KO mESCsH [AlFE# A T
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Fig.2 Hyperactivation of mMTORCI1 increases mitochondrial activity in mESCs
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Fig.3 Mitochondrial inhibitor DMM can rescue the downregulation of mESCs pluripotency due to mTORCI1 hyperactivation
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5 mmol/L DCA, *P<0.05, **P<0.01, n=3 (independent biological replicates); D: PDH complex activity in Tscl WT, KO and Rapamycin rescued mESCs
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were detected; E: Western blot analysis of PDH complex activity in mESCs treated with 5 mmol/L DCA and untreated under normal 2iL culture condi-
tions, p-PDHE10 S293 and p-PDHE1a S232 were phosphorylated sites of PDHE 1 a; F: pluripotency gene expression levels of 7s¢/ WT mESCs detected
by RT-qPCR control and treated with two concentrations of DCA, respectively, *P<0.05, **P<0.01, ***P<0.001, n=3 (independent biological repeats); G:
Western blot analysis of PDH complex activity in mESCs treated with 20 pmol/L UK5099 and untreated under normal 2iL culture conditions, p-PDHE 1o
S293 and p-PDHEla S232 were phosphorylated sites of PDHE1a; H: 75¢/ WT, KO, and clonal morphology of mESCs recovered with 0.3 nmol/L ra-
pamycin and 20 pmol/L UK5099; I: basal level and maximum level oxygen consumption rates of 7sc¢/ WT, KO, and mESCs recovered with rapamycin
and 20 umol/L UK5099, **P<0.01, ***P<0.001, n=3 (independent biological replicates); J: RT-qPCR was used to detect the expression levels of plu-
ripotency genes in 75c/ WT, KO and mESCs recovered with rapamycin and UK5099, *P<0.05, **P<0.01, ***P<0.001, n=3 (independent biological
replicates).
El4 mTORC1ZEHE LAPDHE &AM HUE LR A KOS EE M HIHI 2 RE M B ERIEA
Fig.4 Hyperactivation of mMTORC1 promotes the increase of mitochondrial activity by activating PDH complex,
thereby inhibiting the expression of pluripotency genes
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Fig.5 Schematic diagram showing that hyperactivation of mMTORCI1 suppresses pluripotency gene expression
in mESCs through mitochondrial activity

AR EEE LR, FRATM SRR R BR BN B A 4 B9 45
Fl| Toc 1" mESCs, H il it AAV-Crery R A0, 13
FA] LLEEAR SN 5577 1) Tsel KO mESCs. T 5
HAF 7T HE mTORC 1A I 2 41 mTORC 23 4 27,
{HE P mTORC2E &R 443 Rictor 3 A §2
mESCsZ fe M 8t I RIA K1, HASLEG = R A
B mTORC 13 o 25 WL A 18 42 1k 41 g 15 5 2 4 2 0
mESCsf#) 5 T H7 114, Kbk, A8 700 F A2 e 5597
(1) Tsc1 WT/KO mESCsHlfil &, MZRFL AR U2 1H IR
B 73 B S mTORC 14 mESCs# fig 14 1 i K 3
UL B RK I, Telmibk )G, mTORC1iE
P e 2 S R T M 3 o b T i A mES Cs 4]
LTS H H ) B 1) R 0 RS 28 8 PR, AP
BE IR T A, RN 2 Rt R R A KT B2 TR
W, %R & mTORC 1S PDHE & W8 £ Rk i5
PE_F I R, mTORCLIMHIFEH IR R Lhifk
2 AW 11N 77 DMMAT PDHE & 5401571 UK 5099
Bym] DA Rtk xR AY(E]5) .
ESCsERATE AT AAK, Dife A s, Q877
T BT e Y, RS bl , BokiiAiE 1 S AR
=Rt ESCstimia B BB . BEFLREH, Kl
AR TE M 2 I mESCs FH 3 5E B2, 32 A ok
AATE T DU B HH ESCs 23420, Ty el 2 1A 7324
AR T4 H 22 etEPY, mTORCI A AN Z AN ETH
LRI BT 4EBP1/25K SOK M BH 122 i 4%
LRRIAER (A ZRIAP, I8 Id Peclo/YY 18 HIF a4 5%

JE Tz LR AR I R 57 BT @i ULK 141 5
Wik DT 00 1) b A e %1, 3 i 4EBP-MTFP 12 i 4%
RLAAR 7y 2400 38 ok Pt FHAM B GE R /K P55, it
A, Bl TARME 1 212 2 CYLD(Cylindromatosis)
2238 1 0 AMPK o/mTOR/ULK 115 538 %, PR HE
ARG 1, s> b fA e ROS I 7= A= IR A2 33 26 bt
PR, fEE A mTORCRF L0 ) 2
SRR LR D, R S UK R R A
ROS 1) S8 5 20 20 s e i A 21 kA, A A
T, (ERE PR/ OFL KRN, PDHE &2
B NOTCH1 ffd N 25 #4385 (Notch1 intracellular domain
1, NICD 1) M i 4 73 28 b R AR 8 15 21 23, JF
AR T A B 40 i 3 8] 78 51 7% 46 (endothelial-to-
mesenchymal transition, EndMT)fJid 72 ), {gf59%
BN, PDHE S YIE L b A S SN FAE B i
AR R BR T, G 1 S5 2R R M B A G
PDHE & W18 5 4 75 i B8 e A6y R4 TG A, {2 gt
ZIRTRAG IR M 38 50 2R A P R R P . Tk AR A
FtF B, mTORC ik B B0E v 0] A7 1) g ot S g 32
I (pyruvate dehydrogenase kinase, PDK), MIfifif k&
PDKX} PDHE &W#IHI11E A . PDHE &GS
8 I A 3 A T R SR P PR A B TR AR A, 3 R 2R
R AAAR S, B2 FEUETEE(ROS) RS, AHT
FH mTORC1IS BEEE @ IS il PDHE S47E 1
T2 3t mESCsZe PRI , e &4 2 Re vk 5L R %=
1%, fHmTORC1#% PDHE A43% M I HLHI A1 TSC1



1224

)

BRI

FHoAth R 97308 % 201 TGF-beta/Smad2/3i @ %R 55 5
X R ANE R, TS S — I .

VE AR AL A & B AZ 0 42 K 7, mTORC1AI
R D RE R I O¢, oo B BoE @ 22 5] K ROS
IR BRI AP LA R A A S L. 5
W F0 K LA H| mTORC1 2> 5 T B ki A4 7% M PRI I
HiZSEURBIEEA LY, HAh, BN R S8
DNA# B B [N & , mTORC1 7] LLiE i RNF168
D4 M DNATR 1, 51 R FER AR, iiX —id
FE W] BE 5 28 R AR BE 72 AE I ROS A 22 B9, AT R
P mTORC 11 & #4135 J5 , mESCsN ROS/K- &3 I
Tt el I KF R W £ (B12B), #27~mTORC1id &
WIS AT R A I R gk 2R A TS 1 D 9 ROSH &R
R, Ol R BRI AR E , IERE) 2 etk B R Rk
M

g BRIk, AT R I FE O mTORC 1l
I 0E PDHE G075 FARARTEE BIR, S5 23 )
mESCs % RetE B KR IE , AR SN 7L ESCsI K B 75
PRFRAE T IR, 38 mTORC 1A R A4
P, AMUA B TR SMERE ESCs BB I I K B I RE,
] B SIEIL T 20 R A AR RS I E )5 S oAk, T
MR AR KE. Ak, RS mTORC1 A4k
KL 22 fe 40 0§ i A B T3 2 AL gk —
WARTR, AR SEILAE 2% FL 2 PH WA N T4 i 3 =2
FRALHR SRR R AR S .

SE 3Lk (References)

[1] ENG C P, SEHGAL S N, VEZINA C. Activity of rapamycin
(AY-22,989) against transplanted tumors [J]. J Antibiot, 1984,
37(10): 1231-7.

[2]  VEZINA C, KUDELSKI A, SEHGAL S N. Rapamycin (AY-
22,989), a new antifungal antibiotic. I. Taxonomy of the produc-
ing streptomycete and isolation of the active principle [J]. J Anti-
biot, 1975, 28(10): 721-6.

[3] SHE Q B, HALILOVIC E, YE Q, et al. 4E-BP1 is a key effec-
tor of the oncogenic activation of the AKT and ERK signaling
pathways that integrates their function in tumors [J]. Cancer Cell,
2010, 18(1): 39-51.

[4] LLOYD B A, HAKE H S, ISHIWATA T, et al. Exercise increases
mTOR signaling in brain regions involved in cognition and emo-
tional behavior [J]. Behav Brain Res, 2017, 323: 56-67.

[S]  MANNICK J B, LAMMING D W. Targeting the biology of ag-
ing with mTOR inhibitors [J]. Nat Aging, 2023, 3(6): 642-60.

[6] SIMCOX J, LAMMING D W. The central moTOR of metabo-
lism [J]. Dev Cell, 2022, 57(6): 691-706.

[77  HACKETT J A, SURANI M A. Regulatory principles of pluripo-
tency: from the ground state up [J]. Cell Stem Cell, 2014, 15(4):

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

416-30.

GANGLOFF Y G, MUELLER M, DANN S G, et al. Disruption
of the mouse mTOR gene leads to early postimplantation lethal-
ity and prohibits embryonic stem cell development [J]. Mol Cell
Biol, 2004, 24(21): 9508-16.

MURAKAMI M, ICHISAKA T, MAEDA M, et al. mTOR is es-
sential for growth and proliferation in early mouse embryos and
embryonic stem cells [J]. Mol Cell Biol, 2004, 24(15): 6710-8.
GUERTIN D A, STEVENS D M, THOREEN C C, et al. Abla-
tion in mice of the mMTORC components raptor, rictor, or mLST8
reveals that mTORC?2 is required for signaling to Akt-FOXO and
PKCa, but not S6K1 [J]. Dev Cell, 2006, 11(6): 859-71.

MA A, WANG L, GAOQY, et al. Tscl deficiency-mediated mTOR
hyperactivation in vascular endothelial cells causes angiogen-
esis defects and embryonic lethality [J]. Hum Mol Genet, 2014,
23(3): 693-705.

XU X, AHMED T, WANG L, et al. The mTORC1-elF4F axis
controls paused pluripotency [J]. EMBO Rep, 2022, 23(2):
e53081.

WUY, L1Y, ZHANG H, et al. Autophagy and mTORC] regulate
the stochastic phase of somatic cell reprogramming [J]. Nat Cell
Biol, 2015, 17(6): 715-25.

WANG L, XU X, JIANG C, et al. MTORC1-PGC1 axis regu-
lates mitochondrial remodeling during reprogramming [J]. FEBS
1, 2020, 287(1): 108-21.

SAMPATH P, PRITCHARD D K, PABON L, et al. A hierarchi-
cal network controls protein translation during murine embryonic
stem cell self-renewal and differentiation [J]. Cell Stem Cell,
2008, 2(5): 448-60.

BETSCHINGER J, NICHOLS J, DIETMANN S, et al. Exit from
pluripotency is gated by intracellular redistribution of the bHLH
transcription factor Tfe3 [J]. Cell, 2013, 153(2): 335-47.
VILLEGAS F, LEHALLE D, MAYER D, et al. Lysosomal sig-
naling licenses embryonic stem cell differentiation via inactiva-
tion of Tfe3 [J]. Cell Stem Cell, 2019, 24(2): 257-70,e8.

YANG W, PANG D, CHEN M, et al. Rheb mediates neuronal-
activity-induced mitochondrial energetics through mTORCI1-
independent PDH activation [J]. Dev Cell, 2021, 56(6): 811-
25,e6.

LIM, YU J S L, TILGNER K, et al. Genome-wide CRISPR-KO
screen uncovers mMTORC1-mediated Gsk3 regulation in naive
pluripotency maintenance and dissolution [J]. Cell Rep, 2018,
24(2): 489-502.

XU J, PAN H, XIE X, et al. Inhibiting succinate dehydrogenase
by dimethyl malonate alleviates brain damage in a rat model of
cardiac arrest [J]. Neuroscience, 2018, 393: 24-32.

JIANG Q, ZHANG X, DAI X, et al. S6K1-mediated phosphory-
lation of PDK1 impairs AKT kinase activity and oncogenic func-
tions [J]. Nat Commun, 2022, 13(1): 1548.

CAI Z, L1 C F, HAN F, et al. Phosphorylation of PDHA by
AMPK drives TCA cycle to promote cancer metastasis [J]. Mol
Cell, 2020, 80(2): 263-78,¢7.

CAI Z, PENG D, LIN H K. AMPK maintains TCA cycle through
sequential phosphorylation of PDHA to promote tumor metasta-
sis [J]. Cell Stress, 2020, 4(12): 273-7.

MATSUHASHI T, HISHIKI T, ZHOU H, et al. Activation of
pyruvate dehydrogenase by dichloroacetate has the potential to



S
b

#F R4 mTORC Ll I 0% 2ok A 1/ BV AG T 40 2 REVE S R R0k

1225

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

induce epigenetic remodeling in the heart [J]. J Mol Cell Cardiol,
2015, 82: 116-24.

BULUT-KARSLIOGLU A, BIECHELE S, JIN H, et al. Inhibi-
tion of mTOR induces a paused pluripotent state [J]. Nature,
2016, 540(7631): 119-23.

YING Q L, WRAY J, NICHOLS J, et al. The ground state of embry-
onic stem cell self-renewal [J]. Nature, 2008, 453(7194): 519-23.
BATTAGLIONI S, BENJAMIN D, WALCHLI M, et al. mTOR
substrate phosphorylation in growth control [J]. Cell, 2022,
185(11): 1814-36.

WU J, OCAMPO A, BELMONTE J C I. Cellular metabolism
and induced pluripotency [J]. Cell, 2016, 166(6): 1371-85.
VARUM S, MOMCILOVIC O, CASTRO C, et al. Enhancement
of human embryonic stem cell pluripotency through inhibition
of the mitochondrial respiratory chain [J]. Stem Cell Res, 2009,
3(2/3): 142-56.

MANDAL S, LINDGREN A G, SRIVASTAVA A S, et al. Mito-
chondrial function controls proliferation and early differentiation
potential of embryonic stem cells [J]. Stem Cells, 2011, 29(3):
486-95.

KOWNO M, WATANABE-SUSAKI K, ISHIMINE H, et al. Pro-
hibitin 2 regulates the proliferation and lineage-specific differen-
tiation of mouse embryonic stem cells in mitochondria [J]. PLoS
One, 2014, 9(4): e81552.

HOPPINS S. The regulation of mitochondrial dynamics [J]. Curr
Opin Cell Biol, 2014, 29: 46-52.

VON MANTEUFFEL S R, DENNIS P B, PULLEN N, et al.
The insulin-induced signalling pathway leading to S6 and initia-
tion factor 4E binding protein 1 phosphorylation bifurcates at a
rapamycin-sensitive point immediately upstream of p70s6k [J].
Mol Cell Biol, 1997, 17(9): 5426-36.

ISOTANI S, HARA K, TOKUNAGA C, et al. Immunopurified
mammalian target of rapamycin phosphorylates and activates p70

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

S6 kinase in vitro [J]. J Biol Chem, 1999, 274(48): 34493-8.

HE L, GOMES A P, WANG X, et al. mTORC]1 promotes meta-
bolic reprogramming by the suppression of GSK3-dependent
Foxk1 phosphorylation [J]. Mol Cell, 2018, 70(5): 949-60,¢4.
DUVEL K, YECIES J L, MENON S, et al. Activation of a meta-
bolic gene regulatory network downstream of mTOR complex 1
[J1. Mol Cell, 2010, 39(2): 171-83.

CUNNINGHAM J T, RODGERS J T, ARLOW D H, et al. nTOR
controls mitochondrial oxidative function through a YY1-PGC-
lo transcriptional complex [J]. Nature, 2007, 450(7170): 736-40.
KANG S A, PACOLD M E, CERVANTES C L, et al. mTORCI
phosphorylation sites encode their sensitivity to starvation and
rapamycin [J]. Science, 2013, 341(6144): 1236566.

MORITA M, PRUDENT J, BASU K, et al. mTOR controls mi-
tochondrial dynamics and cell survival via MTFP1 [J]. Mol Cell,
2017, 67(6): 922-35,¢5.

DRUSIAN L, NIGRO E A, MANNELLA V, et al. mnTORC]1 up-
regulation leads to accumulation of the oncometabolite fumarate
in a mouse model of renal cell carcinoma [J]. Cell Rep, 2018,
24(5): 1093-104,¢6.

YU L, GAO G, GAO J, et al. CYLD regulates T cell metabolism
and mitochondrial autophagy through LKB1/AMPKa pathway
[J]. Immune Discov, 2025, 1(1): 10002.

MIWA S, KASHYAP S, CHINI E, et al. Mitochondrial dys-
function in cell senescence and aging [J]. J Clin Invest, 2022,
132(13): e158447.

WANG J, ZHAO R, XU S, et al. NOTCH1 mitochondria local-
ization during heart development promotes mitochondrial me-
tabolism and the endothelial-to-mesenchymal transition in mice
[J]. Nature Commun, 2024, 15(1): 9945.

XIE X, HU H, TONG X, et al. The mTOR-S6K pathway links
growth signalling to DNA damage response by targeting RNF168
[J]. Nat Cell Biol, 2018, 20(3): 320-31.



