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AKT phosphorylates components of the intrinsic cell survival
machinery and promotes survival to various stimuli. In the pres-
ent study, we identified CDC-like kinase 2 (CLK2) as a new sub-
strate of AKT activation and elucidated its role in cell survival to
ionizing radiation. AKT directly binds to and phosphorylates
CLK2 on serine 34 and threonine 127, in vitro and in vivo. CLK2
phosphorylation was detected in HeLa cells overexpressing
active AKT. In addition, we demonstrated that ionizing radia-
tion induces CLK2 phosphorylation via AKT activation. In con-
trast, the suppression of endogenous AKT expression by siRNA
inhibited CLK2 phosphorylation in response to 2 gray of y-ray
or insulin. Furthermore, we examined the effect of CLK2 on the
survival of irradiated CCD-18Lu cells overexpressing Myc-
CLK2. CLK2 overexpression significantly increased cell growth
and inhibited cell death induced by 2 gray. The role of CLK2 in
cell survival to ionizing radiation was dependent on the phos-
phorylation of serine 34 and threonine 127. Our results suggest
that AKT activation controls cell survival to ionizing radiation
by phosphorylating CLK2, revealing an important regulatory
mechanism required for promoting cell survival.

AKT (protein kinase B) is a serine/threonine kinase and a key
component of a pathway that controls cell survival and prolif-
eration by inhibiting apoptosis signals, increasing glucose
uptake (1), and promoting cell cycle progression (2, 3). AKT is
potently activated in response to a wide variety of stimuli,
including growth factors and ionizing radiation (4, 5). Full acti-
vation of AKT, in response to ionizing radiation, is mediated by
ATM (6). AKT predominantly localizes to the cytoplasm and
translocates to the membrane or nucleus upon cellular stimu-
lation (7-9). To understand stimulus-dependent signal trans-
duction through AKT, it is important to identify substrates of
AKT and elucidate their biological functions.

Ionizing radiation induces a variety of cellular responses,
such as DNA damage and repair, cell cycle arrest, apoptosis,
and carcinogenesis (10 —-15). However, it was also reported that
low dose radiation triggers DNA repair, cell survival, and cell
proliferation via the induction of cellular protective mecha-
nisms (16 —19). Ionizing radiation regulates cell survival by acti-
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vating a variety of signaling cascades, including the phospha-
tidylinositol 3-kinase (PI3K)/AKT pathway. Our previous study
showed that the activation of AKT is associated with cell pro-
tection against ionizing radiation-induced apoptosis (20). AKT
directly phosphorylates acinus and regulates its expression via
the nuclear factor kB pathway, thereby controlling cell survival
to ionizing radiation (20, 21). AKT control of diverse cellular
responses may be dependent on the regulation of downstream
substrates.

The CDC2-like kinase (CLK)? family proteins are evolution-
arily conserved nuclear dual-specificity kinases that act on both
serine/threonine and tyrosine residues (22, 23). The human
CLK family includes three highly conserved isoforms, CLK1,
CLK2, and CLK3 (24 -26). CLK1 was initially identified by its
ability to autophosphorylate tyrosine residues (27, 28). CLK2
and CLK3 have been shown to phosphorylate serine/arginine-
rich proteins of the spliceosomal complex, which control alter-
native splicing (29, 30). It has been suggested that CLK2 local-
ization and activity are influenced by its phosphorylation status
(31). Therefore, CLK2 may be regulated by a number of kinases
and phosphatases. However, the upstream molecules of CLK
family kinases are still largely unknown, but may play an impor-
tant and evolutionarily conserved role in signal transduction.

Given the diverse roles of the AKT pathway in the cellular
response to ionizing radiation, it is important to identify new
physiological substrates of activated AKT and to elucidate their
biological functions. In this study, we first show that CLK2 is a
novel substrate for AKT and that CLK2 phosphorylation by
activated AKT leads to cell survival following ionizing
radiation.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—Polyclonal anti-CLK2 (N-termi-
nal) antibody was purchased from ABGENT (San Diego, CA),
anti-phospho-Ser/Thr from Upstate Biotechnology (Lake
Placid, NY), anti-phospho-AKT (Ser*”?), anti-AKT, anti-phos-
pho-GSK-3a/B, and anti-MEK1/2 from Cell Signaling Tech-
nology, Inc. (Danvers, MA). Monoclonal anti-Myc tag and anti-
phospho-MEK1/2 antibody was purchased from Cell Signaling
Technology, Inc., anti-actin from Sigma, and anti-GAPDH
from Santa Cruz (Santa Cruz, CA). LY294002 and wortmannin

2The abbreviations used are: CLK, CDC2-like kinases; GSK-3, glycogen syn-
thase kinase 3; Myr-AKT, myristoylated active Akt; siAKT, small interfering
AKT; Gy, gray; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide.
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were purchased from Cell Signaling Technology, Inc., and insu-
lin and other chemicals from Sigma.

Cell Culture—Human lung fibroblast CCD-18Lu cells and
HeLa cells were purchased from the American Type Culture
Collection (Rockville, MD). CCD-18Lu and HeLa cells were
cultured in minimum essential medium (Invitrogen) and Dul-
becco’s modified Eagle’s medium (DMEM, Invitrogen) con-
taining 10% fetal bovine serum (Invitrogen) and maintained at
37 °Cin a humidified incubator containing 95% air and 5% CO,,

Plasmid Construction and Transfection—The pUSEamp-
AKT1I (wild type) and pUSEamp-myr-AKT1 (activated) were
purchased from Upstate Biotechnology. The pcDNA3.1-
myc-CLK2 was kindly provided by Dr. Sungkwan An. The dom-
inant-negative mutants of human CLK2 cDNAs (S34A, S36A,
and T127A) were generated by PCR with WT CLK2 cDNA as
the template. Cells were transfected with appropriate plasmids
using Lipofectamine Plus (Invitrogen), according to the manu-
facturer’s protocol.

Irradiation and Assessment of Cell Survival—Cells were
seeded into 35-mm dishes at a density of 1 X 10° cells per dish
1 day prior to irradiation. Cells were irradiated with a total dose
of 0.05, 0.2, or 2 Gy at a dose rate of 0.8 Gy/min using a **’Cs
y-irradiator (IBL 437C, CIS Bio International Co., France). To
measure the viability of the irradiated cells, MTT assays were
performed according to the manufacturer’s instructions
(Sigma). For the determination of cell proliferation, colorimet-
ric immunoassay was performed using Cell Proliferation
ELISA, BrdU colorimetric assay kit (Roche Applied Science).
For the quantification of apoptosis, DNA fragmentation was
detected using HT TiterTACS Assay Kit according to the man-
ufacturer’s instructions (Trevigen, Inc., Gaithersburg, MD).

PAGE and Immunoblot Analysis—Cells were lysed with SDS
lysis buffer containing 125 mwm Tris-HCI (pH 6.8), 4% SDS, 20%
glycerol, and 0.004% bromphenol blue, then boiled for 10 min.
Protein contents were measured using BCA Protein Assay Rea-
gent (Pierce). Samples were diluted with the lysis buffer con-
taining 1.28 M B-mercaptoethanol. Equal amounts of protein
were loaded onto 8-10% SDS-polyacrylamide gels. Proteins
were electrophoretically transferred to nitrocellulose mem-
branes. The membranes were then blocked with 5% nonfat dry
milk in PBS/Tween-20 (0.1%, v/v) at 4 °C overnight, then incu-
bated with primary antibody for 3 h, followed by horseradish
peroxidase-conjugated secondary antibody for 1 h. Immunore-
active proteins were visualized by enhanced chemilumines-
cence (Amersham Biosciences).

Immunoprecipitation and in Vitro Kinase Assay—Cells were
lysed in 1 ml of ice-cold lysis buffer containing 20 mm Tris (pH
7.5),150 mM NaCl, 1 mm EDTA, 1 mm EGTA, 1% Triton X-100,
2.5 mMm sodium pyrophosphate, 1 mm S-glycerolphosphate, 1
mM NazVO,, 1 ug/ml of leupeptin, and 1 mm PMSF. After cen-
trifugation, the supernatants were incubated with primary anti-
body at 4 °C for 2 h. Subsequently, protein A/G beads (Pierce)
were added and incubated at 4 °C overnight. Immunoprecipi-
tates were washed twice with lysis buffer and boiled for 3 min
after addition of sample loading buffer. After centrifugation,
the supernatants were used for immunoblot analysis.

For in vitro kinase assays, cell lysates were incubated with
anti-CLK2 or anti-Myc antibody at 4 °C for 2 h and then protein
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A/G beads (Pierce) were added and incubated at 4 °C overnight.
Immunoprecipitates were washed twice with lysis buffer and
twice with kinase buffer. To measure CLK2 phosphorylation, in
vitro kinase assays were performed using an AKT kinase assay
kit with recombinant active AKT protein and immunoprecipi-
tated CLK2, according to the manufacturer’s instruction (Cell
Signaling Technology, Inc.). Glycogen synthase kinase 3
(GSK-3) fusion protein was used as a positive control for the
AKT kinase assays.

Transfection of Small Interfering RNA (siRNA) for AKT or
CLK2—To knockdown AKT or CLK2 expression in CCD-18Lu
cells, cells were transfected with siRNA SMARTpool AKT1
(Dharmacon Inc., Chicago, IL) or siRNA SMARTpool CLK2
(Dharmacon Inc.) using the Cell Line Nucleofector Kit R
(Amaxa Inc., Gaithersburg, MD), according to the manufac-
turer’s instructions. ON-TARGETplus GAPDH siRNA (Dhar-
macon Inc.) was used as a control.

RESULTS

AKT Binds to and Phosphorylates CLK2—To identify novel
substrates of AKT, we systematically screened the bioinforma-
tion data base for proteins containing an AKT consensus phos-
phorylation site. We identified CLK2 as a new candidate for
AKT target protein. First, to determine whether AKT binds to
CLK2, we prepared GST recombinant AKT protein and com-
bined it in a reaction with ?*S-labeled CLK2 protein. **S-La-
beled p27, one of the AKT-binding proteins, was used as a pos-
itive control for the in vitro binding assay. The results of GST
pull-down suggested that CLK2 associates with AKT (Fig. 1A4).
To confirm the in vivo CLK2 binding to AKT, we transfected
HeLa cells with myc-CLK2 and then immunoprecipitated
endogenous AKT followed by Western blot analysis with anti-
Myc antibody. Fig. 1B shows that CLK2 was co-immunopre-
cipitated with AKT, suggesting that AKT interacts directly with
CLK?2, in vivo.

We then asked whether CLK2 is directly phosphorylated by
AKT. We transfected myc-CLK2 into HeLa cells, and then
immunoprecipitated CLK2 was incubated in vitro with recom-
binant active AKT. GSK-3 fusion protein was used as a positive
control for the AKT kinase assay. We found that CLK2 was
phosphorylated by AKT (Fig. 1C). We further examined the
association between endogenous CLK2 and endogenous AKT.
HeLa cells were transfected with siNon-Target (mock) or
siRNA specific for CLK2 (siCLK2) and then the immunopre-
cipitation assay was performed. Endogenous CLK2 bound to
endogenous AKT in parent and mock-control cells, but not in
CLK2 knockdown cells (Fig. 1D). To assay for in vivo CLK2
phosphorylation, HeLa cells were transfected with vacant vec-
tor, wild type (WT-AKT), or myristoylated active Akt (Myr-
AKT) cDNA. The phosphorylation of endogenous CLK2 was
then estimated by immunoprecipitation from cells with anti-
CLK2 antibody and followed by Western blot analysis with
anti-phospho-Ser/Thr antibody. As shown in Fig. 1E, CLK2
phosphorylation was detected in HeLa cells overexpressing
active AKT. These results suggest that CLK2 is a new substrate
of AKT activation.
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FIGURE 1. AKT binds to and phosphorylates CLK2. A, CLK2 co-precipitates
with GST-AKT, in vitro. 3*S-Labeled CLK2 (10 wl) produced from a CLK2 cDNA
construct was used in an in vitro binding assay with GST-AKT. 3*S-Labeled p27
was used as a positive control for the in vitro binding assay. B, CLK2 binds to
endogenous AKT. Hela cells were transfected with control vector or myc-
CLK2. AKT was immunoprecipitated followed by Western blotting with anti-
Myc antibody. C, CLK2 was phosphorylated by recombinant active AKT pro-
tein. In vitro AKT kinase assays were performed with immunoprecipitated (/P)
CLK2 with anti-CLK2 antibody from Hela cells overexpressing Myc-CLK2.
Western blotting was performed with anti-phospho-Ser/Thr or anti-Myc anti-
bodies. GSK-3 fusion protein was used as a positive control for the in vitro AKT
kinase assays. D, endogenous CLK2 binds to endogenous AKT. Hela cells
were transfected with siNon-Target (Mock) or siRNA specific for CLK2 (siCLK2).
After 24 h of transfection, AKT was immunoprecipitated followed by Western
blotting with anti-CLK2 antibody. E, active AKT phosphorylates CLK2. HelLa
cells were transiently transfected with vector, WT-AKT1, or Myr-AKT1. After
24 h of transfection, the phosphorylation of CLK2 was detected using immu-
noprecipitation with anti-CLK2 antibody followed by Western blotting with
anti-phospho-Ser/Thr antibody. /B, immunoblot.

CLK2 Phosphorylation in Response to lonizing Radiation Is
Associated with AKT Activation—W'e previously reported that
ionizing radiation induces AKT activation and peaks 4 h post-
irradiation (20). We first sought to determine whether ionizing
radiation induces CLK2 phosphorylation in normal human
lung fibroblast CCD-18Lu cells. Thus, CLK2 phosphorylation
was assessed after irradiation with either 0.05 or 2 Gy (Fig. 2A).
Both 0.05 and 2 Gy induced the phosphorylation of CLK2,
which peaked 4 h post-irradiation.

To determine whether CLK2 phosphorylation following ion-
izing radiation is regulated by AKT activation, we pretreated
CCD-18Lu cells with PI3K inhibitors, LY294002 (50 um) or
wortmannin (200 nm), followed by ionizing radiation or insulin
(10 pg/ml). Both LY294002 and wortmannin treatment
blocked AKT activation in response to low-dose radiation of
0.05 Gy or insulin, and markedly decreased 0.05 Gy- or insulin-
induced CLK2 phosphorylation (Fig. 2B). Irradiation with 2 Gy
y-ray also induced CLK2 phosphorylation, which was inhibited
by LY294002 or wortmannin (Fig. 2C).
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FIGURE 2. The phosphorylation of CLK2 is induced by ionizing radiation
and insulin. A, the CCD-18Lu cells were irradiated with 0.05 or 2 Gy of y-rays
and incubated for the indicated time periods. The phosphorylations of CLK2
were detected using immunoprecipitation (/P) with anti-CLK2 antibody fol-
lowed by Western blotting with anti-phospho-Ser/Thr antibody. B-Actin was
used as a loading control. B, effects of PI3K/AKT inhibition on 0.05 Gy or insu-
lin-induced CLK2 phosphorylation. CCD-18Lu cells were pretreated with
LY294002 (50 wm) or wortmannin (200 nm) for 1 h and then exposed to 0.05 Gy
or insulin treatment (10 wg/ml). CLK2 phosphorylation was detected using
immunoprecipitation with anti-CLK2 antibody followed by Western blotting
with anti-phospho-Ser/Thr antibody. C, effects of PI3K/AKT inhibition on 2 Gy
or insulin-induced CLK2 phosphorylation. /B, immunoblot.

To confirm that endogenous AKT activation is related to
CLK2 phosphorylation induced by radiation or insulin, we
transfected CCD-18Lu cells with siNon-Target or siRNA spe-
cific for AKT (siAKT) directed against the AKTI isoform. AKT
was markedly depleted 24 h after siAKT transfection (Fig. 3).
CLK2 protein levels were not changed in AKT knockdown cells
compared with control cells transfected with siNon-Target.
However, CLK2 phosphorylation in response to 2 Gy of y-ray or
insulin was decreased in AKT knockdown cells 4 h after irradi-
ation or 15 min after insulin treatment (Fig. 3). To eliminate the
possibility of the potential off-target effect by siAKT, we exam-
ined whether AKT activation is correlated with the regulation
of p-MEK1/2 and MEK1/2 expression, which is an upstream
molecule of mitogen-activated protein kinases (MAPKs). The
expressions of both p-MEK1/2 and MEK1/2 were not changed
by AKT knockdown (Fig. 3). These findings suggest that CLK2
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FIGURE 3. CLK2 phosphorylation in AKT knockdown CCD-18Lu cells.
siNon-Target (Mock) or siRNA specific for AKT (siAKT) directed to the target
sequence of human AKT1 cDNAs were transfected into CCD-18Lu cells. After
24 h, the cells were exposed to 2 Gy of radiation or insulin treatment (10
ng/ml)and lysed at4 h after irradiation or 15 min after insulin treatment. CLK2
phosphorylation was detected using immunoprecipitation (/P) with anti-
CLK2 antibody followed by Western blotting with anti-phospho-Ser/Thr
antibody. Western blot was performed with indicated antibodies. /B,
immunoblot.

phosphorylation in response to ionizing radiation is specifically
regulated by AKT activation.

Identification of Ser** and Thr'*” Residues of CLK2 as Novel
Target Sites of Activated AKT—In exploring the sequence of
CLK?2 for putative AKT phosphorylation sites, we found that
amino acids 29 -35, RRRSRSW, 31-37, RSRSWSS, and 122—
128, RRRSRTF, match the AKT consensus phosphorylation
motif (Fig. 44). To identifty CLK2 phosphorylation sites, we
generated several CLK2 point mutants in which Ser®*, Ser®®,
and Thr'?” were converted to alanine (S34A, S36A, and
T127A). We transfected HeLa cells with vacant vector, WT,
S34A, S36A, and T127A mutants, and then immunoprecipi-
tated Myc-CLK2 was incubated with recombinant active AKT,
in vitro. To monitor the phosphorylation status of CLK2, West-
ern blot analysis was then performed with anti-phospho-Ser/
Thr antibody (Fig. 4B). CLK2 phosphorylation by active AKT
was blocked in S34A and T127A mutants, although CLK2
phosphorylation remained intact in the S36A mutant com-
pared with the wild type (Fig. 4B). To confirm the CLK2 phos-
phorylation sites in vivo, CCD-18Lu cells were transfected with
WT, S34A, S36A, and T127A mutants and then treated with
insulin. The S34A and T127A mutants blocked the phosphor-
ylation of CLK2 induced by insulin compared with wild type,
although CLK2 phosphorylation was detected in the S36A
mutant (Fig. 4C). In addition, interestingly, phosphorylated
CLK2 bound to p-AKT, but the mutants of S34A and T127A
did not bind to phosphorylated AKT. However, WT-CLK2 and
the mutants of S34A, S36A, and T127A bound to AKT (Fig. 4C).
We then generated a double mutant of CLK2 in which both
Ser®* and Thr'?” were converted to alanine (S34A/T127A) and
transfected it into CCD-18Lu cells. When the cells were
exposed to 2 Gy of y-ray, CLK2 phosphorylation was not
detected in the S34A, T127A, and S34A/T127A mutants (Fig.
4D). Although WT-CLK2 and all of the mutants (S34A, S36A,
T127A, and S34A/T127A) bound to AKT, phosphorylated
CLK?2 at Ser®* and Thr'*” sites bound to phosphorylated AKT
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FIGURE 4. AKT phosphorylates Ser** and Thr'?? of CLK2. A, diagram of
CLK2 with putative AKT phosphorylation sites. Amino acids 29-35, RRRSRSW,
31-37,RSRSWSS, and 122-128, RRRSRTF, that correspond to the AKT consen-
sus phosphorylation motifs are labeled with arrows. B, the CLK2 phosphory-
lation sites targeted by active AKT. Wild-type (WT) CLK2 and S34A, S36A, and
T127A mutants were transfected into Hela cells. AKT kinase assays were per-
formed with immunoprecipitated (/P) WT-CLK2 or mutants as the substrates.
The WT-CLK2 and S36A mutant were phosphorylated by active AKT, but S34A
and T127A mutants were not. C, the sites of CLK2 phosphorylation induced by
insulin. Insulin-induced CLK2 phosphorylation in both WT-CLK2 and S36A,
but not in S34A and T127A mutants. D, ionizing radiation phosphorylated
Ser** and Thr'?” of CLK2. IB, immunoblot.

(Fig. 4D). These results suggested that activated AKT induced
by ionizing radiation or insulin binds to CLK2 and potently
phosphorylates CLK2 at Ser®** and Thr'?” sites.

CLK?2 Is Responsible for Cell Survival to lonizing Radiation—
To examine the role of CLK2 on cell survival after irradiation,
CCD-18Lu cells were transfected with control vector or myc-
CLK2. Western blot was performed to confirm Myc-CLK2
overexpression (Fig. 54). At 24 h post-transfection, cells were
irradiated with y-rays 0f0.05, 0.2, and 2 Gy and cell viability was
assayed 48 h later. CLK2 overexpression significantly increased
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FIGURE 5. The effects of CLK2 on radiation sensitivity of CCD-18Lu cells.
Cells were transfected with either vacant vector or myc-CLK2. At 24 h post-
transfection, cells were exposed to 0.05-2 Gy of y-rays and cell viability was
assayed 48 h later. A, the overexpression of Myc-CLK2 at 72 h post-transfec-
tion. B, the cell viability of CLK2 overexpressing CCD-18Lu cells to ionizing
radiation was determined by MTT assay. C, cell proliferation of CLK2 overex-
pressing cells after irradiation. D, effect of CLK2 overexpression on 2 Gy-in-
duced apoptosis. DNA fragmentation was detected with HT TiterTACS Assay
Kit for the quantification of apoptosis. B-D, data represent mean = S.D. (n =
3) and were analyzed by the t test. Data showed a significant difference com-
pared with vector control at the indicated dose (¥, p < 0.01; **, p < 0.001).
E, cells were transfected with siNon-Target, siCLK2, or siGAPDH and then
Western blot was performed 72 h later. F, cells were exposed to 0.05-2 Gy of
y-rays at 24 h post-transfection. The radiation sensitivity in CLK2 knockdown
cells was detected by MTT assay at 48 h after irradiation. G, the cell prolifera-
tion after irradiation in CLK2 knockdown cells. H, effect of CLK2 knockdown on
2 Gy-induced apoptosis. The apoptosis was assessed as described in panel D.
F-H, datarepresent mean = S.D. (n = 3) and were analyzed by Tukey's test for
multiple comparison in analysis of variance at the indicated dose (¥, p < 0.05).
UN, untreated control.

cell growth in untreated and 0.05 or 0.2 Gy-irradiated cells and
inhibited cell death in 2 Gy-irradiated cells compared with the
vector control (Fig. 5B). We confirmed that CLK2 overexpres-
sion enhanced cell proliferation in untreated and irradiated
cells (Fig. 5C) and blocked apoptosis induced by high dose radi-
ation of 2 Gy (Fig. 5D).
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We also investigated whether the depletion of endogenous
CLK?2 affects radiation sensitivity in CCD-18Lu cells. Cells were
transfected with siNon-Target or siRNAs against CLK2
(siCLK2) or GAPDH (siGAPDH), which is used as a control to
eliminate the possibility of the potential off-target effect. West-
ern blot was performed to detect the level of target gene deple-
tion by siRNAs (Fig. 5E). At 24 h post-transfection, cells were
irradiated with y-rays of 0.05, 0.2, or 2 Gy and cell viability was
assayed 48 h later. GAPDH knockdown did not affect cell via-
bilities after low dose radiation of 0.05 or 0.2 Gy compared with
the mock control, but slightly increased cell death in response
to high dose radiation of 2 Gy (Fig. 5F). However, the suppres-
sion of endogenous CLK2 significantly inhibited cell growth
after irradiation of y-rays compared with siGAPDH (Fig. 5, F
and G) and enhanced apoptosis induced by 2 Gy (Fig. 5H). This
results show that CLK2 is correlated with the regulation of cell
survival to ionizing radiation.

Phosphorylation of CLK2 on Ser®* and Thr'?” Is Correlated
with Cell Viability after Irradiation—To investigate whether
CLK2 phosphorylation affects radiation sensitivity, CCD-18Lu
cells were transfected with control vector, WT-CLK2, or CLK2
mutants. We first confirmed the overexpression levels of WT-
CLK2 and CLK2 mutants (Fig. 6A). At 24 h after transfection,
cells were irradiated with y-rays of 2 Gy and cell viability was
assayed 48 h later. As shown in Fig. 6B, vector control cells
exposed to 2 Gy had higher levels of cell death compared with
untreated cells. The overexpression of WT-CLK2 or S36A
mutant blocked radiation-induced cell death, but S34A,
T127A, and S34A/T127A mutants did not have any effect on
radiation-induced cell death. To confirm whether the inhibi-
tion of cell death by CLK2 phosphorylation is correlated with
the regulation of apoptosis, we performed DNA fragmentation
assay (Fig. 6C). Vector control cells exposed to 2 Gy showed
apoptosis compared with untreated vector control, but the
overexpression of WT-CLK2 or S36A mutant blocked 2 Gy-
induced apoptosis (Fig. 6C). To expand our study of the role of
CLK2 phosphorylation in low dose radiation sensitivity, we per-
formed cell viability (Fig. 6D) and cell proliferation assays (Fig.
6E) after irradiation of 0.05 Gy. Interestingly, overexpression of
WT-CLK2 or the S36 A mutant increased cell proliferation after
irradiation of 0.05 Gy, but S34A, T127A, and S34A/T127A
mutants did not have any effect on cell growth, suggesting that
CLK2 phosphorylation correlates with cell proliferation after
low dose radiation (Fig. 6, D and E). These results demonstrate
that CLK2 phosphorylation in response to ionizing radiation
plays important roles in the regulation of cell survival.

DISCUSSION

Protein phosphorylation by AKT is an important regulatory
mechanism in the control of diverse cellular functions, such as
cell cycle, survival, and signal transduction pathways. In this
study, we identified and characterized CLK2 as a novel sub-
strate of AKT. AKT directly binds and phosphorylates CLK2, in
vitro and in vivo. We found that ionizing radiation induces
CLK2 phosphorylation via AKT activation, in vivo. Further-
more, we demonstrated that CLK2 phosphorylation plays a
critical role in cell proliferation following low dose radiation
and prevents cell death following high dose radiation. To the
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FIGURE 6. The regulation of the sensitivity of CCD-18Lu cells to ionizing
radiation is dependent on CLK2 phosphorylation. A, CCD-18Lu cells were
transfected with vacant vector, WT-CLK2, or CLK2 mutants and the overex-
pressions of WT-CLK2 and CLK2 mutants were detected. B, the viabilities of
vector, WT-CLK2, or mutant-CLK2 overexpressing cells were measured using
MTT assays 48 h after 2 Gy of y-ray. C, effect of CLK2 phosphorylation on 2
Gy-induced apoptosis. DNA fragmentation was detected with HT TiterTACS
Assay Kit for the quantification of apoptosis. The absorbance (450 nm) of
untreated vector control was 0.34. D, the viabilities of vacant vector, WT-CLK2,
or mutant-CLK2 overexpressing cells after exposure to 0.05 Gy of y-ray were
measured by MTT assay. E, the cell proliferation after irradiation of 0.05 Gy in
vacant vector, WT-CLK2, or mutant-CLK2 CCD-18Lu cells. Data represent
mean = S.D. (n = 3) and were analyzed by Dunnett’s test for multiple com-
parison in analysis of variance to irradiated vector control (¥, p < 0.05).

best of our knowledge, this is the first report of the role of CLK2
as a novel target of AKT in controlling the cellular response to
ionizing radiation.

CLK2 is a member of the CLK family of kinases, which con-
tains an serine/arginine-rich domain (23, 29). The CLK family
kinases phosphorylate protein-tyrosine phosphatase PTP-1B
and serine/arginine-rich proteins, such as ASF/SF2 (32, 33).
Although CLK2 was reported to regulate its nuclear localiza-
tion by autophosphorylating serine 141 (31), CLK2 phosphory-
lation might be regulated by upstream kinases that influence its
localization and activity (31, 34). However, the regulatory
machinery for CLK2 phosphorylation and its function still
remain to be elucidated. We discovered that CLK2 protein con-
tains the AKT consensus phosphorylation motif, RXRXX(S/T)X,
which suggested it is a novel AKT substrate. We demon-
strated that AKT binds directly to CLK2 and phosphorylates
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it in vitro. The overexpression of active AKT-induced CLK2
phosphorylation in HeLa cells, suggesting that CLK2 is a
genuine AKT substrate.

We previously reported that AKT is potently activated in
response to ionizing radiation and regulates ionizing radiation-
induced apoptosis (20). To identify whether ionizing radiation-
induced AKT activation is related to CLK2 phosphorylation, we
measured CLK2 phosphorylation after irradiation. Both 0.05
and 2 Gy induced CLK2 phosphorylation, which peaked at
4 h post-irradiation. The inhibition of AKT activation by
LY294002 or wortmannin blocked radiation-induced CLK2
phosphorylation. Insulin was also shown to induce CLK2 phos-
phorylation, which was inhibited by PI3K inhibitors. Moreover,
CLK2 phosphorylation in response to radiation or insulin was
blocked in AKT knockdown cells, suggesting that CLK2 phos-
phorylation is regulated by activated AKT, in vivo. However, as
shown in Fig. 4, CLK2 possesses three putative AKT consensus
phosphorylation motifs, Ser®*, Ser®®, and Thr'*’; however,
Ser®® was not phosphorylated by active AKT. Both Ser** and
Thr'*” were phosphorylated by active AKT, in vitro, and phos-
phorylation of these sites was induced by radiation or insulin, in
vivo. In addition, phosphorylated CLK2 at these sites bound to
phosphorylated AKT. When both residues Ser®* and Thr'*”
were mutated to alanine, CLK2 phosphorylation in response to
radiation was no different from the single mutant forms, S34A
or T127A.

The CLK family kinases have been suggested to play an
important role in the regulation of mRNA splicing, which is
critical to the control of cellular gene expression (30, 35). CLK1
was shown to activate the mitogen-activated protein kinase sig-
naling cascade, including ERKs and pp90%** (36). Although the
importance of the CLK family in the control of gene expression
and signal transduction has been suggested, its biological func-
tion is unclear. Here, we found that CLK2 overexpression
increased cell growth induced by low dose radiation (0.05 or 0.2
Gy) and blocked cell death induced by high dose radiation (2
Gy). Moreover, the depletion of endogenous CLK2 by siRNA
also decreased cell viability following both low and high dose
irradiations. Our findings suggest that CLK2 is correlated with
cell proliferation and cell protection against high dose radia-
tion. Furthermore, we have demonstrated that CLK2 phosphor-
ylation is correlated with the regulation of cell survival after
irradiation. Interestingly, the overexpression of WT-CLK2 and
the S36A mutant blocked 2 Gy-induced cell death, but S34A,
T127A, and S34A/T127A mutants did not have any protective
effect. In addition, CLK2 phosphorylation affected cell prolifer-
ation after low dose radiation. Our data suggest that CLK2
phosphorylation on Ser®* and Thr'?” in response to radiation
plays important roles in the regulation of cell survival.

CLKs were previously shown to change cellular localization
depending on phosphorylation status. CLK2 localization and
catalytic activity influenced by phosphorylation may be associ-
ated with the regulation of downstream molecules. We have
sought to determine the change of CLK2 localization and sub-
sequent regulation of CLK2 targets in response to ionizing radi-
ation. However, although much more work is required to
understand the biological function of CLK2, we have identified
CLK?2 as a direct target of AKT and characterized the role of
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CLK2 phosphorylation in the cellular response to ionizing radi-
ation. As far as we know, this study provides the first evidence
that sensitivity to ionizing radiation is, at least in part, regulated
by CLK2 phosphorylation via activated AKT.
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