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AMP-activated protein kinase (AMPK) 1%, BEREDD & b ¥ CTEZAEYICE W T
BEICREFEIN T2 v AL A= v ) VLR TH O, HIlEN O = 4
F—R#OPFENIC EEREEZIH > TWw3 [1], AMPK (2T 4 L F — R 72
Foin K, MIReRRYE, MIRERESE, TR b — v R DS A MlaEERETICE 5
TEHZERHL L > TE T [2-4], 51T AMPK (3HEIRIF O REERE, Bk
EORE~OEEHIEHINTH Y, AIEOENSTFLLTOIFEHI A TR
[4]e AWFFETIZ AMPK I X 2817 =il 2 R L. 2 0BEREZH LT
5L HINE LT,

[AMPK D#:& & B EIHEEE]

AMPK (X 3 DORAZY T2=y b2 ORI N ~T o =&ifk L L THAE
35 [5] ¥F—EiEEEr AT MY 72 =y b CH B a7y M, il
W ATP, ADP. AMP ¢G5y 7=y be, YV a—-Fr v Ex 4y
OBV 7=y b2 EHEOFMIY T2y P2 LRI NTVS [6], a
Y7 2=vy D Thrl72 ® Y v EE{Lix AMPK © ¥ F —EiHHELIcATH Y | I
MDFF—+¥ThH 5 liver kinase Bl (LKB1) [7-9]% calcium/calmodulin-dependent
protein kinase kinase 2 (CaMKKP) [10-12]iIC X o C VU vigfbk I 3, %72,
AMP/ADP 28y 7 2=y PCHiBETHZLICE 5T AMPK 70 AT Y v 2
HEEE X B [13],

AMPK JEPELAT & LT & 41TV % 5-Aminoimidazole-4-carboxamide 1-B-D-
ribofuranoside (AICAR) [ZAHAZA C adenosine kinase I & % U V(L %32 1F.
monophosphate {4 (ZMP) & L C AMP & IZIZFRIERICIERT % 2 L1 X b AMPK
ZiGHE3 5 [14], AICAR (Cfb 2iEPE(LAT & L CTHEtds E 1172 thienopyridone
FHER, AT69662 (X AMP ERIERICT v 27 Y v Z75h5 L Thr172 @ U v EE(LR
REDREAL %/ L T AMPK iEHALIER 2773 [15], — /. RO MR T3 cd
ZALFAIVEI v P 7 OMEEEZHE L. AMP/ATP N7 ¥ 2 2 HiK
X#% TR AMPK ZiEMHALS 3 [16],



[AMPK JEH#{LIC & 5 KEHZES)]

AMPK (ZZANLF—RZAPL AR LI K> TilEHLE N, =2 F—EL
PO BAGERZREL., =3V F—HE 215 FMLIERH 23063 2 2 & <l
AN = 2 v F—EHEWE2HER L T3 (Figure 1-1) [1]s BUF Tl AMPK I X %
B - BEE AR B X 0" mRNA OFIERGIEICOWTE KT 5,

* AMPK IZ & 5%& - BRE (I

FEREHC BT AMPK 137V a—ZDM Y AR & RiES 2, Mfasto 7= —
A 1% glucose transporter 4 (GLUT4) 25l E~#4T73 2 2 & CHllIdPNICHL Y 3A
TIN5 [17]e AMPK OiEH:ALIC & o T TBC1 domain family, member 1 (TBC1D1)
Y viR(EEI B & GLUT4 ASHilEE LicBiT L, BEOM Y AL RES N2
[18]. MEHAIEAEICRE G 3 2 58 CTH % acetyl-CoA carboxylase 1 (ACC1) 137 &
F v CoA 2> b= 1 =)b CoA ~DRIEALKIG % MBS 5, AMPK 25 ACC1 %Y
VIB(LT 5 Z & T ACCl DIEMEMET L. IEMBAREROREE ThH 2~ =
L CoA DEAERMETT 2 LICX > TIEHRBRAEKANGH SN, T5IC
AMPK |3 histone deacetylases (HDACs)*° sterol regulatory element binding protein 1
(SREBP)7Zz &', M - IEERHICBD 2ER %2 ) vk 22 Lick>TH
Bi G % R AT LAAHMRRE 2 il L T2 [19].

- AMPK (2 & 5 mRNA O &R &1
mRNA @GR % #ill 4l L T > % mechanistic target of rapamycin complex 1
(mTORC1)iZ AMPK DHE TH Y, mTORC1 DHERKKE T TH % Raptor 23V V[
%317 % & mTORCI @ *F —XiEWEET L. mRNA OFERIH X 5
[20].

[AMPK i BN R 7Y —=v )

INETHEIN TS AMPK DR (Z = 4 v F —GHICBD 2 b DA
EAETH ST, Lo L, I T o CHllRaM M PR icBb 2 2 v o 7 E 3 HE
L LCRHEE N, AMPK 34 E a2 o L AL~ L Ro72 [21], % C

T, HEER LK ICH 7z o T AMPK & 7" F AR D X 0 ZHl 72 BERE % 11 & 2>
IC3 %72 AMPK O FiHlIEE oK. B L 02 o FE ofkRefEir 2 Hi & L.
W EIC B WTHIES TN T E 72,

AMPK BEZ[FES 572012, & FEREHKTH 5 HEK293T #ildic 7 7 4
=T 4= ZTMENDO AMPK 2 R X, 2 7RERNICHESET e —-X%H
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T AMPK-2 v 3 7GR ZKE L VHEEBSHTIC L Y AMPK & HiE3 25 2 v
N7 T HEFERIC AT L 72, 2 ORGIR, JRR R AR b &9, 530 K12
B Ehiz, RS AR TIcowT, AMPK o) v#gftesF—7 &
phosphoproteomics 7 — & X — A (https://www.phosphosite.org) % F\>TZ L5 [H
T DOBCHN % T L 745 H, B L 2 D 9 2 2 VXV EBEEEE T b iz, B
fiie L. MUNEBI# X v ox 7B, DNARBEX VX208, A7 74 v v 7B
RyNXEREBNRE I N, RFFETIE. T E TIC AMPK I X 3 Y Vgt
DN T2 I N TR WA T T4 > v JEE X v o3 7 F serine-arginine (SR) X
voXJETH 5 SRSF1 XU SRSF9 I H L 7z (Figure 1-2),

[SR & /8 Bt

SR 2V AN IETAX=y -2 ) vO#gVRLESZHA L. FIC mRNA Hl
RO R 7 Z 4 v v 7 %filfillds RNAFSGZ Vv X2ETHY, ZhETice b

TIE 12 HEESHRE SN T3 (Figurel-3) SR X VX7 HIZ 127132 2D
RNA ffi& M A 4 ¥ (RNArecognition motif : RRM)&T/I/‘*\— Ve VICEATR
RS F A4 v% DD [22], RRM I RNA ~DFEAICBEIS L, RS F A4 vidx v
N7BEEDREICEE L TwS 23], SRﬂ//\ B oH T, SRSF1. SRSF4,
SRSF5. SRSF6. SRSF9 i RRM # 2 2FH LTH Y. RRM?2 | RNA #EAICEIL
THANFFEER S W L ME I NTE D [24, 25]. HED mRNA & DOfEAICHE
FaEZH S T3,

[SR % > /37 B DHEE

*SREAVNIBIZELBRT 747§l

mRNA FifAD 277 4 > v 73 EMAEY OBIG T RIVICHHARBIETH 5, R
AT 54> v e 3G HHEHO —>Th 2, BIRNA TSI 4 > v 7cli, 8
BoA v o vyizRio 1 fEHO mRNA FilA2 L, B XX —VvDRT T4
VT X EEEE O A mRNA 2R E NS 23], 7l & 74%D e b
BIETRERNNRA T 740 v 7% T3 2 L3WEINTHE [26], HEIRAY =2
774 v D% AR MR R, IR ERBIRENICHIE I Tn S
[27].



https://www.phosphosite.org/

SR Z Vv XIBHIIEENRATIALV JICEETH 20, ERRT T4
Y ZICEBWTIRFRRN G ~DHGIC L o TAT 74 & v FEfL DR %
HEL TR nEZLND, 7Y VHRGFEL, 7V VERIICE A Z TS
ZRib, A7 74 v v 7% {@H#ET B exonic splicing enhancer (ESE) At%1iC SR X
VRNTEPREETEETRTTA v IMEEE D [22].ESE [it4l % SR &
VNRIEDORREBICEDAT TA LV V TRERLATTA LV IRERBEL S
ERKFERT DT OLX Y NIERRRL LY, JRELPFIET S [27], b
MCBITBEEDHK 15%BARATIA4 LV FRBEICI2bDTHEEEZLNT
w3 28],

- AMPK JEHILIC L 2BIRNR 774 TZE1L

REMEY 2 e 7 4 —type ] DMD)IZEA TR OEEDOEH VY A + a7
4 —FETH Y, B - RGO AL ST, OIR. NWRe PR Ra &% b
RIS EETH 5 [29].

DM1 3% 19 HROIEKICHEET S I A =v 7o b= v FF—% (DMPK)
Bn T 0 3FERIERMEICTFAE S % CTG/CCTG KAIEELH o B i fh R 2SR IA T H
% [30], DM1 #EFE MM IC B W THE L 72 CUG/CCUG KERLH| & = 7
7 A > v ZHl#IRF ¢ % % muscleblind like splicing regulator 1(MBNL1)2% /57
TEZEDBHLERoTWD [31], L72255> T, MBNL1 282 O L 72 K18
FCAicHfife L5 2 & © MBNLI OEWHESME T T2 2 & TR T4 v v JiESH
BEERR I INDEEZLNT VD,

DM1 HE DA v R ) VIRGiEDREZR L LT AMPK &M LFITH 2 A b
FAIVBENTH L ERMEINTWDS [32], 5T, ITEOHTICLD
DMI RKELFDOAR T TA L Vv FRBERA IRV IVICKoTHEINLZ L
RS e 7572 [33], L22L, AMPK BRED X ) RREEEZNL TR T T4~
VIREE L RITTHIICOWTIZHO L 7o Ty,

[AMPK (2 & % B -catenin IR &)

S -catenin |77 K~V VHEG X Vo7 H E LCRGE S, MiluEs IcEE s
T ZH S L EIRRIC, RFEAE-ClER D EH M ICHER ICBI 532 Wnt & 7 F v iE
AN CEIETOREZGIE L T2 [34], £ DRAICEWT, B-catenin 234
fUE CEICEEFICERL T 0., K & 7 o CTHSAIY o HhE =2 iEbE
IB8H > T3 [35],

Wnt 12 X 2 HIE D 72 WARBEIC B3\ TUIAIIEE D B -catenin 2% Axis inhibition
protein (AXIN), Adenomatous polyposis coli (APC), Glycogen synthase kinase 3
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(GSK3B)2> b 72 5 Axin HEMWRIC K 2V v 220 % [36], V viE{lbx /B
-catenin |¥ E-3 = v ¥ F V{L[#FE TH % B -Transducin repeat Containing Protein (8
TICPYIC X o T FF kI nN<TrTur 7V —LilkoTHfREns & T
FIPMEL Rz T % [37,38], Wit 25 BIRTH % Frizzled ¥ 72 13 AR ZH
Kk ©&® % Low-density lipoprotein-related receptors 5/6 (LRP5/6) & #5& 3 % &
dishevelled (DV)2SHAEiE~& U 7 v — F SN B F5HR. Axin HEERDERRE 23 P
XN, B-catenin IFLENL THE~EITT S [39], BXICHIT L 72 B -catenin 1
Tef/Lef & #i& L. CyclinD1 ¥ c-Myc B 72 L ORBZEET L itk o T
M o sEhE AL 2 i L T 5 [40],

AMPK 237EME(L 32 Z & C DvI3 OFEIEDHA L, S -catenin FEHL &= A3
YT LEPMEINT NS [41], L2 L%AED DL, AMPK 2AEEE N L TED
L INEHIFIL TH BRIV TEZONTHEBEEOREHL 2L o
TR,

[SR % /x4 &I & % B -catenin FIRFI )
SR X v o8V EIE% K BRICHIEL T 545, —#iE mRNA &G L7ZF
FHIEEICOFEL T3 720 [42,43]. SR &2 v o3 27EI3ERICH BS54 5 1]
REVERZEZOoNS, TDXIHREZITL—EL T, SRSF1 FFKY UKy —L1e
% LLESE itY| % & A 72 mRNA OFERZfEET 2 2 L 3R S LT 5 [44),

Z DX 57 SRSF1 IC X B2 EHERDAEHEIC TR T T 4 v v ZHRAFH B 5\ (3P
RIFHI 22 HIENIC X 32 mTORC1 & 7" F AR DIEMAL 2385 L T 3 [45, 46],
SRSF1 IC X 5 A7 7 4 v 7T X - T ribosomal protein S6 kinase beta-1 (S6K1)D
short isoform 23EE N5 & & BE I N TS [47], 428 mTORCI & fEE
35 Z & T mTORCl 287 PE{L X 1. Eukaryotic translation initiation factor 4E-
binding protein 1 4EBP1)D U v (b 25 ER- L. #HaR25EMELT 2 [45], 72, R
7T A v ZIEKER I & L <. SRSFI I mTORCl DK T TH 5
mTOR ¢ EFEEST 52 & TZDEE TH % ribosomal protein S6 kinase beta-1
(S6K1) *° Eukaryotic translation initiation factor 4E-binding protein 1 (4EBP1) ® U
VL LR L. BERSEN LI N 2 e BME I N T B [46].

Wnt & 7 FIUHREEEIC B\ TEE 2% HE| % b D B -catenin (X SR X v ¥ 7 H (T
Lo CTx OFEREMAL IS 2 L ML SN T 2% [48], SRSFI & SRSF9 i%
ﬁ -catenin mRNA & 549 % Z & T mTORCI (€ X % B -catenin DFYR % it X &

% [48], L2»L., SR&Z v 37EHL ﬁ -catenin mRNA DGl T2 A 71 =
R LD WTIEREZAH R E DS



CGigA=1:v)

AHFFETIE AMPK IZ X % SRSF1 JZUF SRSF9 DHTHL Y v E{LiERiZ N L 7=
NoHo xR VN7 EORREHIEERE ORI Z BV & L 72,

F=ETlE. AMPK 25 SRSF1 ® V VgL Z N L CGEIRINA T 74 > v 7%l
HIzoTEhwrELRE, £D7=®, SRSF1 ® RRM E¥|HIcH % Serl33
235 AMPK IZ X - TV vR{LiERi%# 321 %5 2 &1C X % SRSFI & mRNA DFEAZ
fte. 2DV Vgt %/ L7z SRSF1 {KFEH 72 R 7" T 4 & v AN D\ CTERT
i1 277,

FPUEE T, B -catenin O AMPK I X 2 FEEIHIMEIHAE 2 X 0 FEMIICHA S e §
% 7212, SRSF9 @ RRM HeHHICH % Serl23 78 AMPK I X o> TV Vigfb
5ZLick?d mRNA L ofitrZ{t e, SRSF9 @ U Vg L % /> L 7z B -catenin
mRNA DFIEREIENIC > W TR 21T 5 726



EmtE, BRIERXFLR

O_\ P AMPK
GLUT4 N
maot | P

mTOR
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Figure 1-1 AMPK IC X 3B D ) v E{l

AMPK [FZ AV F—Z b L RICIGE LT LKB1 ®° CaMKK I & - TV vl
LS 5. AMPK BERE O ) VIR(LZ 0 L TRk 4 U 2 HilliH L T 2,
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Mass spectrometry analysis of purified
. A AMPK binding proteins

J LC-MS/MS
Beads

Motlf analysis of AMPK
lp phosphorylatlon site

urification

I _—> AMPK recognition motif
Beads

Novel AMPK substrates

SRSF1, SRSF9

(SR protein: Serine and arginine-
rich protein)

Figure 1-2 #TA AMPK JE @ B3R DR X
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[sO0—=Y%)

cRVINVBHRRTIFIAIF
t FIEHER D cDNA 2§51 & LT Table1 iICH B 75 4 ~—% T PCR
ZiTo720 TNZZNZNAIRIL T G727 X2 —ITHAIAALTZ,

- IZEEFREZ7IAIF
Human genomic DNA (7’0 X 77) %#8ME L CRon DL YV vV 10 b7
YV 12 ETCOA VoY EREURINEZUTOT 74 ~—%H\wT PCR ICX -
THIME L. pcDNA3.1+~_ 27 2 —HIZ ® % Hindlll, BamHI ¥ 4 F I AIAA TS,
Ron nt.2507-2990 primers
Forward, 5'-ATAAGCTTTTCCTGAATATGTGGTCCGAG-3';
Reverse, 5'-ATGAATTCCTAGCTGCTTCCTCCGCC-3’

[RIRT 7RI FADZEEEA]

FIT 7 A I PICEM R R 28 A% 9 5 729 1T PrimeSTAR Mutagenesis
Basal Kit (Takara) @ 7' 8 b 2 VICHEWEFE AR 77 4 ~— %%l L 72, Table
2WEHBTIA=—Lx =7y MEEEEL 7T AIF DNA 2T PCR %
fTo72o PCREY) 50ul i< Dpnl 1 pl A, 37°C. 1 Kffil 4 v F 2 _—} L 7214,
KIGHICIEE L CEREA K ZG 72,

(R E]

HEK293T #ilfic i © b JiE VB ok HEK293 Mg ic SV40 7 4 v 2 B3k T-large #T
JFELF AR T CTH 5, 10% fetal bovine serum (FBS; Gibco) & 1%
RV Y V-AMLT A v VIR (Wako)Z & T Dulbecco’s modified Eagle’s
medium-low glucose (DMEM; Wako) % A S L & LT, 37°C, 5%CO2 14 v F 2~
— X —NTH#ELZ, MCF7 fildid v b FUEdRMIakkcH 2, 10% FBS. 1%
R=P YV RAML T =AY VL2 A& I VIER (Wako) % &8 DMEM-high
glucose & ZHAFEH & LT, 37°C, 5%C024 v F 2 _X—X —NTHEEL 7,

12



[Western Blotting (WB))

- A LD R Ny BRI
6-well plate CTHs#E L 72l 1 Triton X-100 buffer r (10 mM Tris—HC1 [pH 7.5],
100 mM NaCl, 1% Triton-X100, 2 mM EDTA, 10 mM pyrophosphate, S0 mM NaF,
EDTA-free Protease Inhibitor Cocktail Set IIl DMSO Solution; Wako)% 1 vV = V& 7z
D 300 pul $OM A7z, MIEAEEILL, 4°C. 15000 rpm T 5 Rl 0@ 0%, Lk
ZHEE 1.5ml Fa—7ICBE L, SDS ¥ v 7Ny 77— (62.5mM Tris-HCI ¥ ¥
7 7 — (pH6.8),2%SDS, 5% A 7 1 — X, 0.005%Bromo phenol blue, 50 mM DTT) %

Mz, 65°CT 10 7pfENEVILEE L 72,

- SDS-PAGE
IR T TVKEEIC T ARy b L. T AR E N Z pkE) Ny 7 7
— (25 mM Tris, 192 mM Glycine, 0.1%SDS) Ciili7z L7z, v 7 A% 5ul 7 7 7 4
L CEBRCEMEILVETIIZ AV 1IIICD % 20 mA THKkEIL., HEE7Z Vicy v
TUAPREEL THH 7L 1 RICTD & 40 mA TKEL 72,

70y T4vY
g2voATmyTravrEECTR Yy T4 VT EIT57,PVDF A V7LV
BAR) =M1 BEL, PI VAT 7 =Ny 77— (100 mM Tris, 192 mM
Glycine, 5% X X J —MNC 2 3R L7ce TNAFAKX =1k v F DEHZRHEIO
L’774ﬂ~ﬂvFﬂﬂﬁPwmxy7wwxfW®mmkyFLt%va
EBEETIRM027ay T4 v 7 LT,

- fFRR. BH
TR TAVI LAY T LY %R 5%AFLINT/TBS-T Ny 77 —IC 1
BRI L C 7y ¥ v 7 L7z, TBS-T THEEIHHE L 721%. Table 3 1ICH 3% —XK
k% 5%AF L INZ/TBS-T Ny 77 —THMRL, ZTHITAVYTL Vv EFEL
THUEPARMIG 2 FiR ¢ 1 B, £7213 4°CT 12 B BT o720 A v 7LV
ZHUH H LT TBS-T »Y v 7 7 — CHUEIPES L 725, HRP EGR XYk % 5% A
FLINZ/TBS-T Ny 77 —TCTHMNL., Ein T 30 /rfEikE X ¢ 721, TBS-T ¥
v 7 7 —CHEIEEH L 72 YERR. AV 7L v R RERIKICGE L, BmHEE
Ty IR L7,
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[F5>YR7 x> a> (PEI MAX)]

YT VIBRIC K o TT 4 v v a bR L 2MlE% 6-well 7 L — b ICHll
Wiz, £ D 24 FifE]#£1C PEI MAX - Transfection Grade Linear Polyethylenimine
Hydrochloride (Polyscience, Inc) % FH\» TIE{n 8 A% 1T > 7zo PEIMAX mix 250
ul (5 ul. Opti-MEM 245 ul) & DNA mix 250 pl ZZFEF2EA L. 20 oHER T
B L 72 1%, FBS AU B2 il 2 CHlARICiE T L 7z, 18~24 WFfE]#2 1 B Zg
27~36 IRFfE 2 1 HIAE & Y L 72,

[(PA4NVZREA (ShRNALYFIALILR)]

- shRNA IR 77 X I FDIER
PUTIchsA )X AF V27 ==Y v 7 L%, pLKO.l R7 %2 —]
IC® % EcoRI, Agel 4 MICHHIIAAT,
SRSF1 sense,
5-CCGGGCACCACGAAACCTGTAATACTCGAGTATTACAGGTTTCGTGGTTGCTTTTTC-3'
SRSF1 antisense:
5-ATTGAAAAAGCAACCACGAAACCTGTAATACTCGAGTATTACAGGTTTCGTGGTTGC-3’

- AL RIESY
pLKO.1 ShARNA X7 X — 2 L VFUANARNYy F =V V7T T A IF
(psPAX2,pMD2) %V VEA AL T LIETE 7V A7 27 ¥ a v L, 48 Btk IC
T ANRZ L 7214, fEEE 05 CiRAE L 72,

« JHRRAAD I A IV R g
MCF7 fIfEIC shRNA L ¥ F 7 A L 2 % &Y & &, 24 BRI ICHIBIE DS 2 pg
mlic7zb X5 ICa—v~f v vy&HEPL, 7THRRLZ v a v &{To 7,

[/n vitro GST pulldown assay]

GST Fl& 2 v 7B 77 2 I F (pGEX-KG)ZE A L T KEGE % BE
HRffa L, 7V F ¥ —#. 1mMIPTG %l 2 T 30°C T 4 BEfiR58 L 72, 4°C. 15000
rpm T 1 73fdliE0 L CEERFI#&. Lysis buffer (50 mM Tris-HCI pH8.0, 5 mM EDTA,
Glycerol 10%, IGEPAL 0.5 ml, 50 mM NaCl) 1 ml % Jill 2. C &% L 7=, JK_E T Lysis
buffer I X N ERPEZEHICR L ETY =7 — X — I X o THL 72,
13000 rpm. 15 srflE 0%, EEZH LW 1.5 ml F = — 7 L. Glutation
Sepharose beads (GE Healthcare) % 20 pl il 2 C 4°CC 1 RefE[EIEREA L 72, 13000
rpm T 1 7pfiliEO L2, EiEZFRZE L. PBS 1ml T3 [EPEHEL 72,

14



HEK293T ffiitlic AMPK ¥ 7 2= v % % 1% 1LiEFIFIR X & TritonX-100
buffe 800 pl THEINL 72z, ZD 5 HD 10 ul Z5EL, Input DY v 7k Lz,
¥ Y % GST. GST-SRSF1 pulldown FIC-E 3 D F 7214, 4°C< 18 KFfE LA L (9]
BLRAM L7z, PBS 1 ml TS EIPEH L, SDS YV T ANy 77 =%z, 98°CT

SrTRMBVILEE L 7=,

[/n vitro kinase assay and kinetic analysis]

GST @&~ 7F F 2 KB OREL, ChE2RELE L TH, GST-
SRSF1 & AMPKal/B1/y1 Y aveidv Xy %78 (CarnaBiosciences) % ¥
F — ¥ K mix (18 mM Tris-HCI [pH 7.5], 10 mM MgCI2, 50 uM cold ATP, 1
mM DTT, I mCi [y*?P]ATP)N TG X &7z, Z 4% SDS-PAGE icfitL, A —}
SVF T 74— Lz, AT 4 7 AHETIX, KIGH % Whatman
Regenerated Cellulose Membrane (GE Healthcare) IZif N L C 100 mM ® U V[N
vy 77— (pH7.0) T6FPEFHFL., Wk vFL—va VEETHEL 7%,

[Immunoprecipitation ($25&kEi%)]

Triton-X100 buffer THlifid Z [FIUX L, $TfA & Protein G Sepharose 4 Fast Flow
(GE Healthcare) ¥ 7z I3 anti-FLAG Affinity Gel (Sigma Aldrich)“@%ffv‘?% Bz iT-o 72,

mTORC1 & SRSF9 & D&% T3 2554 1C1X. CHAPS buffer (20 mM
HEPES-KOH [pH 7.5], 60 mM NaCl, 0.15% CHAPS, 0.5 mM EDTA, 10 mM
pyrophosphate, 50 mM NaF, and EDTA-free Protease Inhibitor Cocktail Set III DMSO
Solution) THliZ % [BIIX L . anti-FLAG Affinity Gel (Sigma Aldrich) CZ VLR % 17
5720 WIEIIEIZLAT O Y 12fT - 72,

6-well plate IZ}5%88 L 7= Mg 2 & H N v 7 7 — 800 ul THIAZZ [EIL L 72, 4°C,
15000 rpm T 20 SpfEli. L, BiEZFBUR L 72, 2D 5 H D 20ul Z593F L. input
DYV TNl Lz, 700 ul 537E L 72D DICHUR 5 pugE 72 1% anti-FLAG Affinity Gel
Z20ul iz, 4°CC 18 LA L InHmiE A L 7214, Hiik % N 2 727512 1% Protein G
Sepharose 4 Fast Flow 20 pl il 2. & 512 2 B E#EIRA L 72, 4°C. 8000X g T 1
SiE O L, EiExRRE Lf:o E—XIAEE Ny 77— 1ml 2%,
4°C, 8000Xg T 17l L. RiEZERELZZ, ThE SEEEVIRL 7z, 1X ¥
VIR T 7 —% 40l 7J[]71’C 65°C. 10 RIMBVILEL, sz IPOH v T
ne Lz,

[Immunofluorescence ((aiEH yeietaik)]
4-well plate I\ 72 Mid% PBS THEV . 4% paraformaldehyde TREIE. 0.1%
Triton X-100 in PBS Ti@EEULEE L 7=, PBS Tit - 72, 2% BSA in PBS T 30 2>

15



7uay ¥ L, PBS PEEE. —XPUEE XA cE NN 90 EIERA v
F 2=t L7, D% PBS THtiF L. DAPI AV B AKICE A L. L S BEM
Hom L7,

[In vitro RNA-protein pull-down assay]

Table4 ICH B A+ F V{LRNAF V TX 7 L4 F F% FASMAC IZIRFE L T&
L., ZhExfwiz, AFL 7T EY v E—X(Agilent Technologies), & 4 F
Y{t RNA 7'© — 7", RNA capture buffer (20 mM Tris-HCl [pH 7.5], 1 M NaCl, 1
mM EDTA) ZiEA L. EiT 15 7HEHE L 7z, HEK293T #flid% Triton X100
buffer TEIUL L. 15%7° VU & 7 — )L protein-RNA-binding buffer (20 mM Tris—HCl
[pH 7.5], 5 mM NaCl, 0.1 mM EDTA, and 0.1% Igepal) & JE& L. Z#LIC RNA fif&
E—X %M T 4°CT 30 /rMEEREA L 72 RNA-Z v X 7 EHE AR %Z Wash
buffer (20 mM Tris-HCI [pH 7.5], 10 mM NaCl, and 0.1% Igepal) T¥E\>, WB IC T
RNA 7 a—7 & fEE L7z SRSF & v X 7 E & ZMNT L 72,

[Reverse transcription PCR (RT-PCR)]

MCF7 #lii@® Total RNA % RNA isoPlus (Takara Bio) <TIEJY{L. gPCR RT
Master Mix with gDNA Remover (Toyobo) % Fi\>C ¢DNA &L 7z, &L 7z
¢cODNA . 7 7 4 —~ — (forward, 5'-acctagttccactgaagcct-3'; reverse, 5'-
accagtagctgaagaccagt-3'). EmeraldAmp PCR Master Mix % F{\>C PCR % {T\>, 3%
THE—=ZRTOVICKEIL, =F Y7478 K~ 4 FIARTDNA Z3@G L, %4
Pz BT L c L 7,

[RNA-crosslinking immunoprecipitation
(RNA 2R RY v REZLEE)]

NI VAT 2V va v Ltk 36 KR, PBS T 1 [>T UV (480 ml/cm?)
#Y¥{TCTr7vuRY v 7 L7z, RIP buffer (150 mM KCI, 25 mM Tris-HCI [pH 7.5],
5 mM EDTA, 1 mM DTT, 0.05% Igepal, 10 mM pyrophosphate, 50 mM NaF, EDTA-
free Protease Inhibitor Cocktail Set III DMSO Solution, and 100 U/ml recombinant
RNase inhibitor; Takara Bio) CHlifEZ BN L., vV =7 — & — Cllifie 2 B L 72 1%,
15000 rpm T 20 ZrfuliE O LT B Z B L, anti-FLAG Affinity Gel THZikE
L7z. SJZULHEY v 71T 0.2 mg/ml @ Proteinase K (New England Biolabs) % fill
% T 37°CT 30 /7[R G X & 72, NucleoSpin RNA (Takara Bio) T Total RNA % i
H L . PrimeScript RT-PCR Kit (Takara Bio) C ¢cDNA Z & L 7z, Y 7V % 4 & PCR

16



I% FastStart Universal SYBR Green Master Mix (Roche) & Table 3 ICH 5 7' J 4 <~ —
% o TR L 72

[)U71n%24 L PCR]
FastStart Universal SYBR Green Master Mix & Table 5I1CH 5 77 4 ~—%HW»
THRAT L 72,

[BEatiEin]

FRNTAE SR D 277 7 1% 3~4 [M DS L 7= KR O FEH, = F — =13 SD T/R L
TW5, tRE % 72 1% Tukey-Kramer B7E % H W CREFI O B EZEWRTE 217 - 72,
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Tablel 7v—=VvZI{EALEZ7T 74 ~—H5&

FIE T T X I FEL*F XNTHumanlB ¥k

Forward_Primer, F:

Reverse_Primer, R:

p RK7-AMPK y

p RK7-Myc—SRSF1

PRK7-Flag-SRSF1

pRK7-Flag-SRSF9

pGEX-KG-SRSF1 109-158

pPGEX-KG-SRSF9 98-148

pPGEX-KG-SRSF1 _Full-length

pRK7-Myc- B -catenin

X M X T O T O M

0 T X T O M - M

: ATGAATTCGGATGGAGTCGGTTGCTGCA

: ATCTCGAGTCAGGGCTTCTTCTCTCCAC

: ATAAGCTTTCGGGAGGTGGTGTGAT

: ATGGATCCTTAAGACCACTGTATCCAATTCTGG

: ATAAGCTTTCGGGAGGTGGTGTGAT

: ATGGATCCTTAAGACCACTGTATCCAATTCTGG

: CGATGACAAGAAGCTTATGTCGGGCTGGGCGGAC

: CGACCTGCAGAAGCTTTCAGTAGGGCCTGAAAGGAGA

: ATGAATTCTATCAGCATCTCCTCGACGA

: ATAAGCTTCAACCAGTGCCATCTCGGTAAA

: ATGAATTCTAGGTGGGAGGAATGG

: ATAAGCTTCACCCCACTCCATCCTTCTG

: ATGAATTCTCGGGAGGTGGTGTGATT

: ATAAGCTTTCATTATGTACGAGAGCGAGATCTGC

: GGAAGATCTGAAGCTTATGGCTACTCAAGCTGATTTGA

: CGACCTGCAGAAGCTTTTACAGGTCAGTATCAAACCAGGC

18



Table2 77 X I FDNA~OEFREAIHHL 2774 ~——&

NS

Forward_Primer, F:

Reverse Primer, R:

SRSF1 109-158 (S133A)

SRSF9 98-148 (S123A)

SRSF1 (S133A)

SRSF1 (S133D)

SRSF9 (S123A)

SRSF9 (S123D)

B -catenin

(c. 1187-1206;
b'-aagggauggaaggucuccuu-3'to
5'-aagguuauugaggucuccuu-3')

F: AGTGGAGCTTGGCAGGATTTAAAGGAT
: CTGCCAAGCTCCACTTGGAGGCAGTCC
: TCAGGCGCCTGGCAGGACCTGAAGGAT
: CTGCCAGGCGCCTGACGGAGGAAGTCC
: AGTGGAGCTTGGCAGGATTTAAAGGAT
: CTGCCAAGCTCCACTTGGAGGCAGTCC
: AGTGGAGATTGGCAGGATTTAAAGGAT
: CTGCCAATCTCCACTTGGAGGCAGTCC
: ATGAATTCGGATGGAGTCGGTTGCTGCA
: ATCTCGAGTCAGGGCTTCTTCTCTCCAC
: ATGAATTCGGATGGAGTCGGTTGCTGCA
: ATCTCGAGTCAGGGCTTCTTCTCTCCAC

0 M O M X T - M O T O

F: GGAAGTTATTGAAGGTCTCCTTGGGACTCT

R: CCTTCAATAACTTCCTGTTTAGTTGCAGC

19



Table 3 —XPLiA

iiE% =
HA-antibody MBL
Flag-antibody MBL
Myc-antibody MBL

SRSF1 Monoclonal Antibody (96)

) v #{tSRSF1 {Cys+LPPSG(p S)WQDLK-NH,}
Anti-SRSF9 (SRp30c) pAb

Phospho-Acetyl-CoA Carboxylase (Ser79) Antibody
Acetyl-CoA Carboxylase Antibody

AMPK y 1 Antibody

Thermo Fisher SCIENTIFIC
BRASHRT 7 LICEREKE
MBL

CST

CST

CST

Table4 v AF VLRNA 7u—7

N sl

WT: CGGAGGAAG
Mut: CGGTTGTTG

Ron

WT: AAGGGAUGGAAGGUCUCCUU
Mut: AAGUUAUUUAAGGUCUCCUU

[ -catenin

20



Table5 V7AEXALPCRATI7 4 ~—

H¥ 4

Forward_Primer,/

Reverse Primer (5'—3")

Ron (RIET7 57X I RO %#ET)

[ -catenin

GFP

F: CTACTGGTGGCGGAGGAAG

R: GGCCGCCACTGTGCTGGATATCTGC
F: CTACTGGTGGCGGAGGAAG

R: GGCCGCCACTGTGCTGGATATCTGC
F: AGCTGACCCTGAAGTTCATCTG

R: AAGTCGTGCTGCTTCATGTG

21



E£=% AMPKIZ& % SRSF1 DV L
HE il el

WE

W, AMPK JEHLFITH B2 A PRI VICX o TEIRINRA T T4 2 v 728
EE$ 5 EPMEINTWS, L2rL, AMPK 25 OFE %/ L RN A
TIAL T HGIEIT B RIS 22 L I o Ty,

% T, RETIZ AMPK il HEM Oh 6. X774 v v Ziillihc S
32 RNA B XV X278 TH 2 SRSF1 ICEH L. AMPK 78 SRSF1 % U Vgt
T2ZETARTIA V7 2GHT 20 EHO P ICT S22 Z#HMWE L
72o HB—HiTI3 SRSF1 ® AMPK I X 2 U vEE{LICOWTRENT L, 5 Tl
SRSF1 DJHTEZEALIC D WTHF 72, F=HiTlx AMPK IZ X % SRSFI-RNA #5&
ZAt % in vitro RNA pulldown assay I X > CTi~7z, FHPUHITIZ. AMPK I X %
SRSF1 OV vtz Nl C~2u 77—l s vV EZREE X F—¥ T
% RON DIEIRI R 7T 4 2 v I DEACT 2 DT 21T - 72,
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%£—8i SRSF1mnl) vt

Hs
27T 4y 7535 AMPK @%’Ej%ﬁia‘%fw) . AMPK & & v
NI R RERLL 72, LC-MS/MS IZ X 3 EEMRITZ{TV. AMPK &fEAL7ZX

YN IBEERHE LT, AMPK fEG 4 /»7’,%?& LT oL@ Y X+ o
5, AMPK IZX o CTV Vgt %52 %5729 D AMPK iZifktF — 7 % Hfo T
BRYUNIERMB LT, FORR. 754 v 535 RNA RS &R vV
N7 TH D SRSF1 % AMPK O FHIEE A & L CRH L 7=,

Afficld, £3 AMPK & SRSFI DFEAEICOWTHNT L. KRIC AMPK IC X %
SRSF1 D U v FEALERLL D KE % 1T - 726
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eSS

- SRSF1 I¥ AMPK ¢ 563 5,

FeATHIFEIC BT LC-MS/MS (T X % g 2> 5. SRSF1 & AMPK & Difii 5237k
BXNT=Z &5, in vitro ROHIIEHN TD SRSF1 & AMPK fE&ICDOWT D X
57 BRI %#1T 572, SRSF1 & AMPK D& ZHH$ 2 720 1c GST &R D
SRSF1 (GST-SRSF)ZMEHIL, 2 & AMPK OF% Y 7 2= v b Z@FFHR S &
7= HEK293T M D # IR E 3 % Z & T in vitro GST pulldown assay % 71>,
VI ARV TRy T 4 VI (WBIWC TR L7, % DfER, GST-SRSF1 &
AMPK O&H 7 2= v b L DFEE DR S 7z (Figure3-1A), Kic, HilEAIC
F1F % SRSF1 & AMPK & DFEEIC D\ THREEVLRGEEIC TN 21T o 72 A5 3.
SRSF1 & AMPK &% 7 2=y I & DfFEHRRA S N7z (Figure 3-1 B), #E\ T,
WTEMED SRSF1 % Bl L 724558, AMPKal 7 2= v b & SRSF1 & D
HHD b7z (Figure3-1C), L7225 T, AMPK (% SRSF1 &fEA$ 2 2 &8
BHO b 7o 72,

- AMPK | SRSF1 @ Serl133 %V vk 3 %,

SRSF1 ® RRM2 FitHlIN IC AMPK 525%€ 5 — 7 lid%l & —3 3 2 Blh 3 F7E L C
5. AMPK | SRSF1 @ Ser133 % V) Vgt 32 2 & BRFHEEI NS, /2, 2D
EF—T7EHIEe FRET T T4 v a2 B OB ORI B W CE R
FEEI T\ 7z (Figure 3-2 A), % Z T SRSF1 @ Serl133 7 AMPK IC X > TV Vg
fLEn 2 2L ICT 27201C, Serl33 & T SRSF1 X 7F F (a.a. 109-158)%
AMPK OFHHE & L CTH T in vitro kinase assay \C CRENT 21T 572, % DFER.
SRSF1 =7 F FO¥pAR (WT) Tl AMPK i X 2V v IE{L2 B & 7z 25,
Ser133 % Ala lC & L 72 S133A 13 AMPK I X o TV VgL & L7 A > 7= (Figure
3-2B, C), L7225 T, AMPK I in vitro I3 >T SRSF1 @ Serl33 ZEH Y v
b3 2 LB L L oz,

RIT iﬁ%ﬁﬁ&lﬂ’? ICHWTH AMPK %8 SRSFI @ Serl33 # V VBt 3 2 2%
i3 % 72 0 IR R BT ) v (L SRSF1 JUAZ Hi7- 1Ic/ERIL 7=, 97, @
FERICE )‘5 AMPK @V vt % i~7z, HEK293T #HfZIC Myc-SRSF1 &
AMPK DS 7 2=y b ZBFEFREI &, WB T T Z2{To 7z, % DFESR,
Myc-SRSF1 ® WT & AMPK % HFIL & & 7= Mifd CIdERL L 2 ifhic X 2 8 F
BT, Zofiichit) vIE{LEER 2T 2 2 & T DNy FITHEL
7z (Figure 3-2 D), & 51, Myc-SRSF1 S133A I3 AMPK iC X > C VU Vit
727> o 7= (Figure 3-2E) LA EDFERD S, SRIF 72 IT/EEL 72 Ser133 @ V V[
{LRERPTIRI Ser133 @ V v B{LEMi 2 FERFICHETE 2 2 L BHEZRTE 72,
e T, NEMIC B W T B [ABRIC AMPK 12 X % SRSF1 @V YL 235380 b %
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PIGES 5 72 @12, AMPK FHEAICTH % Compound C & AMPK {EHALAITH 2
A769662 % % L% 7L HEK293T i i L. WB I Tt 217> 7z. AMPK [H
EHITH % Compound C Z i3 5 Z & TSRSF1 DY VEEILIZMKT L (Figure 3-
2F)GEELAITH B AT69662 Z I3 5 Z & TZ i A L7 (Figure3-2 G),
L7223> T, MifdNHBWTH AMPK 12 SRSF1 %V VgL 52 2 L 3L & 7
h. X 5IZ Compound CIHFMIC X > TCZ DY VIBLARTHAZF KT L2 L2 6,
AMPK % SRSF1 @ Serl33 @V VEB{LICHBWTEELAFF—XTH B Z &R
g XN,
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Figure 3-1. AMPK |3 SRSF1 & #Ei&3 5,

(A)GST 5 X' GST-SRSF1 #ZNZN) aveF v b Xy X7HELTAKL
72o T & AMPK AR % B HI & ¥ 7- HEK293TMifle 7 4 £ — MR ZRE
L7zth, VM2 FF v 2770 —AE =TT AXY Y L7z, (B)Myc-SRSF1
& Flag-AMPKP1 % L7 H v . 72 L © HEK293T M ic sl FIL L. $T Flag
PUARCORIZILEL 72 . (C) WTETED SRSFI-AMPK f& & 1C D W CENT I % 729
I, PTSRSF1 YA THRIZVLIE L 72,
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Ser133

SRSF1 N-p1a el I RRM2 | Rs |-C

-3-2-10+1+42+3+4

AMPK recognition motif LXXSXSXXXL
Homo sapiens 126-LPPSGSWQDLKD

Mus musculus 126-LPPSGSWQDLKD
Rattus vnorvegicus 131-LPPSGSWQDLKD
Xenopus tropicalis 148-LPPSGSWQDLKD
Danio rerio 125-LPPSGSWQDLKD

GST-SRSF1
(a.a. 109-158)

— GST WT S133A

Recombinant
AMPK

[Pl

-~ SRSF1WT
- SRSF1 S133A

Phosphate incorporation
(nM/min)
o
T

0.05=
0.0
0 50 100 150 200 250
Substrate (uM)
SRSF1 WT SRSF1 S133A
Vmax (nM/min) 0.206 0.020

Km (uM) 31.54 422.0

mmol phosphate/mol peptide

(30min) 0.117 0.001
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Figure 3-2 A-C. in vitro 12> T AMPK (¥ SRSF1 @ Serl133 % U V&
It3 %,

(A)SRSF1 ® F A4 v & AMPK I X %V vg{beF —7ic2T, (B,C)SRSF1
DEHINICD 5 109~158 TFHDO T X Vo757 F FEZEK L. in vitro 1T
BTSSR T NV L2 ATP & AMPK V) 2 v v F v b X Vo828 T VLK
J6% T 2720 (C)SRSF1 DA 4 AT 4 7 Afd#t. G L7=_7F F& AMPK V
avEeF VRV TEE 304550 Y VARG X 2 72, GraphPad Prism8 % F\»
THERIGHEED 77 7 %FK L., Vmax & KmfEZ&H L 72,
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Figure 3-2 D, E. JBFIFIH R IC B\ > T AMPK 1% SRSF1 D Serl33 %V

VIgL3 %,

(D, E) HEK293T #lifidic SRSF1 & AMPK &% HLFIM L, By vig{LigEE%
WML 720 D L RO b D% B L 72 (D), SRSF1 OBFpARI L JEY v gL A

FR(S133A)D AMPK i€ X % U V(LD ILER (E).
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Figure 3-2 F, G. AMPK DiEMEZEAVIC X - T Ser133 ® U v B{LIRFEIZ
ZHI3 5,

(F, G) ¥EM: SRSF1 @ U v (i 2T, MCF7 #ifZic 20 uM ® Compound C
(F)E 72 1% 250 uM D A769662 (G)Z INHI L. 4 FefEl#& IcHif@Z BIIX L, $T SRSF1
PFURCHRIBIIEL 72, Y222 v 7oy FOREEZEIRL, AT 3 Bk
% image J THEAL L F — X v SRSF1 icxf4 % U viE{t SRSF1 0 E &% 7T
WKL bDERLTZ, 77 73 NTNFEMELZR L, 7 — N — 3T HE(F
=T LT 5 (n=3,¥*p<0.01)
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$E_"f1 SRSF1 niiaANRTE
Hs

SRSF1 13V vt A FALBERIC X o TRIRRRER/MIZ 5 1 % Z & CHlIgX
TORIEPEL L., ZOMEEAHIEHI N TV D Z L BME I N T WD [49-51],
Z D7, Serl33 ® VU vEE{LIZ X - T SRSFI DHMIENBENEL T 2 DTl
W, ERERE LT,

AEiCld. AMPK IC X % SRSF1 OfiftNTORIEDZALZ T~ 2 7291
AMPK {EHALAIOF N3 X O SRSF1 ZZE{KIC X 5 SRSF1 DJFTEZALIC DWW T
I HOE GBI TR L 72,
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eSS

+ AMPK C X - T SRSF1 DHIENEEIZZEA L 7\,

AMPK 23NTEME D SRSF1 OMIMENETEICHE % KIT$ 2 MEET % 729 1C,
MCEF7 fifiiic AMPK & HALAI D A769662 % Fsinthe. e stttk ic T SRSF1
DJHE & P72, A769662 % AN L AMPK % 3G L & & 785412 35 T SRSF1
IR NICRTE L 720K 5 &2 L L 72> > 72 (Figure 3-3 A)o KIC. SRSF1 D%
e HA (S133D 5 8RBl ) v I(LZS B4R, S133A 5 JE Y V(L EZRE) 22 h %
L MCF7 M @R AR S CREZRNz& 2 A, AL ZHM O W
ICBWTHIEfER & [FEEIC, SRSFI IZBMNIC/RTE L T\ 72 (Figure 3-3B), LA
FofEE 2 5. AMPK IC X 5 SRSF1 VY v E{l13 SRSF1 DAL R7EIC 132 L
W2 AR E N, SRSF1 OV VgL IZFXN T D SRSF1 DHEREZHIHIT 2 2 &
DR L7z,
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SRSF1 DAPI Merge

DMSO

A769662

Figure 3-3 A. AMPK (3 N¥EYE SRSF1 DA B ICITFEE L 7\,
(A) MCF7 i@ ic DMSO F 7213 250 uM A769662 % #sll L, 37°C T 4 K§fE 4 v %
22—} L7z, SEdeefikic XV SRSF1 DJRTE 2 B L 7=,
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Myc-SRSF1 DAPI Merge

S133D WT

S133A

Figure 3-3 B. Serl133 ORI X - T SRSF1 DHMfEETEIZZAL L 7%
VY,

(B) Myc-SRSF1 D EFAR & 28 Bk % Z 112 1L MCF7 MifEIC G AR L, HT Myc
PiACRIERB L., ZNETNDORTEZ L 72, DNA % DAPI THE L 72,
AT =N — (T 10 umo




F=H AMPK Ic& 3 SRSF1-RNA #&Z1L
WE
SRSF1 @ RRM2 HNIC X RNA & EEAEA T 5 SWQDLKD €5 — 7 LIS T I/
WERCH 2> 5 441 bz EF — 7 237ETE L Ser133 13 SWQDLKD @ S 123543 2, %
D=, Serl33 DY VIELIE RNA & OESICEEY 52313 Ezx b, -,
B F DA TIZ, SWQDLKD £ F— 7 %4 L T 5-GGA-3TEH L a3 5 C L I bR

TWw5, £Z T, AMPK 28 SRSF1 %V V(b3 % Z & T 5-GGA-3'TH & DfEEBEAL
T2 et L 72,

36



eSS

- AMPK T X o T SRSF1 & GGA £F — 7 & D& IZHEI L
5,

SRSF1 ® RRM2 & RNA DFEEICBE T 2 fhE T 045 3E 2> 5. RRM2 1 GGA
EF—TWHEFEETE LR INT NS [52] D728, KHFFEICEHE T
bZDOEF -7 L DAV HERTZ Z0MBNNT 2 720I1C 5-
CUGAAGGACA-3'D 5"z v A F vt L 727 v — 7% &K L. in vitro RNA
pulldown assay C SRSF1 & D#E& Mﬁdbto Z DfER. Myc-SRSFI & 5'-
CUGAAGGACA-3 & DA ERTE, —J7T 5-GGA-3'% 5-UUA-3"IC4H
X H 72 5-CUGAAUUACA-3' & Myc-SRSF1 & D#E& I3 BEE /K F L 72 (Figure 3-
4A), X o T, AWFFEICEBWTDH SRSFI X GGA £F — 7 LFFRMICHEAE TS C
EDIRI N,

XIZ, SRSF1 @ Ser133 @V V{5 GGA £ F — 7 & SRSF1 & OfEHIC KT
TRBIZOWTHET L7z, T3, Serl33 DERICX 2 4+F VL RNA 7u—7
& SRSF1 DFEAZALIT DTN L 72465, 58 Y v IR{LZE =K (S133D)D &
6T, JEY VEELEREKR (SI33A)TH % SI3BA ICHWTH WT LHIL T
*F VLRNA 7u—7¢& @%Agﬁi‘%ﬂw L 7= (Figure3-4B), X - T, Ser133 ®
7 3 7 BEMISEAY RNA & OFEAICEETH L 2 LRB I Nz, KiT AMPK I
X%V vigtic X % SRSFI a RNA ¢ DfEAZEAL ;Ob\fﬁﬂ‘ﬁtf:n’%% =
F VL RNA 7'u — 7 L {3 % Myc-SRSF1 #2° AMPK ORI X > THE
WA L 72 (Figure 3-4 C)o LA L OFEE DS in vitro 123> T AMPK (¥ SRSF1
D SWQDLKch?w 7WICH B Ser133 % V) vIE{L3 5 2 & TGGA Z &1 RNA

DG FHEST LR E NI,
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RNA pull-down

Beads WT Mut
Input control RNA RNA

Myc-SRSF1 [ &

B
RNA pull-down
Input Beads control WT RNA
9 ¥ 9 X 9 X
03 5 a5 o a5 o
A D & A D R
Myc-SRSF1 = & o = o o )

$
Myc-SRSF1 | SR D =

Figure 3-4A, B. SRSF1 & GGA £F — 7l I3kEE T %,

(A) HEK293T #iifi@ic Myc-SRSF1 % il FIH L |

v 4 F Vit 5-CUGAAGGACA-3' RNA (WT RNA) %7213 5-CUGAAUUACA-3'
(Mut RNA) RNA 70 =7 ¢ KIGEHTCTEY Y E—=XTT AL v Lz , (B)
Myc-SRSF1 DB AR £ 72 (3R B 2 BHi B 24T RNA 7’0 — 7~ DG E
w7,
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Figure 3-4 C. Ser133 @ V) Y i#{LIC X - T GGA £ F — 7 fidhll & DFEE
BEIXIK T3 5,
(C) Myc-SRSF1 & AMPK OM:FHHH Y L 2 LiIcEB T 54 F VL RNA 7'a—
T DOAREHE L, v RE Yy T ry FoEREY FMICRL, FHIC3
[6] 5 DGR % image ] CTEUBE{L L 4 ~ 7> I SRSF1 ICX4 2% RNA 7u— 7'k
A L7 SRSFI BOEIGEZ 77 71 L72b D% R LTz, 77 71zt nF
BEzR L, =7 — "= 3HFHERAE TR L7 (n=3,%p<0.05),
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EMET AMPK I2k 3 ‘
RNA 275 £ > 75l

WE

SRSF1 [3kkA L ICHE W ORENCEBL Tk 0, BRERTFDOR T 74
VIRR— v B X D LIRS R ZFIFREY SR E ., 2 E
Bl oL R EEOEMZ | 2R T e AMEI N T DL, ZOERE
BroO—2ic~ra 77 —VHE v X7 EBMSP)ZEKRI*XF—-¥Th 5
Ron 23fF1E3 %, Ron I MSP 2 & L A3 5 2 Lotk L. Mg IcB
5.9 2%, SRSF1 X RonmRNA Filfko 7 v v 12 &fidTsceTc,. 27V v
1NOAFy vy refgfd s 2 EBmEIN TS, KEITIE RonmRNA D%
RINAT T4 v 7 %ETNAE LT AMPK # SRSF1 RFH 7 E RN R 77 4
Y SICEE R RITTOMEEL . XS5 IcFoRIEEEE A IcT A2 LR H
& L7z,
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eSS

- AMPK D% HllfHl 35 Z & CRon mRNA D27 Vv 11 DR T
TA VT IIEET S,

SRSF1 "7V vV 1l DAF vy €V 7/ %iFEET 5 & T ARon BERI NS
(Figure 3-5A), % Z T, AWFFE Tl AMPK 2% SRSF1 #4 L C RonmRNA ® X 7'
FTALVITRRE = BB E R L e L T2,

3. AMPK DiEEZZ {43 Z & TARon/Ron DHERNZEET 3 2 KEE
3 2% 72%1C SRSF1 28@FH L T3 e b AJEHKD MCF7 fllgh 5 RNA % il
Hi L. Reverse Transcription PCR %12 T ARon/Ron D L3R % i@ L 72, AMPK [H
FHHITH 5 Compound C Z MCF7 fiiCAINS %5 Z & T Ron 23 Y . ARon 2%
Bz 32 &Ik > TARon/Ron DHFIZ ER L, —J5 T, AMPK iEMHALAITH 3
A769662 ZININT 5 2 & TT DOHFEIFMKT L 7, (Figure 3-5B, C). £ > T, AMPK
DiEMEDZEAL 1E Ron mRNA DR A 754 o v JIci B2 52 5 2 LR X
Nniz,

- AMPK % SRSF1 #/*LCRon 7V Vv 1l DFERHA T T4 > v
7 e filifll 3 %,

Figure3-5 TDZA{LAS SRSF1 %/ L 72 H D TH % »FH~ 5 72 ® I MCF7 fifgic
shRNA L v F U A L2 &EY X &7- SRSF1 / v 7 X7 /ﬁﬁiﬂaéﬁm L7
(Figure3-5D), £ 9. WEDOHE LFEKIC, SRSF1 %/ v 7 XU v 352 & TA
Ron/Ron D LLEPE T 3% & & 23R C % 72 (Figure 3-5E), % 7. ¥4 B D MCF7
fHAEZIC A769662 %f“%bnﬂ“é L T b7z ARon/Ron D L DAL T 23, SRSF1
J oy 7 B I TIEERD b b o 72 Figure 3-5E), L724%-> T, AMPK [
SRSF1 /L T Ron @17 VYl ORFy VI RfT 5 L0 L

277,

- AMPK IZ X %3 U v[iB{l.-C SRSF1 & Ron mRNA & OfE& IZfHE X
na,

SRSF1 (X Ron mRNA Rifffko =27 v v 12 L#iAT22L T, =27V 11D
AF vy VI EIRET I EPREINTE, D7D, AMPK 78 SRSF1 #
VUigfbs sz sy v 12 L OEENENT B 0RETL 72,

SRSF1 1% Ron mRNA Hil{{ED = 7 vV v 12 D 5-CGGAGGAAG-3' & EFEF AT 5
EBMEINT WS [53], AWFFEICHE VTS SRSF1 2 5'--CGGAGGAAG--3'

A3 B DR T 57291, in vitro RNA pull-down assay Z 1T o 7z, €A
F v 4t 5-CGGAGGAAG3 RNA 7 u — 7 & SRSFl & DA BRI NI
(Figure 3-6 A), ¥ 7z, 5-CGGAGGAAG-3'% 5-CGGUUGUUG-3' IcZHR X ¢ 5 Z
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& T SRSF1 & DFEEMET T2 Z e AWMEEINT WS [53], KFEETD Z DI
e FRRIC, R ZAEIC X - T SRSF1 & DFEADME T L7z (Figure3-6A), &
5T, KiFFEIc B »TH SRSFL 1T 7 Y v 12 OEH & BRI AT 5 2 & AR T
%7z,

KIT, SRSF1 @ Serl33 U VLB L2 vV v 12 L DFEEHRET X &3 200
% 4T o 7z, Figure 3-4 & [FIFRIC, Ser133 DR IC X 5Tz 27V v 12 & SRSFI
L DFELHAMET L7 (Figure 3-6B)s £ o T, SRSFI ¢ =7V v 12 L O#EAIX
RRM2 F X4 v ZAHLTWT, IHIC, GGA EF— 7Hddl & ofis & FERIC,
SRSF1 ¢ 7V v 12 L DFHITBWTD Serl33 07 2/ BHIHSEETH 3

AJREMEDS R X 7z, KiT, U v IE{L SRSF1 & =7V v 12 DiEE R RNT L 724
B,V VEBLICX 5T SRSFlL ¢ 227V v 12 & DG IZAERICIKT L7 (Figure
3-6 C)o

FewnT, BEEMIENO Y VRt SRSF1 &£ Ron DL Y v 12 DFEEITDOWT
RNA-CLIP IE TRz, Ron DA Y ruavia Sz 77 v 100622V V12D
fid%% a2 — F L7 Ron I =i#f{x¥% HEK293T flfgiciE A L, SRSF1 icHié&
% I =B THKED mRNAB% Y 7L X A L PCR TN L 72, Z DFE R AMPK
I X 5T Ser133 @V vgfb% FH X472 SRSF1 IZBWTIE Ron I =&z TH
élé@ mRNA & DGR RA L7z (Figure 3-6 D), L 72235 T, Figure 3-5 & 3-

fEH 25, AMPK 13 SRSF1 & RonmRNA Ak & ofE&#HET L L T
%ﬁ%1774v/7%mﬂféuk#méﬂto
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Figure 3-5 A-C. AMPK DiEMZLIC X > TRon T 27V VI DAT T
AL v TIEHT 5,

(A)Ron =7V VI DART T4 v 7 "x2—v, (B,C)Ron =7V vV 1l DA
¥ v ' v 7% RT- PCR {ECf#HT L 72z, MCF7 Mifiic 100 pM @ Compound C (B)
F 7213 250 uM D A769662 % G L T 4 FEE#ZIC RNA Z I L 72(C). AKX
RT-PCR DFERZRL.AD T 7T RoNDAFy Y e LA v I/ r—Y gy
DEEE/RL TS (ARon/Ron), 7 7 7 13 FHEHAEHENR 7 TR L 72 (n=3-4,
*p<0.05)
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SRSF1

B-actin

*Q\‘b ~ 1.2 -
§F S5 cZ 10 -
s& &L 52
% @ T o 0.8 1
7 g—g 06 4 *%
_ - I@"% 04 -
N 0.2 1
00
v I Scramble SRSF1
shRNA shRNA

Scramble SRSF1
shRNA shRNA

*%*

* %
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&
Q

N N
Scramble SRSF1
shRNA shRNA
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Figure 3-5 D, E. AMPK | SRSF1 2/t L GEIRIIR 774 > v 7 %
Hl3 5,

(D) L v F U 4 LRIC X > T shRNA % MCF7 fifdic B AL, SRSF1 / v 7 Xv
VIR L2, Y22 &y T uy FOREEEIRL, AT 3 B4 ORER
% image ] THUEILL B-7 7 F v ichkiF % SRSF1 BEDEEG%E 77 71 L72b D
ERLTz, 7773 F0ENPEERZRL, =7 — N— 3EHERFETRL 2
(n=3, **p<0.01), (E) Ron =27 Y v 11 DA * v ¥ v 7 % RT-PCR & CHEHT L 7=,
fI37 L 72 SRSF1 / v 7 X7 VHIEIZ 250 uM @ A769662 % 7N L T 4 B
RNA Z [N L 7z, DK% RT-PCR OfiR%ZR L, TDZ 77 TiZRon DA F
vevrseAvon—yavolfakiRLTw»b (ARon/Ron), 7 7 7 13 FHfE
HEHE(R 22 TR L 72 (n=3-4, **p<0.01) NS IZHBEREN W EZRL TV,
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Myc-SRSF1

RNA pull-down
Input Beads control RNA

A
Myc-SRSF1 = o

Myc-SRSF1 |im e B Y

Figure 3-6 A, B. SRSF1 & Ron mRNA & DfEEIC DWW T

(A) HEK293T #Hfiic Myc-SRSF1 Z@illFEH L. v 4 F 1l 5-CGGAGGAAG-3’
RNA (WT Ron) % 7213 5'-CGGUUGUUG-3’' (Mut Ron) RNA 7' 1 — 7 & )G & 4
TCTEYVYE—=XTIAVEy v L7 , (B) Myc-SRSF1 DO BFAEM & 7- (328 A %
MREI I X T RNA 70— 7~ R I L 72,

C
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Myc-SRSF1  +  +
HA-AMPKa1 — +
Flag-AMPKB1 - =+
Myc-AMPKy1 — =
Myc-SRSF1 . RNA pull-down
pS133-SRSF1 -
- 12 -
Myc-SRSF1| T L =
Xu 2
W o 08 - *
HA-AMPKo.1 B | [ Input g%; 06 |
S804 -
Flag-AMPKp1 — $£22.
¥ o0
Myc-AMPKy1 — SRSF1 SRSF1
+AMPK

Figure 3-6 C. AMPK 13V v #{liC X - T SRSFI & Ron mRNA & Dk
HxHET 5,

(C) Myc-SRSF1 & AMPK ORI H Y L LiIcEBIF 54 F VL RNA 71—
7 DOfEEEE KL 72,

VAR v7ay FOERELEMIOR L, AT 3 B9 DGR % image ] THUE
fkL A4 > 7 > F SRSF1 iZxf4 % RNA 7u— 7 L& L7z SRSFI B0 E|&% 7
T LEbDER L, 77 7 ENENFEMEERL, T T — N — [ FEHe
R TR L7 (n=3, *p<0.05),
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50 - *
©
§<§ 40 -
2ZE30
X c
»nEQ°
55220
-}
5% 210 -
L =
o L_mm
- SRSF1 SRSF1
+AMPK
+A769662
Ron mini-gene + + +
Flag-SRSF1 - + +
HA-AMPKa1 - - . B
A769662 — — ¥ 0

Flag-SRSF 1 - W || IP:Flag

pS133-SRSF1 -

Input
Flag-SRSF1 L W

Figure 3-6 D. AMPK 1V v 8l iC X - T SRSF1 & Ron mRNA & Dk
HrHEIT %,

(D) Ron I =T (Ron DA Y Fr Vv ZELZZ YV 10 225 12 OicY|Z 2 —
FLZbD)eXIcH 277 A3 K& HEK293T MfE i F I L 72, 250 uM D
A769662 Z N L T 4 RfEl Mg %2 X L. $T Flag PUiA CRIZLRE L 729~ 7
25 RNA %24l L7z, LX< SRSF1 IC#5 A L 72 Ron mRNA & % qPCR Cfi#
WL REZRL, TRICV 222y 7y FOERERLEZ, o 77 713%
NEZNWFEZ R L, T 7 — =3+ fEHERFZE TR L (0=3, *p<0.05),
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BHE EE

- RKEDF LD

KREOWIEX % Figure 3-7 IR L 7o ABEDOEEFERLO, AT 74 v 7%
HilfEll 3% AMPK OFHEE & L CHl®» T, SRSFI %A E L7, AMPK ¥ SRSF1 fic
HIND RRM2 F A 4 v % 1 vg{t L, SRSF1 D% TD R IZZE 2 3712, mRNA
EOMESETIEIT A RO E R oTz, IHICEIRNZR T I 4 v v 7ZAL
DETFTNALELTC, RonDITZ YV Il DAT T4 //7“/@5?—‘/%%)%&7‘:,’\%5'&\
AMPK % SRSF1 ® J Vb2 L GEIRB A 774 & v 7%l 5 2 & A3
L binotz, REITIZY YL SRSFI & RNA DFE&ICOWT, AMPK 28
SRSF1 #V VLT3 L DERARLICOVWTEET S,

- ) VE{t SRSF1 & RNA & DfEAICDO T

SRSF1 (32 DD RNAFEA F A4 ¥ (RRM F A A4 v) &b N Kl
RNA #5#& F A 4 ¥ (canonical RRM) & canonical RRM & (3 %27z 54121:1%3_%;%
H. RNA ¢ #5AT 2% pseudo-RRM & IEEI %5 RRM2 75%&% ke <[54, 550
SRSF1 78 RNA ¢FEAL TR T T4 > v 7%l 4% 72912 1Z RRMI & RRM2
DMEFTHREETH %55 [56,57]. RRM2 13 HE ﬂgli#mbn. ERMEHEINT W
% [24, 25], RRM2 fic%l|;N® SWQDLKD & 5 — 7 1 RRM2 %452 SR & v/ ¥~
B oot EE A E L. ZDEF—7 & RNA BHIHD 5-GGA-3'EF — 7

ﬁ T2 L PVERERERITIC X o THHL 2 E o TV B [52],

=i L SFIUET O EERAER X V. SRSFI & 5-GGA-3'% &1 RNA 4l & ofk

/\7?)) VIBLERTIC X o CIHEIND Z L BHL D & 7o T3 (Figure5 C, 6
C, D). T ZC. SRSF1 & RNA DG O RGN OFEHR 2> & [52]. Serl33,
Trp134, GIn135 2% 5'-GGA-3'EF — 7 L DFEHICEETH Y, FTdH, Serl3d3 &
GInl135 BT I N B KEMBAEICL > T RNA B EMHAEHST 2 2 L 2R &
nNTwad, ZOMA2 S, Ser133 © U v EILEAIC X - T GInl35 & DKFEHE
2372 7% T L TRNA & DHAFRAREERL., #EPHEINZZ EREZD
N3, 512, SRSF1 ® RRM2 DF5A & RNA OFEAICIE Serl33 & GInl35 [T
I N KEMEPEETH DL LDRINT,

- SRSF1 OFFRRIERIC DWW T
SRSF1 3kE4 7 FIERBIER/I 2 32T 5 2 & CHIEN < o /I 7ECEERE 2 HIfH &
TWwb, FfIZ. RS F A4 vV v LEisS SRSF1 DN~ DEE)ICEE T
HB,RS FAA VIZSRPKs IC X > TV VgL 2% 3 N~ ITL [58,59].
WiV v EEERIC K > Tl vigfba g 2 & CHIIEE ICITT % [60], 7=,
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RRM2 FtH|DZEFIC X 5T RS F A4 VD N Kl & o FHNiEEBSHEEX L
% Z & T SRSF1 OB~ B#»iifll TN s 2 L 3mEIN T3 [51].

IS DAY SHE FHITIX, Serl33 28 Vg b 2 & T SRSFI Diilfig
WRTERTIl E N5 D Tid R wd, LRI ZIL Tz, & Z A2, Figure3 £V,
SRSF1 @V v EILERAL DA R I X U8 AMPK iEHALEME T <% SRSF1 3%
FEL., MilENBEDOZLIZR 5 Nkd > 72, SRSF1 ® SWQDLKD £ F — 7 8
SRPKI L #EAT 2 L BMEINTE Y [61]. Serl33 DAL U v EE{LIEANIC
Lo CCDEEDRENT L EnEZOLNS, £DT-%, SRSF1 & SRPK1 & D
DFEED Y VI LIEETIC X A ZLICOWTIIMEEL TW BERH L, Ll
77035, Figure3-2D 2> & Ser133 @ U v (LB D F #ICBI{R 7% < . Myc-SRSF1
|22 T hyper-phosphorylation JREED N v F AR 55 728 Serl133 @V V(L
I X 5T, SRPK1 D X 9 iC SRSF1 DJRfE# il 32 V v HftlEs1C X % SRSFI
DY VEAUEMIZZEL L R\ S EARBE Nz, Z D72, AMPK I X 55EIR
AT T4y v 7DECIEEICKEANTD SRSF1 & RNA OfEAHEICL 2D D
ThHHTEREZOLNS, AMPK 3 HMIlEEOIE % & Hic) VgL, %
DIEREZ HfH L T\ 5 DT [5]. AMPK (%M T SRSF1 #V V(b3 22 & T
BIRR T 74 v 7%FIEIL T B EREI NS,

- WEAT D AMPK #% & SRSF1 @ U Y E{L D HEERIc DWW T

Figure 2 C Tl. Serl33 % &% SRSF1 & —FEHICE T 2 Y VLG D A
AT 4 7 RENTHAT o 7223, 514132 SRSF1 12D\ T b [RAERDFENT 2 17\,
IO AMPK #2ETH 2 ACC L DHIEEATTS Z L BB ETH DL, TD
ik o T, civE coHE LRI SRSF1 28V VIE{LEMi%ZZ ) 2 5%
Bal+ sz LT B,

- AMPK I X % ST 0= - s H]lic o nw T

Ron l¥~7 v 77 —=YHlix v 28 (MSP) KK OFrY v ¥ F—+
THYH, MSP L3 2 C L Tl b S T FIRD v 7' F AmiE R % im Ak
T3 [62], ZHIC X > T, Ron 13 MG (EMT) icBb->TH b, Mikis®E
Ll EA EIcEETH 5,

L2 L. FEEAHA T Ron O FEIRFIHENIC BE 234 U 5 2 & T Ron [ EEMID
EE LIRS ¢, EEOEBICHEMICEH EELLNT WS, Ron
mRNA A7 74> 7Y T FTH%5ARon 13V H Y FOFEEZHELTICHE
MAL S 2, FEEMAEIC B W TIZARon 28% S L | B ORI TTE X T
% [63], F7-. MEEHIIEIC 3 1) 5 SRSF1 DA FIFIC X > T Ron mRNA HiEk{A
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DLV VI DRAF Yy %SLTARon DFREESRIIL ., HEEHIEDE
BRI 5 [53],

—77 T, AMPK D&Mt X Akt-MDM2-Foxo3 ¥ 7" F A& &2 HilfHl L. EMT %
g2 2 e fEINT VS [64], AETIX. AMPK 2% SRSF1 IC X % ARon
AR ENHIT S EZHL2IC L2, ZD7-%D, AMPK (X SRSF1 2B T D
BRI A T4 v 7% 4IHT 2 281X > TH EMT 243 2 L 2RE X
N7z, I HIT, SRSFI 3% K DB TR HKIL T 3 BAREETF L L ClH
FEINTC, ECHEOIRTORTIA L v 7%FHIEHLTW5 [65], L7z
235 T, AMPK I SRSF1 %/ L 7z B LI EZ I 2. 2 72  DRIEEN & 72 U 15
EZbIS,

cAPERALIVICEBRTTA L v IBLICOWT I NE TOHE
L DL

AMPK (Z mTORC1 % V) vt % Z & T mRNA OFERZIH L Tv 3 [20],
AMPK DIEHALFITH 5 X FF 4 I Vi mTORCI #IE %/ L THEER mRNA @
FHERZHI L T3 [66], & HIT, X b T VENNIC X - T RNA-binding motif
protein 3 (RBM3)D X v X 7 EFEIHBEIME T35 Z & TEIRWA T I 4 v 7
2T 5 e EEINT WS [33], RETIE, AMPK 25 SRSF1 Z[E#:Y V&
ft3 % Z LT SRSF1 & RNA L DfiGEHEL., ERINA T 74 v v 7zl
T25Z¢%NLT, L7225 T, AMPK R T I7A4A v 7%l 22 %7
BREOMEH DA 53, RNA #EiALZ VS 27ED RNA fidEZHET 3 &
KXo TOBIRNA T IA4 > v 7% IHIT 3 2 L BARBE Nz,
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s

- AMPK phosphorylates
SRSF1 at Ser133.

Serl33 S

- AMPK suppresses @ *

the interaction between SRSF1 and Ron.

Ron Exon10 Exon12
pre-mRNA

- AMPK alters SRSF1-

dependent exon 11 splicing/

Exonl0 Iﬁll Exonl12

Ron

Figure 3-7. AMPK (3 VU V[&{tiC X - T SRSFI & Ron mRNA D&
[HEST A2 Z & TRon DT YV V11 ORI RA T T4 o v 7 & HH <
5,

AMPK 723 SRSF1 @ Ser133 # J Vb 3$3Z L TCRon DL Vv 12 & DFEEDN
[HE X%, SRSFl =7V v 2 Lt/ TrcTc sy v 11 2FEL TV
2728, ZOEDOHEICI->TIZZYVYIIDRFITy Y IR cN S,
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FEME AMPKIC& % SRSFI9 Y »EE{L &
1 RE 1 1

waS

B -catenin (X, MFEECHME HFF T2 -0 0 EHEREE 2 H W, £ 2 ikRE
ROV NIETHD, LaL, B-catenin BIEFICHETE R Ro70,
B -catenin D E L ANER T/ 572 D 35 Z & T B -catenin 23HIEAN TEEF LS L .
Ik MCBIT 2L RGEEICEES T2 2 LBHL Lo T 5,

23 A JFGE{E T C®H 5 serine/arginine-rich splicing factor 9 (SRSF9) A% i8] 1< FE 3 5
% Z & T, SRSF9 %% B -catenin mRNA & #& L C mTORC1 K 7 BHER 2336 14
L& Z L Tl-catenin VEMIND C EEFEREINTZ, L2LEDND,
SRSF9 & mRNA DFiG2 & D & 5 ICHlifl 2% T 2 2 ic>TiEHL L 2o T
W7R

% ZCTARETIZ, AMPK I X % SRSF9 @V v LIEEIC X % B -catenin FEI
OHIEBEREZBH O 2103 5 2 L R HIME L7z, H—HiTld AMPK IC X % SRSF9
DY VAT DTN LS5 i Tlt AMPK iC X % SRSF9 & B -catenin mRNA
L DIEEZACIT DO WTIEIT L 72, H=HiTlx, AMPK IC X3 SRSF9 DV V&L

%A U 7o BHERAEI B (o D v T~ 72,
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$F—f SRSF9 Y »EEL
wE

FPUEEC SRSF1 @ RRM BN IC & 5 SWQDLKD & F — 7 @ Serl33 % AMPK
Z) Vgt 32 L 2/R L7z, SWQDLKD € F — 73 RNA L EEMA L, Y
BERESE W EPHE ST WD [52], SRSF9 b £ 72 RRM ALHI A i
SWQDLKD &5 — 7 &b, Z OS2 SRSF1 & L TR REE N TN S
Z&H 5, SRSFI b £72 AMPK OREE DTl L #Ex7-,

AHiTlZ AMPK 1T X % SRSF9 @V v EB{UEAL DEFE % 1T - 7=,
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eSS

- AMPK (% SRSF9 @ Ser123 %V vt $ %,

SRSF9 fit4lHh > AMPK 52#%-E 7 — 7 BCH Z Bisk L 7245 5. Ser123 JEA D A
25 AMPK ikt F — 7HH e =8 L THB Y., X 5T, Z OEAIIAE A 2 fEREIC
BOTE L RFEEI LT Wiz (Figure 4-1 A), ¥ 3 AMPK 723 SRSF9 O Serl23 % [H
BY vt T 2 0L C T 2720 1C, SRSFY BLHINT I8 HRH DT I /D H
I8 FHDOT I/ BaEathR ) 7 F F2HHE & L CTHWTin vitro kinase assay
WL 72, 2 OFER. AMPK (ZBF4ERI SRSFO ~7'F F %2 ) vk 32525, 77
ZVICERIEIEY VERLERIR (SI23A)TiE AMPK I X % ) vEE(L I3
I N o 7z (Figure 4-1 B), L 727235 T, AMPK g in vitro T SRSF9 @ Serl23
REE) VIBLT A Z LWL E o Tz,

Kz, FEEMEANICETY AMPK 28 SRSF9 @ Ser123 % U vt 4 2 2ok
L7z, HEFECERL 7251 ) v Mt SRSF1 HFUiRIcBI L <id, fFE3 21ch 2
DAL 72PURD 7 I BERCH A SRSF9 DOFEH & b —E L Twb 2 &b, Y
vt SRSFO ORI HFIHTE 2 & L P S L7z, HEK293T #MIAZIC Flag-
SRSF9 & AMPK D&% 7 2=y | Z@EFREHA I, WBICTHITZITo72, %
DAEFR. SRSF9 ® WT & AMPK % HFEH & & 72 Ml I3 /FRL L 2= Hifkic X 2
v oI, ZoMIChY vIEBLERZUBET 2 2 TZoNY FIEH
J: L7z (Figure4-2C), —77C. SRSFISI23A i AMPK T X » TV vt X Nin
o 7= (Figure4-2D), & - T, F=E M L 723K % SRSF9 D Ser123 DV v
Mtz 5 2 &, 7o ICHEMFEH R ICT AMPK 2llldNIC BT
Ser123 % U VL3 25 Z L 2R I Tz, fit v T NTEHEIC 350 T [FEIRRIC AMPK
ICX % SRSF9 DV VL2380 b2 2»EET 5 7291, AMPK FHERITH 3
Compound C % HEK293T ffiZicdshn L. WB IC THHT 21T - 72o AMPK FHEHAI
T® % Compound C ZiflI3 5 Z & T SRSF9 DV VEE(LIZMK T L 7z (Figure 4-2
E)e L7225 T, #MIIEANICIHE VT AMPK X SRSF1 ®A7: 59 SRSF9 b U Vi
t52Z L HL L IR0,
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Ser123

SRSF9 N-EEE I RRM2 | Rs |C

3 2-10+1+2+3+4

AMPK recognition motif LXXSXEXKKL,
Homo sapiens 118-LPPSGSWQODLKD

Mus musculus 119-LPPSGSWQDLKD
Rattus vnorvegicus 118-LPPSGSWQDLKD
Xenopus tropicalis 124-LPPSGSWQDLKD

Danio rerio 112-LPPSGSWQODLKD
B
Recombinant
AMPK T *
GST-SRSF9
(a.a. 99-148) WT S123A
2P_SRSFO [

GST-SRSF9
(Coomassie)

Figure 4-1 A, B. in vitro IZ B\ T AMPK 1% SRSF9 @ Ser123 % U V&
£33,

(A)SRSF9 D F X 4 v& AMPK IC X %V vg{t€F — 72T, (B)SRSF9 D
FEHINICH % 98~148 HH DT XV H L7 5 7 F FE &R L. invitro IZE
TR T~V L7 ATP & AMPK U 2 v EF v b 2y 28 TY VBl RG%

fﬁ:") fCo
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Flag-SRSF9 + + +
HA-AMPKa1 . S
Flag-AMPKp1 = o
Myc-AMPKy1 -+ +

—P.P. - =
pS123-SRSF9 —
Flag-SRSFO| . e .I
HA-AMPKa'1 -
Flag-AMPKR1 -
Myc-AMPKy1 -
Flag-SRSF9
WT__ S123A
HA-AMPKa1 — + - +
Flag-AMPKp1T - + - +
MycAMPKA = 4+ -  +

pS123-SRSF9
Myc-SRSF9
HA-AMPKa1
Flag-AMPKR1

Myc-AMPKy1

-ru—-
" a
- -l
-

-

58



Figure 4-1 C, D. i@ FIH R I BT AMPK % SRSF9 @ Serl23 % U
VLS %,

(C, D) HEK293T #fifidic SRSF1 & AMPK &R Z AL, WY v (LR %
WML 72D RINUHED b D EEE L 72 (C), SRSF1 OEFAERI L IEY v gL A
FAKR(S133A)D AMPK I X 3 VU vEg{L D i (D).

E
CompoundC - — +
IP:RabbitIgG + — —
IP:SRSF9 - 1 4+

pS123-SRSF9‘ - .\
SRSFQ‘ .d

dl

Figure 4-1 E. AMPK D FHZE I X - T SRSF9 @ Ser123 U Vgl 131K
T35,

(E) NTEME SRSF1 @ U v {Lic2\\T, MCF7 #ifgic 20 uM @ Compound C %
AL 7= 4 BRI HERE 2 M0 L. $T SRSF1 Fifk CHREmrk L 7,
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E"E AMPK IC& % SRSF9-RNA f5E &1L

waS

B -catenin |35 & 72 53 BR T DR E # G L 32 2 & CHEAISESE 7 & 7% Hil{H
35, LaL., MilECENICEHE T B -catenin X VXV EBEEERT L L
TIEER FORE S REIEEL I, BB 2k I &z bh
T3, ZTNE TICB-catenin DX VX7 EHEOHHICOWTIETa T TV — L4

DIERERE DA K FFE I LT B, —77 T, EHFD B -catenin & V¥ 7 H D

BRI B S 2 WSt 2> &, B -catenin mRNA & SRSF9 &S 325 2 & T
mTORC! 7 2 BHER At d 2 Z L 2VR & T\ 3 [48], FEFRICT. SRSFI b
ﬂ@ﬁ%ﬂﬂﬂ’j WKEBWTEEFIEL T, L-catenin DFRHEICHEL KT LA

RHDHLNTWSE, Lo L, SRSFI & B-cateninmRNA & OfEEH E D & 5 iciilfH
énﬂsézp COWTIRRZERHTH 5, 22T, Aiff%ETld AMPK 25 SRSF9
%Y Vgt 3 % Z & T B-catenin mRNA & @rf?% DEALT 2 HET L 72,

AHiClE. B -catenin mRNA A% D & Z 12 SRSF9 23 E&3 2 2B i L
X 51 AMPK IC X% SRSF9 @V /Mtﬂkﬁfﬁﬁf DFGEIC KT IR ICONT
o222 Z2HIE Lz,

60



eSS

* SRSF9 | B-catenin DL 7V v 81ZH % 5-GGAUGGA-3' L ficr <
5o

B -catenin mRNA (C 35 1F %5 SRSF9 i &AL D [AE Z il s 7z, BEIC SRSF9 &
H9 %5 RNA EF— 7SI H LN T W5 Z &5, B-catenin mRNA Fid%l] E1ic
Z DiEEEF — 7 A H % > RBPmap motifs database [67] & M IXiL 5 Tl —
N HOTRREEZITo 72, ZDfGHE. B -cateninmRNA O T 7 YV v 8 DFLHIANIC
» 5 5'-GGAUGGA3'LH 23 L X #u (Figure 4-2 A). Z OHit%l| & SRSF9 A fEA T
5 e TEINE, 22 TRIC, MIIEAICI T SRSF9 23 -catenin mRNA &

uE‘@ﬁﬂﬁﬂ% LCHiGT 205 L 72, Z DAECYI2S SRSFI & B -catenin & D

ICRETH 2 2R T 57291, Myc- B -catenin % HEK293T #ilfidic I & &

T RNA-CLIP % T SRSF9 I L 7z 8 -catenin mRNA & % fi#-ht L to Z DGR,
5-GGAUGGA-3'% 5-GUUAUUG-3'ICER X4 2% Z & T SRSF9 XA L 726 -
cateninMRNA 23 H = 2P L 72729 (Figure 4-2B). [ -catenin & SRSF9 (% 5'-
GGAUGGA-3'Z/r L THEA L T b T e BRI Nz,

- AMPK 3 SRSF9 # V v [#{t 3% Z & T SRSF9 & B -catenin mRNA
oA EIAEST S,

SRSF9 ® SWQDLKD &5 — 7 | mRNA & OfEGICEHETH S [52], £ D=
¥, SRSF9 28V v IB{LIERi %52\ %5 Z & T B-catenin DLV~ 8 & DIEANE
L3 % »HiEt L7z, 5-GGAUGGA-3'% &1 B -catenin DT 7 V) v 8 DREtHIIC v 4
F ‘/%ﬁbﬂ L7z RNA 7v —7%& L. invitro RNA pull-down assay TZ @ 7

— 7 LA 9% SRSF9 R L7z, BRI SRSF9 Tldz o 7 m— Tk @f%.\
23 *ﬁtﬂénm&) 22 1 SRSF9 & DA I X 7z > o 72 (Figure 4-2 C),
> T, B-catenin D7 YV v 81X SRSF9 &AL, T HIT, Serl23 DT 2 /@Mﬁl
PH2S RNA & DFEGICEETH 5 2 LRI Nz, RIC, AMPK 7% SRSF9 %
U vE{td 5 & TL-catenin & DFEHFICKITTRHEICOWTHITLZL T A,
AMPK IC X - T SRSF9 @ V vt 23 L 53 % 2 & T S -catenin RNA 7'u—7¢&

DIEEEPZEEICID L= (Figure 4-2 D), ML EDFER2 S, invitro 2B\ T
SRSF9 fHN D SWQDLKD £F—723) vigflb a3 Z &I X - T SRSF9 &
B-catenin =7 Vv 8 L DFEANHEINSG Z LRI NI,
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Figure 4-2 A-C. SRSF9 |3 S -catenin D= 7 / v 8 D 5-GGAUGGA-3' &
fitr3 %o

(A) B-catenin ® = 2V v 8 I SRSF9 D &AL H % Z & 53 RBPmap D€ F —
THRRERP OO L o572, o (B) Myc-B-catenin & Flag-SRSF9 % HEK293T
MICBHEIRE L 72, P I v R 7227 a vk, MlEEZEINL, §i Flag Jifk T
FIEIRE L 72~ 7 v 5 RNA ZHliH L 72, SRSF9 IC#f & L 7z B- catenin mRNA
H % PCR TEHT L 72455 %27~ L 72, (C) HEK293T #ilfcic By 2E Y Flag-SRSF9 %
7o 1322 5 Flag-SRSF9 Z@fIFEH L. ©A4F VL RNA 7o —7 L G I & T
TEYVYE—XTINEY LT,

D

Flag-SRSF9 + .
HA-AMPKao1 - =
Flag-AMPKB1 - =
Myc-AMPKy1  — =

Flag-SRSF9 po— RNA pull-down

R

pS123-SRSF9 i

1.0
0.8 A1

a1esAT

HA-AMPKa1 0.6 -

0.4 4 * %

0.2 A |
0.0

-
Flag-SRSF9O | s i s
-

(Relative density )

Flag-AMPKR1

RNA pull-down / Lysate

Myc-AMPKy1 - SRSF9 SRSF9
+AMPK

Figure 4-2 D. SRSF9 1% S -catenin ® = 7 v 8 ® 5-GGAUGGA-3' & %

&3 5,

(D) Myc-SRSF1 & AMPK ORI H Y A Lick 24+ F YL RNA 71—

T DORAREHER L, v RZ Yy Ty FOEEYEICRL, AT 3[4
DFER % imaged THEUEL L 4~ 7 v + SRSFI ICXtd % RNA 7 u—7 &,m L
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72 SRSFO EDE A% /I 71 L72bD %R LT, 77 713 NTENFEHEHEEZR
L. =7 ——|3+EHERECR L7 (n=3, **p<0.01),
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F£=E AMPK IZ& % SRSF9-mTORC1 fF&Z 1t
wa

SRSF9 & SRSF1 (% B -catenin mRNA & #fi#3 5 & & TmTORCL (KA 72 B

REEMEL e 2 2 & Ch-catenin DX v X7 EHBELZHIHL T3 [48],

Z T, SRSF1 (I mTORC1 & fE& L. & 512 SWQDLKD £ F— 7N d WQD

% AAA ICEBL X4 % Z £ T SRSF1 £ mTORCL 2 &6 T& &< &Y., mTORCL
CXBEERIEMEME T T % 2 & S LT\ % [46,68], S -catenin D & v 3

E%fﬁg Z2WT% SRSF1 & SRSFI il D SWQDLKD &5 — 7 D42 (T

X ofﬁz/y@“é EDIREIN T3 [48]. SRSF9 & mTORC1 & DA ICD
TIHL 2 E o TRy,

2&%'@@\ SRSF9 & mMTORC1 DfHFHEICDOWTTL, T

IZ Ser123 D2
I3 1F % SRSF9 & MTORC1 & DFEAICOWT S EIT 21T 5 720
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eSS

- SRSF9 2 mTORCI t#EET 2 ERIC X - T SRSFY ¢ mTORCI
DFEEIFEAL L 7\,

SRSF9 & mTORC1 Dt % AR PR IC X o TR L 24558, @R IcF
Bl X 72 SRSF9 i mTORC1 & #5A L7z (Figure 4-3), & HIC, S123D ARk T
IZ mTORC1 & DFEAIZEA L 72> > 72 (Figure 4-3), X o T, RNA L OfEE%
FHEEJ % S123D A H{KIZ mTORC1 & DFEEICITHEL hnwZ LR E N7z,
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Flag-SRSF9 — WT $123D

Myc-mTOR + + +
Myc-Raptor ¥ T
Myc-GpL + + +
Myc-mTOR | = -ll
Myc-Raptor | = == == E
, a
Myc-GpL -
Flag-SRSF9 j
Myc-mTOR | e -I
Myc-Raptor [o—— L
5
)
Myc-GpL |- s
Flag-SRSF9 .

Figure 4-3. SRSF9 [ImTORC1 & #Ei&3 %25, S123D ZHRIKCTH m
TORCI ¢FEEHTE 5,

BpER 3 X O S123D A EA Flag-SRSF9 & mTORC1 OREKATHIL 77 2 I F
% HEK293T M Ic 3@ M FI L. ¥ Flag Ui CRIELIE L 72,
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SEMET SRSF9 Zs1r L 7= AMPK ICK 3
BRI s

Hs
AMPK DiEMELHIZ mTORCL % Wnt & 27" F W #REE %/ L C JHIESHH D o B9 5iE
PHIEREZHEST 25 [69], Hlx1X. AMPK OiEHALAICTHZ A FHRL I vid
Wnt & 7 F VRS & A L - MIAEBESE & B -catenin FEIR A PHE T 2 2 & 253 &

NTw3 [41], LA L. AMPK iC X 3 B -catenin @ F&EI ] @ M 72 50 1B
ICOWTIHIAL 2L o TR WERD 3% o T 5,

Z D78, KHEiTIE AMPK IZ X % SRSF9 @V v E{t % /i L 7= B -catenin D&
HHIEEEc O WTHL 2T 2 2 L 2 HINE Lz,
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R
- AMPK ¥ SRSF9 DV V{4 L T B -catenin X VX7 H ¥ %
HilfH 3 %,

SRSF9 DEFIFIRIC X - T B -catenin mRNA & D&% /LT, B -catenin @
XN EFHBER LR T EBWmEIN TS [48], Figure4-2C 2> b,
Ser123 D FIC X - T SRSF9 (% B -catenin mRNA L FEAGTE < &b T LR
INTT Db, SRSFI D Serl23 DT X 2 JLAPED S -catenin D & v o3 7
BREEOZIC O TN L 72, B7ET SRSF9 & 0 ILFEHLIC X - T B-
catenin D FEIE 1T EH L 7228, Ser123D & S123A @ &'h & 028 B SRSF9 I
BT B-catenin & IIZ L L7 7o 7 (Figure 4-4 A), X HIZ, AMPK 78
SRSF9 % V) vE{lL§ % 2 LT X 3 B -catenin FIE DZEALIT D\ THENT L 724
R, 777 —¥HERTH 5 MG-132 iR L 725E1CHE T, Ser123 D Y
VER{LIT X 5 T B -catenin FILE 13 SRSFO D & & ik LT L7z, L7223 »
T. AMPK I X % SRSF9 %/ L 7= B -catenin 81 LA iz & v < 27 B iR
ICLDHDTIEHARVWI LRI N, 5, FEY VLA RIKTH 5 S123A
Z2HAT SRSF9 & AMPK % 4E58H1 L 72 55612 35> Tl B -catenin FEH & O 28U 23
oz 7z -7z (Figure 4-4C),

SRSF9 %> AMPK % @ 1C F3H & & 723561 B 1) % 8 -catenin mRNA O FHH &=
DEALZFANT-FEHR, SRSF9 & AMPK O :FEHH Y L AL Db LItk T
b B -catenin MRNA I & 1IZL L 722> > 7= (Figure 4-4 D), L 72235 T,
AMPK & SRSF9 IZ B -catenin mRNA R EICITHE L L nwZ &, I 5T,
SRSF9 @ U vl % /i~ L T AMPK I3 B -catenin % v -3 2B D &R % 4 3
EIRB X N,
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SRSF9 S123A

Myc-p-catenin + +  +
Flag-SRSF9 - + +
HA-AMPKa1 - - +
Flag-AMPKp1 — — +
Myc-AMPKy1 — — +
A769662 — - +
Myc-B-catenin | .. o
pS123-SRSF9
EE——
Flag-SRSF9 —~ 1.8 -
J —— o =16 -
O 2 14 -
GFP [w— = 5 i
< o 10
= = 08
HA-AMPKa1 - Q 3 06
< x 04
S o2
Flag-AMPKf(1 . = 0.0
- SRSF9 SRSF9
(S123A) (S123A)
Myc-AMPKy1 |+ - +AM

Figure 4-4 A-C. AMPK %% SRSF9 % U v [i#{t 3 % Z & T Myc-B-catenin
DRV EFEHEIIZANT 5,

(A) BPAERE 72 134 B Flag-SRSF9 % 5| 73 X 4 C Myc-B-catenin X v/ ¥ 7
BREBAHE L, I VR T7 27y a ViIELIER +57-9I1C, GFP #%&H
77 A FeRgH I,

(B, C) B4R (B)% 7213 S123A (C) Flag-SRSF9 & AMPK O H:FHH » &7 Lic
B1F % Myc-B-catenin X ¥ N7 ERBB LA L 72, T VR T 22y a ViR
ZHER 57201, GFP #7792 I F2HERHI /-, vz A Xy Ty b
DR %2 LKA LA RIS 3 315> DGR % image ] THUE(L GFP X3 % Myec-
B-catenin BEDEIEZ 77 7ICL=bDER LTz, 77 7k FNZE N FEEL R
L. T7—"— [ 3+HERZ C/R L 72 (n=3, *p<0.05),
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Figure 4-4 D. AMPK 2 TF SRSF9 I B -catenin mRNA &= IC 13522 L 7x
Uy

(D) Myc-B-catenin & Flag-SRSF9, AMPK % % #1% L HEK293T g ic H3E3 L |
Total RNA Zfilii L. cDNA Z & L 72#2. qPCR % T B-catenin mRNA & % H[7E
L7z, 77 7% GFP mRNA &ICX[3 % B-catenin mRNA D EN G D FIEZ R L,
T —N—RBHEHERZ TR L 0=3), NS BAERENRRVI EZRL TV
%,
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ShiEl EE

- RKEDF LD

AREE DX % Figure 4-5 128 L 7z, RE DR R A0, 5 =5 T AMPK D
HECTH 5 L[EIE L7 SRSFI & [F U SWQDLKD & F — 7 %2 SRSF9 12D\
T. SRSF9 & %72 AMPK DHETH Y., AMPK ¥ SRSF9 O Z DEF — 7 NIC
H5Serl23 %) VBt TEZ & EHLITL, ZHIC X o T B-cateninmRNA &

DA A D HE X 72 AE R B -catenin DFUERIH T 2 Z & AL 22 & 72 5 72,

AEITlE. AMPK IC X % SRSF9 2 v X278 DY vgfbicowT, J viigfk
SRSF9 & RNA DA ICOWTHR EERT 3

- U V%1l SRSF9 & RNA DFEAIC DWW T

RS MT X D . SRSF1 @ SWQDLKD & F— 7 23 RNA & E#EREA L Tw
5T EHBIRINTWS [52], X BT, Serl33 OHIFHI 1M TOKFERMG %I
S5 Z LA RNABAINICH 3 GGA EF — 7 L DFEAICEETH S Z & H
6%»& 75T\ 3 [52], SRSF1 & SRSF9 ® SWQDLKD & 7 — 7 J&J D fic % 13
3L T3 72% (Figure 4-6). SRSF1 O Ser133 & MR TH % SRSF9 D
Ser123 % SRSF1 & [AERICFHTKERMAEL TV Z R THEING, AFED
5T ERLY v LA EIKD S123D RIEY VLA RAD S123A D X 5
7% SRSF9 @ Serl123 DA EMRIC X 5T GGA £F — 7 % H D RNA & DfEAHEIL
WA L7, L2 o T, Serl23 Ol X SWQDLKD € F — 7 N TOKERE
ZIEE L. RNA LA TH2DICHETHEI LA EZLND,

SRSFO9 D RS FAA v F/H-EHBER N ALV THDED, RS F AL VRIEAR
{A-Clt SRSF9 EHFEITIC X 5 B -catenin FEIHED FFRICITFE L 7n 2 & 23R
HINTWD [48], £D7z®, SWQDLKD €5 —7 DY V[{LA SRSF9 & -
catenin & DFEEIHEZ N3 5 L -catenin BB T ICERETH 5 Z L H3HHL 2
El o,

- SRSF9 & mTORC1 DFfEEIC DT

SRSF1 |3 mTORCI1 ¢ #5A L. mTORC1 it 3 2 cx v 78D A
RAETUEXE 2 2 EPMEINT WD [46], X 51T, SWQDLKD £F—7 D&
%, SWQDLKD #* 5 SAAALKD ICEH X2 % Z & T SRSF1 ® mTORC1 & D
BEEMET T 25720, ZDEF — 772 SRSFI £ mTORC1 HDOFEAICEHETH
LT EPRENT VD [46],

AREDOFH ZHOMEEL 5, SRSF9 b F 72 SRSF1 & [AERIC mTORC1 & fE& 3
22 EDNHLPE o/, L L, S123D ZBEKITE W T D B4R SRSF9 & [H]
FRIC mTORC1 &AL Tw72d T, AMPK (% SRSF9 & mTORC1 D#EAIC 135

)FF
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#4 3. SRSF9 & [ -catenin mRNA & D&% [HE T % Z & T B -catenin DEHK
EPHIL 22 3R Ensd, LA L7%&25, SRSF9 & mTORCI [HofE&H
EDEIICHIHENADICONTIZZ LR AMIBMBETH 3,

- AMPK IC X % B -catenin Z /1 L 7=z HUIESANHIRI H IO W C

AMPK JEHEALAICTH 2 A b RL I v DERINIC X o T B -catenin D iR 23t
I, B-catenin EIHEIME T T2 Z e WEIN T2 [41], T HIT, K&
DEPUFTIDFER 25, AMPK I X % SRSF9 @V v [#E{ i mRNA DERE (345 2

3. B-cateninmRNA OFIERZMHIT 2 C L BHOL ML o7z, ko T,
AMPK 13Kk % 72 Hil IR % /> L C B -catenin DEREZMHI L T2 2 e B8 E 2

b,

74



(B
@o - AMPK phosphorylates

SRSF9 at Ser123.

Ser123O

- AMPK suppresses the interaction
between SRSF9 and B-catenin exon 8.

B-catenin
MRNA

AAAA
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s . _—
o
—
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‘ SRSF9 binds
to exon8
_ _ - AMPK inhibits B-catenin protein
Protein synthesis | synthesis caused SRSF9-
of B-catenin overexpression.

Figure4-5. AMPK 13 V) v #B{tic X - T SRSF9 & B -catenin mRNA D
B xHET 5 2 & T -catenin DERZ HllfH T 5,

AMPK 72* SRSF9 @ Ser123 % V v fb9 % Z & CTB-catenin DT 27V v 8 L D
E 3 HE X415 ,SRSF9 1 B -catenin & A& 3 5 Z & CTRIEERZ G L T 2720,
U vIBtic X > T NPHEI NS Z & T B -catenin DEHERNHI L 5,
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SRSF1 NRVVVSGLPPSGSWQODLKDHMREAG
SRSF9 FRVLVSGLPPSGSWQDLKDHMREAG

Figure 4-6. SRSF1 & SRSF9 ® SWQDLKD JE: 7 I /BRSO T 7 4 X~/ b
e
TRAKF1E SRSF1 & SRSF9 T—E L 7=T I JBE/RL T35,
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z%@Kﬁ%%@¢f@l%w¥—ﬂ7VX%%@LTW5ﬁHTﬁ<\@%
i o BTG EE M IC b HEE T L T3, ZD72H, AMPK Z{CHERE
BE 5 hwigi RT3 21R8 & FRICBb 2 EE A5 ﬁm\%f@
%, AFZETIE. 2D X5 7% AMPK IZ X 357 2 PUESIHEIRHIERE L L <. 254
JfGE{RT-C® % SRSF1 & SRSF9 DHEREHNH] & Z D7 FHREIC D W TH 6 A
L7zo RETIE, AMPK ICX B R 774 v 7Hilffl, AMPK IC X % SRSF % v
N 7E L RNA n’% HillfEl, SRSF1 &fthp & v < 2'H & DMAEERICO TS
DEE R ELET

[AMPK X3 R 754 7§I#]

=T Tli, AMPK 23 SRSF1 Y v{LZz /L CGERWA T I v 7%
L CWwad Z e ZR L7z, BREWZ Lic, XM -2z v —%2RHniz
RNA-seq & IHHRANENIT L V. ET MY TH 5 v v 4 XFXF I TERE
BIBE L GERNA T 74 > v 72T 2 804 8EEINTH 5
[70]c AMPK (Z#fld D = 4 v ¥ —fREBICIOE L Tt b L. > 77 Ve % il
HILCwaZ b, P THREBREICK > GERNAT 74 > v 7 1%L
THILBEZLND, ZDTD, 51T AMPK OiEMEALAIS AMPK 23761
b5 2 EBENSEFIC L o CEDBIRTFOFEIRNARAT 74 > v I B3EE) T % 2>
DWW THIRERICIRT T 2 C L BV ETH B, THIT X o T, KERREICIHE
LTAMPK PR T 74 v v 7k dZBlbdds e cop X —HEEZHERT
0O PICTHIEHATE S,

[AMPK IZ & % SRSF % > /32 & & RNA #E&HH]

- SRSF1 I X372 VYV —LEH microRNA & OHl{HICD W T
ZELEIUEOERER S S, AMPK IC X % SRSF Z v S 2E D Y Vg
fbic X o T SRSF &% v ¥ 7 EHRERINICH 43 5 RNABCH & SRSF % v X7 E &
DAGEEBHEINL Z EDRHO Lol HE, T 77 =L BN LTZDA
DHE, 2, R EDORATENAL A 1 = X L DI 72508 T e b
NTEY, Zo—BE LT, BAMIE RN A fskAiie©dH % PANC-1 #ifd
Do E NS 7Y 7 — L microRNA &8 &2 SRSF1 & D& IC X o Tl
HINTwa el I Nk [71], HERE W Z & 12, SRSF1 /X microRNA [it
FIRICBWT GGA I Z G EF — 7 LA T2 L BRHL 2 ER> T3
72%. SRSFI (X RRM2 Z 4L T microRNA ¢fEid T2 en3E2ZbNS, LT
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735 T, AMPK 7% SRSF1 ® RRM2 % U ViE{fb 3% Z & 1C X - T microRNA &
DEEENZAL L., =27V Y — LD microRNA B2 T 2 0[REERF 2 b
2,

- [RNAJH | DiaEIEE L C

B FRE & BET 2B RDOK 15%1F, RNA R 7 74 v v 7l E g &
DEEBfRTFHE N T WL, AT T4 v 7REICGERKT 5 [RNAF] I L
T, B TLEMICT X B RNA R 7 T 4 > v ZHilfHl~D A NI X 3 iBEE ORI
WhAHELEZMEMTRbNTnwE, Tavz vy XBHIZ v 7 4 —
(DMD) i HAEF R D 3500 i 1 AOFIGTRIEL., &DIHEOEWERELE
GHRETH B [72-74], BLE. DMD iCxi$ 3 HAxh Bt av, A%
RET L2V 0 E)%a—- VT 2BLETOEBLBTEARICI > TEIEZ FveT
1AM BOTNICL B TROEIEZ Py BEL LT YRV AR
FURTF mRNA AR IC X D A b e 7 4 v 2R v 2 BEHERBEMET L, &
MEEITT %, 22T, TOfEIEa Frvick 2 BE 2 BT 3 72012 ABAIC
Fihka Fva&AFT 7 v 2Fy 79 NE, —8RELEY A a7 4 v
ZUNRIBERAEIELENTEL EEZLNZ, 2D X ) RBEICES T
A TALEY & LT, Cde2-like kinase (CIk)FHEH]TH 3 TG003 235 IC F
RaInz [75], o, ftho Clk HEAICA 774 > v ZHERZZ LTk T
BERAT T4V IRERET L dHEINTVS [76,77], LicZE TR
WATITAL v 7 DWEITIZISRSEF X VoXZ2EDRS F AL vl Vgl
3z eMmBEICREINTWE, —/7T, RIFEIC K > TRNA L DS
CEEHEBEG T2 RRM DY VIBLICE o TR T T4 > v IR T 5 L A3
bipbinotz, LzhoT, Sk, AMPK EMELHIIC X 3 RNA & DA THE
BECET AT T4 v Z7BERFERE LT R INZERTIEEDR
HRICO BB A[REEREZ b NS,

[SRSF1 L ERT B R /B LOHEEERICOWVWT]

AWFFETld. AMPK I X % SRSF X v 378D ) vE{Lix RNA & DA HE
HfET 5 2 LR &Nz, Lo L. SRSF1 @ RRM2 F A A4 1t RNA & D
BT TR, 2y ERIMAEFRIC HE T, fhox v X7 H LG %N
L C SRSF1 (Zfifg of&re Z HlIfHI L T3 [55],

& o8 7 BRI ERT O —> T % small ubiquitin-like modifier (SUMO) 1t
DY H —+TH % protein inhibitor of activated STAT-1 (PIAS1) & &3 5 Z & T
yua—o3 i & v o7 H o SUMO EEfiICBd S L. SRSF1 @ RRM2 F A 4 v %3
PIAS] L DFFHICHETH L &P HREINT WS [78], L -ARMFLICHIT S
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FmREESERR IC X » HEK293T flifidic SRSF1 ZHLFH X & % 2 & T SUMOI
B L, AMPK 3335 % 12 SRSF1 OZEIRIC X > TR T L T
7zo L7225 T, AMPK IC X % U vB{L2S PIAS] & DFESICEAGE L T3 L&
ZbiLd,

Z Oftic B RRM2 %41 L 7z SRSF1 & fthod & v o3 7B 6] & O AAMERA 2 &
NTw37o, fEHEL ) viglbic X 2ZLICOWTHEEST 5 Z & TAMPK O X
O 5 HHEEFELAH O IR EZOND,

[&i%(c]

KWFE D B, KBIGED T TH 5 AMPK FUHRE ZHIH 27207l
EE%%%@g%f%éXfﬁ%VV7%%ﬁﬁ?5:kﬁ%6#k&D\
AMPK (ZA T T4 v 7% LB FREFEICOEETH LRI
72o X 51T, AMPK I X 2 Bl EAiIC o\ C. AMPK | mTORCI O &M%
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Introduction

AMP-activated protein kinase (AMPK) is a serine / threonine kinase that is activated by
energy deficiency stress. AMPK phosphorylates substrates involved in catabolic
processes or anabolic processes to maintain cellular energy homeostasis. AMPK exists as
a heterotrimeric complex consisting of a catalytic subunit (a-subunit) and two regulatory
subunits (B-subunit and y-subunit): the B-subunit, which has a glycogen-binding domain,
and the y-subunit, which binds to ATP, ADP, and AMP. Phosphorylation of the a-subunit
at Thrl72 in the activation loop of the kinase domain by the upstream kinases LKB1 and
CaMKKGS is required for activation of AMPK. Furthermore, the binding of AMP/ADP to
the y-subunit changes the structure of the AMPK complex and protects Thr172 from
dephosphorylation.

In recent years, it has become clear that AMPK has various functions other than energy
metabolism regulation, including cell proliferation and cell polarity. In our laboratory, we
have been searching for unidentified AMPK substrates to figure out the novel functions
of AMPK. To identify the AMPK substrate, AMPK interacting proteins were purified by
two-step pull-down via B-subunit that was fused to two different tag and identified them
by LC-MS/MS and AMPK phosphorylation motif analysis. We identified
Serine/Arginine-rich splicing factor 1 (SRSF1) and SRSF9 as candidates of the AMPK
substrates.

SRSF1 and SRSF9 belong to the SR protein family and have been characterized as
essential splicing factors required for pre-mRNA splicing. The 12 human SR proteins
have a modular domain structure, with one or two RNA recognition motifs (RRMs) and
a C-terminal RS domain comprising multiple Arg-Ser dipeptide repeats. The RRMs
recognize the specific sequence of pre-mRNA. Interestingly, it was found that the
phosphorylation site by AMPK exists in RRM2 of SRSF1 and SRSF9. Thus, we analyzed
whether AMPK phosphorylates SRSF1 and SRSF9 and this phosphorylation affects their

function.
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Summary 1 AMPK phosphorylates SRSF1 and SRSF9.

We examined the amino acid sequence of SRSF1/9 to identify a potential AMPK
phosphorylation site in SRSF1/9. The amino acid sequence surrounding Ser133 of SRSF1
and Ser123 of SRSF9 matched the consensus sequence of an AMPK phosphorylation
motif. To examine whether AMPK phosphorylates SRSF1/9, we performed in vitro kinase
assays using a polypeptide containing phosphorylation sites expected to be
phosphorylated by AMPK. AMPK phosphorylated the SRSF1/9 wild-type polypeptide,
whereas mutations of Ser133 of SRSF1 and Ser123 of SRSF9 to alanine abrogated
phosphorylation by AMPK. Therefore, these results suggest that AMPK directly
phosphorylates Ser133 of SRSF1 and Ser123 of SRSF9 in vitro. To confirm whether
AMPK phosphorylates SRSF1/9 in cultures cells, we generated an anti-phospho-
SRSF1/9 antibody. We transiently transfected HEK293T cells with SRSF1/9 and the
AMPK. AMPK overexpression enhanced the phosphorylation in wild type SRSFI,
whereas the phosphorylation was not detected in a Ser133/Ser123 to alanine mutants.
These results suggest that AMPK phosphorylates exogenous SRSF1/9. Next, we
examined whether AMPK phosphorylates endogenous SRSF1/9 in cultured cells.
Compound C, an AMPK inhibitor, suppressed SRSF1/9 phosphorylation. These data
suggest that AMPK also phosphorylates endogenous SRSF1/9.

Summary 2 AMPK regulates alternative pre-mRNA splicing by
phosphorylation of SRSF1.

2-1 AMPK suppresses the interaction of SRSF1 with GGA motif in RNA
sequence via phosphorylation of SRSF1.

In RRM2 of SRSF1, there is the SWQDLKD motif that directly binds to RNA, and
Ser133 corresponds to “S” of SWQDLKD. Therefore, it was considered that the
phosphorylation of Ser133 affects its binding to RNA. A previous study shown that
RRM2 of SRSF1 directly interacts with 5'-GGA-3’ motif. Thus, we investigated whether
phosphorylation of SRSF1 affects the interaction between SRSF1 and the motif.
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First, we confirmed that the 5’-biotnylated RNA probes containing GGA motif interacted
with SRSF1, whereas a mutant probe did not interact with SRSF1. Therefore, it was
confirmed that SRSF1 specifically binds to the motif.

We compared the binding of wild-type or SRSF1 mutants to the RNA probes. The
interaction between SRSF1 and the RNA probes was reduced by both the S133D and
S133A mutants. This result suggests that the side chain of Ser133 may be involved in the
regulation of RNA binding. Thus, we next investigated whether AMPK-induced SRSF1
phosphorylation affects the RNA-binding ability of SRSF1. The amount of Myc-SRSF1
bound to the RNA probes was significantly reduced by co-expression of AMPK. These
data suggest that AMPK suppresses the interaction of SRSF1 with GGA motif via
phosphorylation of Ser133 in vitro.

2-2 AMPK inhibits SRSF1-mediated Ron exon 11 splicing.

SRSF1 is overexpressed in various tumors, and it has been reported that altering the
splicing pattern of the target genes produces translation products with different activities,
which enhances tumor cell proliferation and invasion. SRSF1 is known to regulate
alternative splicing of the pre-mRNA of Ron, a macrophage-stimulating protein (MSP)
receptor. SRSF1 interacts with Ron pre-mRNA and promotes the production of ARon
through the skipping of Ron exon 11, which enhances cell motility and invasion. To verify
whether the AMPK activity is involved in SRSF1-mediated alternative splicing of Ron
exon 11, we treated MCF7 cells with Compound C or A769662 to alter AMPK activity.
We found that inhibition of AMPK by Compound C treatment promoted Ron exon 11
skipping, whereas AMPK activation by A769662 treatment decreased Ron exon 11
skipping. To confirm whether AMPK affects Ron splicing via SRSF1, we generated
SRSF1-depleted MCF7 cells using shRNA. Treatment with A769662 in wild-type MCF7
cells suppressed Ron exon 11 skipping, and as expected, SRSF1 depletion also decreased
exon 11 skipping in SRSF1-depleted MCF7 cells. However, A769662 treatment did not
suppress Ron exon 11 skipping in SRSF1-depleted MCF7 cells. These results suggest that
AMPK inhibits Ron exon 11 skipping via SRSFI.
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2-3 AMPK suppresses the interaction with Ron via SRSF1
phosphorylation.

As AMPK altered alternative splicing of Ron exon 11, we next focused on the interaction
between SRSF1 and Ron mRNA. A recent study found that SRSF1 binds directly to exon
12, which leads to Ron exon 11 skipping and this interaction is abrogated by the mutation
in the CGGAGGAAG sequence in exon 12. As this study, we also confirmed that SRSF1
bounds to the Ron exon 12 probe containing CGGAGGAAG sequence in vitro and the
interaction was decreased by its mutation. We confirmed whether the interaction with Ron
is suppressed by AMPK-induced SRSF1 phosphorylation. The interaction with the probe
was decreased by both S133D and S133A mutation. We next examined whether AMPK
suppresses the interaction with Ron exon 12 via SRSF1 phosphorylation. AMPK-induced
SRSF1 phosphorylation reduced the interaction with the probe.

Furthermore, to confirm whether phosphorylation of SRSF1 by AMPK reduced the
binding to Ron mRNA in cultured cells, expression of the exogenous Ron mini-gene that
binds to SRSF1 was measured by qPCR. We found that SRSF1 phosphorylation reduced
the level of SRSF1-interacting Ron mRNA derived from the Ron mini-gene. These results
suggest that AMPK inhibits the alternative pre-mRNA splicing of Ron by suppressing the
interaction between SRSF1 and Ron pre-mRNA.

Summary 3 AMPK regulates fB-catenin by phosphorylation of SRSF9.

3-1 AMPK suppresses the interaction between SRSF9 and p-catenin
mRNA.

B-catenin regulates cell proliferation by activating transcription of the target gene.
However, abnormal accumulation of B-catenin protein in the cytoplasm or nucleus causes
abnormal activation of transcription of the target gene, leading to tumorigenesis. So far,
the degradation pathway of B-catenin degradation has been well studied. On the other
hand, recent study has shown that that proto-oncogene SRSF9 promotes the synthesis of
B-catenin via binding PB-catenin mRNA and enhancing its translation in an mTOR-

dependent manner. However, it remains unclear how the interaction between SRSF9 and
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B-catenin mRNA is regulated. Thus, in this study, we investigated whether SRSF9
phosphorylation by AMPK to change its binding to B-catenin.

SRSF9 has been found to bind to B-catenin mRNA; however, it is unclear which
sequences of B-catenin’s mRNA is required for the binding. We used the RBPmap
bioinformatics program to identify the potential SRSF9-binding sequences at
GGAUGGA on exon 8 in the human B-catenin mRNA. To confirm SRSF9’s interaction
with B-catenin mRNA through exon 8, we co-expressed SRSF9 and full-length human -
catenin mRNA in cells and measured SRSF9-binding B-catenin mRNA by qPCR. The
mutation of potential sequence of exon 8 reduced SRSF9’s interaction with B-catenin
mRNA, suggesting that SRSF9 binds to B-catenin mRNA through the GGAUGGA
sequence.

We next performed in vitro RNA-protein pull down assay with a 5'-biotinylated mRNA
probe containing the GGAUGGA sequence (-catenin exon 8§ probe). The SRSF9 mutants
S123D and S123A reduced the interaction with B-catenin exon 8 probe. We also examined
whether Ser123 phosphorylation by AMPK reduces the interaction between SRSF9 and
B-catenin mRNA. We found that phosphorylation of SRSF9 by co-expression of AMPK
reduced the binding between SRSF9 and the probe. These data suggest that the
phosphorylation of SRSF9 disrupts the interaction with B-catenin mRNA.

3-2 The S123D mutation does not affect the interaction between SRSF9
and mTORCI1.

Although it has been reported that overexpression of SRSF9 activates mTORCI-
dependent B-catenin mRNA translation, the binding of SRSF9 to mTORCI1 is unknown.
Thus, we determine whether SRSF9 interacted with mTORCI1. In a co-
immunoprecipitation experiment, we found that overexpressed SRSF9 interacted with
mTORCI. Interestingly, the S123D mutant still maintained with mMTORCI1. These results
suggest that S123D mutant does not affect SRSF9’s binding to mTORCI.

3-3 The S123D mutation does not affect the interaction between SRSF9
and mTORCI1.

The results of 3-1 suggest that AMPK-induced phosphorylation of SRSF9 Ser123
inhibits the interaction between SRSF9 and B-catenin mRNA. Because SRSF9’s Ser123
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mutation did not interact with P-catenin’s exon 8, we investigated whether the
overexpressing SRSF9 mutants affect the protein levels of exogenous B-catenin. As
expected, the overexpression of wild-type SRSF9 increased the protein level of
exogenous B-catenin, whereas S123D and S123 mutants did not. We also confirmed that
AMPK-induced SRSF9 phosphorylation also failed to increase exogenous [B-catenin
protein levels. Moreover, the phosphor-defective S123A mutant of SRSF9 prevented the
AMPK-induced suppression of protein production of exogenous [-catenin, suggesting
that AMPK regulated the B-catenin protein expression via SRSF9 phosphorylation. We
monitored P-catenin’s mRNA expression levels in the cells overexpressing SRSF9 or
AMPK to find AMPK-induced suppression of B-catenin protein level was not mediated
by mRNA expression. These results showed that the amount of B-catenin protein was

suppressed by AMPK without altering the mRNA expression level of B-catenin.

Discussion

In this study, we identified SRSF1/9 as AMPK substrates. AMPK directly
phosphorylated SRSF1 at Ser133 and SRSF9 at Ser123 in an RNA recognition motif. The
phosphorylation by AMPK suppressed the interaction between SRSF1/9 and specific
RNA sequences. AMPK inhibited the SRSF1-mediated alternative pre-mRNA splicing of
Ron by suppressing its interaction with exon 12 of Ron pre-mRNA. Moreover, AMPK
suppressed -catenin protein synthesis caused by SRSF9 overexpression by suppressing
the binding of SRSF9 to -catenin mRNA.

RRM2 of SRSF1 contains SWQDLKD, a phylogenetically conserved amino acid
sequence, and this motif directly interacts with RNA. The results of crystal structure
analysis illustrated that SRSF1 binds to the GGA motif via the SWQDLKD motif of
RRM2. In fact, we observed that the phosphorylation of SRSF1 at Ser133 inhibited its
binding to RNA containing the motif. Moreover, crystal structure analysis further
revealed that Ser133, Trp134, and GInl35 form an ideal surface for binding the GGA
motif via confirmation of hydrogen bonding between Ser133 and GIn135. Therefore, it is
suggested that the phosphorylation of Ser133 inhibits the interaction of SRSF1 with RNA
by suppressing the formation of hydrogen bonds with GIn135. In fact, Ser133 mutations
including both the S133A and S133D mutation decreased binding to the GGA motif.
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These data also suggest that the Ser133 side chains forming hydrogen bonds with GIn135
is important for the interaction of SRSF1 with RNA. Since the amino acid sequence
around SRSF9’s SWQDLKD motif is almost identical to SRSF1’s, it is speculated that
the SRSF9’s Ser123, which is homologous to SRSFI’s Serl33, also makes an
intermolecular hydrogen bond in the motif.

It has been reported that the AMPK activator not only improves diabetes by reducing
blood glucose level, but also suppresses tumor growth. Although AMPK has been
reported to suppress protein synthesis and tumor cell growth by phosphorylating
mTORCI, analysis of other detailed mechanisms remains unclear. On the other hand,
since overexpression of SRSF1 and SRSF9 has been observed in various tumor cells,
these are identified as proto-oncogenes. SRSF1 overexpression is associated with cell
motility and invasion via the promotion of Ron exon 11 skipping. In this study we found
that AMPK inhibits the SRSF1-mediated production of the ARon isoform. It has been
reported that B-catenin protein is abnormally accumulated by SRSF9 overexpression and
it caused tumorigenesis. We suggest that AMPK inhibits production of B-catenin protein
caused by SRSF9 overexpression. However, further investigation is necessary to clarify
in the detail tumor suppressive effect of AMPK activation; whether ARon protein levels
are changed by AMPK activation and cell proliferation is regulated by AMPK via
reducing B-catenin protein levels. This study suggests a novel regulatory pathway in
which AMPK suppresses the production of splicing isoform involved in tumor
malignancy and accumulation of B-catenin. Therefore, SRSF1 and SRSF9 are expected

to be new targets for tumor suppression by AMPK activators.
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