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earlier work indicated that overexpression of Clk/Sty mimicked
insulin signaling by promoting PKCBII exon inclusion (17). In
the present study we found that insulin-regulated PKCBIl mRNA
alternative splicing was inhibited by Clk/Sty and Akt2 siRNA as
well as by TG003, a specific Clk/Sty inhibitor, which further
indicated that Clk/Sty was involved in insulin signaling. Addi-
tionally, Clkl-stimulated splicing of PKCBII mRNA was
blocked by LY294002, suggesting that an upstream kinase was
involved in the process.

We identified SRp7S, SRpSS, and SRp30b/SC35 as Clk/Sty
substrates using various criteria including siRNA in addition to
aspecific Clk inhibitor to differentiate Ctk phosphorylation from
Akt phosphorylation in immunoprecipitated SR proteins. Fus-
thermore, we found that insulin-induced Clk/Sty-mediated reg-
ulation of SR proteins was distinct from serum-induced Clk/Sty
regulation. To ascertain whether Akt2 and Clk/Sty regulation of
phosphorylation and resulting activation of SR splicing factors
was a universal phenomenon, we showed that SR proteins were
also substrates for Akt2-regulated Clk/Sty activation. A PI3K/
Akt2— Clk/Sty connection was also involved in the regulation of
SRp75 phosphorylation induced by serum, and there was also a
requirement for PI3K/Akt2 in Clk/Sty phosphorylation of SRp30b/
SC35. SRp30b/SC33 appeared to be a less-preferred substrate for
Clk/Sty during insulin activation but a more robust substrate with
serum conditions. However, insulin regulation of splicing is best
demonstrated after serum starvation. These results suggested that
this serum-initiated PI3K/Akt2—Clk/Sty pathway was distinct
from the one used by insulin.

We concluded that Akt2 phosphorylated Clk/Sty and acti-
vated Clk/Sty-mediated SR protein phosphorylation and PKCBII
exon inclusion in response to insulin. Furthermore, our obser-
vations that SR protein phosphorylation depended on PI3K were
supported by a recent finding that SRp55, SRp40, and SC35
phosphorylation was decreased by wortmannin, another inhib-
itor of PI3K, in anti-IgM receptor-induced splicing of BPV-1
pre-mRNAs in the ASF/SF2-depleted B cell line DT40(36). It was
also conceivable that the PI3K/Akt2 pathway regulated different
kinases involved in SR protein phosphorylation and splicing
complexes such as PKC or SRPK, because the insulin-initiated
pathway was distinct from the one used by serum in regulating
SR proteins.

Akt modulates gene expression via regulation of gene tran-
scription by phosphorylating CREB and forkhead transcription
factors (37, 38). However, the role and the control of signaling
by Akt in splicing regulation had not been clearly defined because
Akt becomes nuclear after it is activated. Multiple Akt-substrate
consensus motifs exist in the C-terminal Arg/Ser domains of all
the SR proteins (S, 21, 33). We found that Akt phosphorylated
these consensus sequences in multiple SR proteins (SRp75,
SRpSS, and SRp30b/SC35). A recent report provides both in
vivo and in vitro evidence for Akt-mediated modification of SR
proteins SF2/ASF and 9G8 by direct phosphorylation (33). Akt
associates with and phosphorylates YB-1, another RNA-binding
protein involved in regulation of mRNA transcription, splicing,
and translation (24). The possibility exists that Akt2 phos-
phorylation directs SR proteins to the nucleus before Clk
phosphorylation.
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FIG. 11. Signaling linkage between PI3K, Akt2, CIk/Sty, SR proteins, and PKCB
pre-mRNA alternative splicing. The diagram depicts the proposed dual role of
Akt2 and Clk/Sty in mediating insulin-induced pre-mRNA splicing and gene
expression via the networked phosphorylation of SR proteins.

In this study, cellular and genetic evidence showed that Akt2
phosphorylated Clk/Sty. A new role played by Akt2 was also
identified: regulation of alternative splicing and gene expression
via simultaneously modulating Clk/Sty kinases and specific SR
splicing factors. Tissues from Akt2-null mice with early stages of
type 2diabetes had impaired Clk/Sty activation, reduced SR pro-
tein phosphorylation, and reduced PKCBII protein. To demon-
strate a more physiological effect, the Clk inhibitor TG003,
which also blocked SR protein phosphorylation and PKCBII
splicing, blocked the effect of insulin on 2-deoxyglucose uptake
in L6 cells, further suggesting the role of these kinases in insulin
action.

Taken together, the results of this study establish the re-
quirement for PI3K/Akt2 signaling in SR protein regulation in
response to multiple stimuli. As summarized in Fig. 11, the
signaling linkage implied that PI3K/Akt2 was pivotal in me-
diating pre-mRNA splicing and gene expression through in-
ducing a sophisticated phosphorylation network that acted on
Clk/Sty and SR proteins. Whether Akt2 regulation of kinases
such as SRPK2 (26, 39) function similarly is under investiga-
tion. The hierarchy of SR protein phosphorylation sites is also
questioned. Previous work demonstrated that PKCBIL is nec-
essary for full insulin action as measured by alterations in
glucose uptake in multiple systems {18-20,40,41). The PKCB
splice variants differ in their binding to F-actin and implicate
PKCBII in the process of insulin-stimulated actin rearrange-
ments (42). The current experiments identifying a PI3K/Akt2/
Clk/Sty/SR protein/PKCBII linkage place Clk/Sty in the sig-
naling pathways of insulin action. Identification of the dual
regulation demonstrated for Akt on SR protein phosphorylation
introduces a new category of controlling pre-mRNA splicing and
gene expression initiated by extracellular signaling.
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FOIET, Gag® Gag/Pol ¥ ¥ X7 EWBAL, &

BICHIV-1 7 A VAROBS D ALND L1259,

CDZEFAT T A AR OBEFIPEEICT Y
AEF & —F L TnWiE\WZ EPHIV-1 R FEEICE
STEETHHILRRLTEY, BRIATIA Y
v P HIB OIS NS Y ANEETH 5 Z EDH LA
ThbH. LePLEDFD, E0L)RRNAKES ¥/8
S BERED LS BEFIEBHLT, HIV-1RRYR S
543y FETEL ATo T OMERIER i 5
%<, MHTNSKE REEITEENTYS,
bhvbhiE, SRp75 & SR ¥ ¥ 82 B VE{LEEER
(SR protein kinase : SRPK) O#HFEIHIT L 5T

HIV-1 p2d DEAEDEIL, SRPKIC X % SRp75 D

U VB TatDAT I Y v 7 RBELThAL I L
PRHBLE (F3)®, T2, bhbhdaglklAe
SRPK 0V YE{LEER M EH T 5 SRPIN340 *
HIV-1 82 M55 2 2 L b MELTWEY, bhb
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NOKRIE, BRORATIA ¥V IHHRY 4 VAED
FLWI—Fy MR I BT LRRLIADTOH
BTH5.
B BE MRNA R TS5 A4 Y T~DFi
DNAD A WVATHBANRITAL VARD T 4 Vv
AT ADOHEIZIE, TANVABTILBEEFEER, RNA
%%74wx9yﬂ7g%n—FLfm5Eﬁ%ﬁﬂ
bTwb. TOREHGBVBIAN AT A VR
(herpes simplex virus : HSV) ®ICP27 (infected
cell protein 27) T&H 5.

ICP271, NERMWENZRNABEICPIbE T IVE
=V FY TV VICE AR EF—T7RGG-box, CEiE
T hoRNP K @ RNA & #HBICHREITSWKH F

v (KH1-KH3) % 320KF3 57, ICP27 % ¥
78X, YA NVABETORERGZ{EET 2 EEHA
HETE LTasR TR, F0ROEN CEER
DRNARH BV COEERBHERZ L TVDL I LA
RENTE2, RELBESRRERELR S, ICP27
% %7 EitsnRNPs, SR % »,327 %, SRPKI,
SAPIS R N DPDATS 4 ¥ FHERETF & 48
HYEH T2 EPMBANTRRBETAZ L5 R T
WhH, DTS, ICP2TH YN ENWATSS LY
YRR FTH ST LA EZ SR, Sandri-Goldin
 BIXICP27 ¥ YR BVBEDATSA Vv I Rn %
Yy bATL, BEERTREHZIHT2EFVE
RIBLTWEY, fi& 5, HEEHSY &ICP27:E
fEFE2REL-ERASV BRI SHIH U7
W2 T, p-globin#RE & Lizin vitroA 75
AV TRIBEITo/. FOME, BEMHSV K
HIRZHE B VWIS TRERA TS 4 ¥ v 7 EYIX
M TEad o2, ICP27 R4&HSV Bl ik
HEEHAWB LRSS A4 VU VEYIBBTES LS
WK% olz. B-globin®A ¥ ba YIBRHA TS A4 ¥
YT Lo THEASNBMAM A Y PV THE T
b, ICP27% YNNI BRIBEDTRTDRAT T4
VYT EHELTWS EBELLITELTHS.

L L%&ds, ICP27 % » /327 & snRNPs & D4F
BEERDPR 7742 Y FRIGHEEICHEE Shkna
LABESNTUEIERLY, $_THOL v bay
BELHELTCRLIDLITTCERWNTEERDZEZ b5,

ERE, bNbNE VA VBRI h b b BEFOE
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RNAT 4TV THIBRATFE2HRERL-L 25, ICP27
BETZRETACEST: (FEDS, HXEEH).
F72, ICP27 % V7 H 3 Z DOMITEIT Lz oHh
. DRIEFOATTA v r (MM, ERE, <4
—RATGA YV IEL) KEEEVRPo/. bhub
NOFERIZ, ICP27 ¥ ¥ 37 BORNA AT S
PONV—VPEHEETHILERLTWAS, ICP27T% v~
N7 BEDRNAEZ ;&Eﬁﬁﬂ&iﬁ‘:f_ﬁ‘%f%ét , B
bIbIILICP27 & ¥ /% 7 BEREET ORR BT
2TTOTNEEIATHA.

NIRRT AW ARHZEE, HSV ICP27 DR
ZFELTCEBY A VADSM (EB2) HEEF, HHK
VHIERE Y A VA D ORFS7 BT %2 EX 4 5T
BY, L% oT, ZRONRRAT T4 ¥ ¥ ZHI#HIE
FELELTHWTWAEZ EPFHFESA TS 2D,
Swaminathan HiX, STATI®A > by 23HZ5
AT 54 AR ROTFHL, EBYAVADSM ¥
YNRIBRRREEDLEFH LA TIA TNy T
YIFSTATIRFERTAZEZRMLEZ. ZoSM
L2V @@ﬁ%x774//&ﬁ@ﬁ Uvzu

A7 EBEPOSM Y VST ENRL P23
5' 275 4 ARMATEICEER S L, SF2/ASF# ¥
NRIBEFATHILTEONS. ICP27 HFEETF
BANVRAT AL VARDTNTDY A VARKBWTHE

TEL, PRl b 4BBEHOIA N TRERIEEEZ S
LTwWa. AVRRY AL VAR TR, 77/ 74
VAR 2 V=T AN ABREEICIISR ¥ o0 B
D SE2/ASF ALY VB L SN TiA L, M HPV B
YT A VADE2 Y V7 BHSF2 ORB 2 {25
THZEFRHELENTNWSE, FREFNLDOILNATE
CBRol2ANZALT, BEOMRNARATIL ¥
VIHIBEREICTHLTW A0 LIRS,

£&H

TANZBRES NI A ZDT ) A bEifn sy
YN BREETHLENS S0, mRNA OFER
BAT T4 TR BERHCERALTVwEEEZ LN
B, LPL2HEL, 94 VAHEN 2— F@‘%)RNA
Bay U RT BT CIRERERATTA YV DOHIH
BT, BEFHOEETFERETIZEICL
T, VANABHEICERNRATS AV FNRy—%
DLYHELTCWE, F72, 20FRELT, BHEED
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MRNADRTS5A4 Vv 72 ERBEELE 2 Tw
H5HDEFREINTVA. T2, bbb EREL
SRPK HEAE, XTF4 ¥ 7HIERTOY VBt
EHRBZELICEoTEEFEEF YA VI LCHE
FHEFEEZ AL TR, X754 2 ZHART %
ERE LFENY A VAERERSNLIDLZHE
WEETHEHZWEFUTHAS,
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<EBEHTOT74—I>
HFEEZ | 2001 FALEAFESZHEE kARBEALRE) .
0%, HRERENRFREREBEGHFIETOHK
FEBZEOD LHEELRELLXTIA ¥ IR TE
i (B%) #HE. '03~'064ECOE X —N—RXF 2w F
b, 06 ENFORMRZEOREHEE LTRE, BAI
FDH. B, T4 VARERCEEEREEROERY
AT5 4Ty TRIHEOREEF—<ICL T 5,
FRIES . 1984 FE=FRZEFETEE. AAEKETH-8
Yy UNTE) VBEEREORBET B 2N
(B%) #H5. ZHBAFEZHEEZEFEYF, Salk
WISERTRA F 7, B REREDBLEHREDEIFSE S
BT, '974H 1 B & Y REERENREREREBEaF
FHERT AR EZMEEHIER.
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