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Phosphatidylinositol (PI) 3-kinase mediates multiple path-
ways that regulate many aspects of the cell including metabo-
lism, survival, migration, and proliferation. Both Akt and cyto-
kine-independent survival kinase (CISK)/SGK3 are known AGC
family protein kinases that function downstream of PI 3-kinase.
Although the Akt signaling pathway has been studied exten-
sively, the specific signaling cascades that are modulated by
CISK remain to be elucidated. To understand CISK function, we
affinity-purified the CISK protein complex and identified
Flightless-I (FLII) as a novel downstream target of CISK. Here
we show that FLII is an in vivo substrate of CISK that functions
downstream of PI 3-kinase. CISK can associate with FLII and
phosphorylate FLII at residues Ser**® and Thr®'%, FLII has been
shown to act as a co-activator for nuclear hormone receptors
such as estrogen receptor (ER). We demonstrate here that CISK
can enhance ER transcription, which is dependent on its kinase
activity, and mutation of CISK phosphorylation sites on FLII
attenuates its activity as an ER co-activator. Furthermore, FLII
knockdown by RNA interference renders 32D cells more sensi-
tive to interleukin-3 withdrawal-induced apoptosis, suggesting
that FLII itself is also a survival factor. These findings support
the model that CISK phosphorylates FLII and activates nuclear
receptor transcription and suggest a new cell survival signaling
pathway mediated by PI 3-kinase and CISK.

Cell death and survival are tightly regulated throughout
development, through the action of numerous factors and
pathways (1-6). Of these, PI* 3-kinase and its downstream
effectors are among the most widely studied. PI 3-kinase path-
way is essential for survival and proliferation of mammalian
cells and has been implicated in cancer (7-10). Through the
regulation of D3-phosphoinositol levels in cells, PI 3-kinases
control the activity of 3-phosphoinositide-dependent kinase
and members of the AGC (cAMP-dependent protein kinase/
protein kinase G/protein kinase C) extended superfamily of
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kinases, including Akt and SGK isoforms (11-16). Aktl has
been shown to promote cell survival, by activating NF-«B (17—
19), phosphorylating, and inhibiting pro-apoptotic proteins
such as Bad and forkhead transcription factors (20 -25).

As in the case of Akt and SGK1, CISK/SGK3 also functions
downstream of PI 3-kinase, and its in vivo kinase activity can be
inhibited by PI 3-kinase inhibitors (11). Originally cloned from an
enhanced retroviral mutagen-mediated cell survival genetic
screen (11), CISK overexpression allows IL-3-dependent cells to
survive in the absence of IL-3. CISK exhibits high homology in the
kinase domain to other SGK family proteins and all three isoforms
of Akt and is capable of phosphorylating Akt substrates such as
Bad and forkhead transcription factor FKHRL1 (11). Interestingly,
unlike other SGK family members, CISK mRNA levels do not
change in response to serum or glucocorticoid stimulation (26).

CISK is the only member of the SGK family kinases that con-
tains a Phox homology (PX) domain (11). Similar to the pleck-
strin homology domain of Akt, the PX domain of CISK can also
bind phosphoinositides (27). CISK PX domain preferentially
binds phosphatidylinositol 3-phosphate, phosphatidylinositol
3,5-bisphosphate, and phosphatidylinositol 3,4,5-trisphos-
phate and targets CISK to early endosomes (27, 28). In contrast,
Akt exhibits diffuse staining in the cytosol with low amount of
nuclear staining (29). Endosomes are important vesicles for
protein sorting and trafficking. Growth factor receptors are
usually sorted in endosomes for recycling or degradation (30).
The endosomal localization of CISK suggests that CISK may
regulate distinct pathways from Akt.

CISK is known to up-regulate a variety of transport systems
when overexpressed in Xenopus oocyte (31-33). CISK knock-
out mice have impaired intestinal sodium-dependent glucose
transport but normal intestinal transport of phenylalanine, cys-
teine, glutamine, and proline (34). These mice also display
defects in hair follicle development with delayed hair develop-
ment and abnormal hair follicles in adulthood (35). Decreased
cell proliferation and fewer hair bulb progenitors appear to con-
tribute to these defects. Interestingly, CISK null mice show
striking resemblance to epidermal growth factor receptor null
mice in their hair development phenotypes (36). Epidermal
growth factor is known to translocate from the cell surface
through endosomes and has been shown to co-localize with
CISK in the same vesicles during its translocation process (27).
Therefore, CISK inactivation in mice might impair epidermal
growth factor signaling via endosome trafficking. Akt levels are
increased in CISK knock-out mice, suggesting possible func-
tional overlap between CISK and Akt (37). Wnt signaling path-
way has been proposed to mediate the impaired hair develop-
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ment in CISK knock-out mice (35). In CISK null mice, reduced
nuclear localization of B-catenin was observed, and overexpres-
sion of CISK can increase lymphoid enhancer factor-1 tran-
scription in vitro. However, the in vivo lymphoid enhancer fac-
tor-1 transcription activity in hair follicle cells remains
unchanged in CISK null mice (37).

The CISK knock-out mouse model has provided valuable
information regarding the physiological function of CISK (34,
35, 37-39) but still left unanswered questions regarding the
molecular mechanism of CISK signaling or the physiological
substrates of CISK. One potential CISK target may be the E3
ubiquitin ligase AIP4. AIP4 can interact with CISK and be phos-
phorylated by CISK in vitro, which in turn may be critical to
CISK-mediated inhibition of the degradation of the chemo-
kine receptor CXCR4 (40). To identify potential CISK sub-
strates in the CISK pathway, we purified the CISK complex
from IL-3-dependent 32D cells overexpressing FLAG-
tagged CISK. Here we report the identification of the mam-
malian homologue of Drosophila flightless I (FLII) as a novel
in vivo substrate of CISK. Furthermore, we demonstrate that
CISK and FLII regulate cell survival as well as the transcrip-
tional activity of nuclear receptors.

MATERIALS AND METHODS

Constructs and Cell Lines—Full-length or mutant CISK
cDNAs were cloned into the pcDNA or pBabe expression vec-
tor. The CISK construct used for large scale immunoprecipita-
tion is tagged with HA at the N terminus and FLAG at the C
terminus. Activated CISK (myrCISK) was tagged with the myri-
stylation sequence at the N terminus and the FLAG epitope at
the C terminus. The CISK K191A mutant was generated by
mutating Lys'®! in the ATP-binding site of the kinase domain
to Ala. Full-length or mutant FLII cDNAs were cloned into the
pCL vector and tagged with FLAG at both termini. Ser**® and
Thr®'® mutations were generated by site-directed mutagenesis.
293T and HeLa cells were used for kinase assays and luciferase
assays. Retroviruses encoding various CISK and FLII proteins
were generated by transfecting BOSC23 cells with various CISK
and FLIT constructs and then used to infect 32D cells. These
cells were selected in puromycin (1 ug/ml) for 3 days after
infection to generate stable lines. Puromycin-selected cells
were allowed to recover for 24 h before further analysis.

RNAi Vectors and Sequences—The sequences were as fol-
lows: FLII shRNA1, gatccccGTTCTACGAGGCTGACTGC-
ttcaagagaGCAGTCAGCCTCGTAGAACtttttgga; mouse FLII
mFLII-SR3-1, gatccccACTGAAGAAACTCGTCCTGAA-ttc-
aagagaTTCAGGACGAGTTTCTCAGTtttttgga; human CISK
shRNA3, gatccccGGCAGCTTTGGCAAGGTTC-ttcaagagaG-
AACCTTGCCAAAGCTGCCtttttgga; human CISK shRNA41,
gatccccGAGAACGGTCCTTTCCTGA-ttcaagagaTCAGGA-
AAGGACCGTTCTCtttttgga; and mouse CISK shRNA43, gat-
ccccGCGAGTGGTTTGTCTTCAG-ttcaagagaCTGAAGAC-
AAACCACTCGCtttttgga. These DNA fragments were cloned
into the pcl-mU6 shRNA retroviral vector between the BamHI
and HindlII sites as previously described (41). siRNA oligonu-
cleotides for vimentin, hFLII (GUGGUACAACAUCGAC-
UUC), and human CISK (GUUCUGGUUUCAGTGGGUU)

were ordered from Dharmacon.
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Preparation of S100 Fraction—32D cells overexpressing CISK
were grown in suspension to 1 X 10° cells/ml. All of the steps were
carried out at 4 °C unless otherwise noted. More than 10° cells
were collected and washed in cold phosphate-buffered saline and
hypotonic buffer (10 mm Tris, pH 7.3, 10 mm KCl, 1.5 mm MgCl,,
0.2 mM phenylmethylsulfonyl fluoride, and 10 mm 2-mercaptoeth-
anol). The cells were then allowed to swell for 15 min in hypotonic
buffer, homogenized until percentage of cell lysis reached ~80%,
and centrifuged at 14,000 X g for 15 min. High salt buffer (30 mm
MgCl,, 300 mm Tris, pH 7.3, and 1.4 M KCl) was added to the
supernatant (at 1/11 of v/v ratio), followed by centrifugation at
44,000 X g for =1 h. Cleared supernatant was then dialyzed in
BC100 buffer (20 mm Tris, pH 7.3, 20% glycerol, 0.2 mm EDTA,
100 mm KCI, 0.2 mm phenylmethylsulfonyl fluoride, and 10 mm
2-mercaptoethanol) for 3 h and aliquotted for storage at —80 °C.
The aliquots were centrifuged again at 44,000 X gfor =20 min just
before immunoprecipitation experiments.

Immunoprecipitation, Western Blotting, and Antibodies—
For large scale immunoprecipitation of the CISK complex, anti-
FLAG M2 antibody-conjugated agarose beads (100 ul) (Sigma)
were incubated with 50 mg of S100 lysate and incubated for 3 h
at4 °C. The beads were then washed four times with 1X NETN
(I mm EDTA, 40 mwm Tris, pH 8, 100 mm NaCl, and 0.5% Non-
idet P-40). The associated proteins were subsequently eluted
from the beads using 200 wg/ml FLAG peptides (Sigma).

For small scale immunoprecipitation, the cells were freshly
lysed in lysis buffer (20 mm Tris, pH 8.0, 150 mm NaCl, 10%
glycerol, 2 mm EDTA, 1 mM phenylmethylsulfonyl fluoride,
0.15 unit/ml aprotinin, 20 um leupeptin, 1 mm sodium vana-
date, 1 uMm B-glycerol phosphate, and 1 um dithiothreitol), fol-
lowed by a 2-h incubation with appropriate primary antibodies
and an additional hour of incubation with protein A/G-agarose
beads (Santa Cruz) at 4 °C. The beads were then washed four
times with lysis buffer and then boiled in 2X SDS Lamini buffer.
For Western blotting analysis, the immunoprecipitates or cell
lysates were resolved by 8% SDS-PAGE and transferred to poly-
vinylidene difluoride membranes (Bio-Rad).

Rabbit polyclonal antibodies for CISK (against the PX
domain) and phosphorylated FLII (against sequences sur-
rounding Ser**®) were generated by Bethyl Laboratories. The
monoclonal FLII antibody was purchased from Santa Cruz Lab-
oratories. Anti-Akt substrate antibodies (from Cell Signaling)
were raised against RXRXX(S/T) sequences. Anti-FLAG and
anti-HA antibodies were from Sigma-Aldrich.

In Vitro Kinase Assay—Lysates from 1 X 107 293T cells co-
transfected with FLAG-tagged CISK and FLAG-tagged FLII
were immunoprecipitated with 15 ul of anti-FLAG conjugated
agarose beads (Sigma). The beads were then used for in vitro
kinase assays as previously described (42). Briefly, the reaction
was carried out in 20 ul of reaction volume for 30 min at 30 °C
in kinase buffer (50 mm Tris, pH 7.5, 10 mm MgCl,, 1 mm dithi-
othreitol) plus 40 um ATP, 10 uCi of [y->*P]ATP (3,000 cpm/
pmol), and the immunoprecipitates. The reaction mixtures
were subsequently resolved by SDS-PAGE, blotted onto poly-
vinylidene difluoride membranes, and exposed for autoradiog-
raphy or Western blotted with appropriate antibodies.
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FIGURE 1. Mammalian FLIl associates with CISK. A, large scale immunoprecipitation (/P) of FLAG-tagged CISK
was performed using the S100 fraction from FLAG-CISK expressing mouse 32D cells with anti-FLAG antibody-
conjugated agarose beads. The immunoprecipitates were eluted with FLAG peptides, resolved by SDS-PAGE,
and stained with Coomassie Blue. The visible bands were excised and sequenced by mass spectrometry.
B, co-immunoprecipitation of FLIl and CISK. Cell extracts from 32D cells stably expressing vector alone, FLAG-
tagged FLII, or FLAG-FLII and HA-tagged CISK together were immunoprecipitated using either anti-FLAG or
anti-HA antibodies. The immunoprecipitates were resolved by SDS-PAGE and analyzed by Western blotting
using the indicated antibodies. *, nonrelevant lane. C, diagram of the domain structure of FLII. The putative
CISK phosphorylation sites are indicated. LRR, leucine-rich repeat MW, molecular mass.

Cell Survival Assay—Cell survival was measured by trypan
blue exclusion assay (11) or propidium iodide staining followed
by flow cytometry. 32D cells stably expressing different CISK or
FLII shRNA sequences were plated in the absence of IL-3 and
collected at different time points after IL-3 withdrawal to assay
for cell survival.

Luciferase Assays—Luciferase assays were carried out as
described (11). HeLa cells were transiently transfected with var-
ious constructs at different concentrations using Lipo-
fectamine 2000 (Invitrogen). The total amount of transfected
DNA was normalized using pcDNA3. RNAi oligonucleotides
were transfected using Translt TKO transfection reagent
(Mirus). The ER-dependent reporter construct (50 ng/transfec-
tion) and the ER« construct (5 ng/transfection) were described
previously (43). B-Galactosidase (50 ng/transfection) was used
as a control to normalize transfection efficiency. 173-Estradiol
(1 ng/ml) was added on the second day post-transfection. The
cells were subsequently incubated for one more day before
being harvested to assay for luciferase activity as described in
the manufacturer’s manual (Promega).

RT-CES Assay—MCE-7 cells expressing various CISK and
FLII constructs were generated by retroviral transduction. The
cells were then selected in puromycin for 3 days and allowed to
recover for at least 24 h before further analysis. These cells were
subsequently cultured in estrogen-free medium for 3 days,
seeded onto E-plates in the absence or presence of 107 '° M
17B-estradiol (E,) and monitored using the RT-CES® system
from ACEA Biosciences. Cell index curves were obtained using
the RT-CES® SP software. The coefficients (slopes) of the
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expressing FLAG-tagged CISK. The
precipitated proteins were then
analyzed by mass spectrometry
sequencing.

Among the CISK-associated pro-
teins was the mammalian homo-
logue of Drosophila melanogaster
FLII (Fig. 1A) (44). FLII belongs to
the gelsolin family of actin-binding
proteins (Fig. 1C). Homozygous
knock-out of FLII led to embryonic
lethality in mice, highlighting the importance of FLII for early
embryonic development (45). To confirm the physical interac-
tion between FLII and CISK in vivo, we performed co-immu-
noprecipitation experiments using 32D cells expressing FLAG-
tagged FLII alone or together with HA-tagged CISK. As shown
in Fig. 1B, immunoprecipitation of HA-CISK could bring down
FLAG-FLII (left panel), and immunoprecipitation of FLAG-
FLII could pull down HA-CISK (right panel). These data sup-
port the large scale immunoprecipitation data and suggest that
FLII can indeed interact with CISK.

CISK Phosphorylates FLII at Ser**® and Thr®'® in Vitro—
Next, we examined whether FLII could be a kinase substrate for
CISK. To this end, FLII was co-transfected into 293T cells with
either myristylated CISK (an active form of CISK) or kinase-
dead CISK (CISK K191A mutant) (11). All three constructs
were FLAG tagged so that anti-FLAG immunoprecipitation
would bring down CISK and FLII together for in vitro kinase
assays (42). As shown in Fig. 24, we could detect phosphoryla-
ted FLII in immunoprecipitates of active but not kinase-dead
CISK, suggesting that FLII could be phosphorylated by CISK.

Akt is known to phosphorylate Ser/Thr within the
RXRXX(S/T) motif (46). The high sequence homology between
CISK and Akt kinase domains suggests shared substrate recog-
nition sequences between these two kinases. Indeed, we have
found CISK to phosphorylate a number of Akt substrates in
vitro (11). Sequence analysis revealed two potential CISK phos-
phorylation sites on FLII, Ser**® and Thr®'?, that also contain
the RXRXX(S/T) motif (Fig. 1C); we therefore reasoned that
antibodies against phosphorylated Akt substrates should rec-
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FIGURE 2. CISK phosphorylates FLII at Ser**® and Thr®'® in vitro. 293T cells co-expressing FLAG-tagged
activated CISK (myrCISK, with an N-terminal myristylation signal) or kinase-dead myrCISK mutant (myrCISK
K191A) in combination with FLAG-tagged wild type FLII or FLII S436A or the FLII S436A/T818A mutant (FLII
ST-AA) were generated. CISK and FLII proteins were co-immunoprecipitated with anti-FLAG antibody-conju-
gated agarose beads and subjected to in vitro kinase assays in the presence of [*?P]ATP. A, the kinase reaction
mixtures were resolved by SDS-PAGE, transferred to polyvinylidene difluoride membranes, and analyzed by
autoradiography (left) or Western blotting using anti-FLAG antibodies (right). B, CISK can phosphorylate FLII on
both Ser**® and Thr®'8, and phosphorylated FLII can be recognized by anti-Akt substrate antibodies. In vitro

kinase reactions were similarly carried out and analyzed as in A.
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FIGURE 3. CISK phosphorylates FLII at Ser*3® in vivo. A, generation of a
phospho-specific antibody for Ser**® of FLII. FLAG-tagged wild type FLIl or the
S436A/T818A double mutant (FLII-ST-AA) was expressed in 32D cells. The
FLAG-tagged proteins were immunoprecipitated (/P) with anti-FLAG anti-
body-conjugated agarose beads and eluted using FLAG peptides. For phos-
phatase treatment, alkaline phosphatase was added to the eluted proteins
and incubated for 30 min at 37 °C. The samples were then resolved by SDS-
PAGE and Western blotted using the indicated antibodies. B, Ser**® phospho-
rylation may be regulated by Pl 3-kinase. 32D cells expressing FLAG-tagged
FLIl were treated with the Pl 3-kinase inhibitor LY294002 in the absence of IL-3
for 2 h. The cells were then collected and analyzed as described in A. whole
cell, whole cell lysate. C, CISK knockdown led to reduced Ser**® phosphoryla-
tion. The lysates from 32D cells expressing control shRNA (CISK shRNA41) or
CISK shRNA, or LY294002-treated control shRNA expressing 32D cells were
Western blotted using the indicated antibodies. The asterisk indicates cross-
reactive bands that served as loading controls.

ognize phosphorylated FLII as well. Indeed, Western blotting
with an anti-Akt substrate antibody revealed a band that corre-
sponded to phosphorylated FLII (Fig. 2B). To investigate
whether Ser®®® and Thr®'® could be phosphorylated by CISK,
we generated FLII mutants with Ala mutations of either Ser*3®
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CISK can phosphorylate FLII at
both Ser**® and Thr®'® in vitro.

CISK Phosphorylates FLII at
Ser*3¢ in Vivo—To examine the in
vivo phosphorylation state of FLIJ,
we generated an antibody against
phosphorylated Ser**® and its flank-
ing sequences on FLII. 32D cells
expressing FLAG-tagged wild type FLII or FLII phosphoryla-
tion site mutants were generated. FLII proteins were then
immunoprecipitated with anti-FLAG antibodies and Western
blotted using the phospho-specific antibody. The anti-Ser(P)**¢
FLII antibody was able to recognize wild type FLII, but not the
S436A/T818A double mutant FLII ST-AA (Fig. 34) or FLAG-
tagged FLII S436A (data not shown). Furthermore, phospha-
tase treatment also led to a reduction of phospho-antibody
reactive signal toward wild type FLII (Fig. 3A). These results
suggest that the Ser(P)***-FLII antibody specifically recognizes
the phosphorylated Ser®*® site on FLIL

We have shown previously that CISK functions downstream
of the PI 3-kinase pathway and that its kinase activity can be
inhibited by PI 3-kinase inhibitors (11). If FLII is a substrate of
CISK, inhibition of PI 3-kinase activity should also attenuate
FLII phosphorylation. To test this, FLAG-FLII expressing 32D
cells were first treated with the PI 3-kinase inhibitor LY294002,
and total lysates or anti-FLAG immunoprecipitates were then
prepared to examine FLII phosphorylation. We were able to
observe a =50% decrease in FLII phosphorylation (presumably
at Ser*®®) in both total cell lysates and anti-FLAG immunopre-
cipitates following LY294002 treatment, as determined by the
anti-Ser(P)**® FLII antibody (Fig. 3B), indicating that the phos-
phorylation of FLII at Ser*® is at least partially dependent on
the PI 3-kinase pathway. Taken together with our results from
immunoprecipitation and in vitro assays, these data point to
CISK as the candidate kinase for FLII phosphorylation at Ser**®
in vivo.

We went on to investigate FLII phosphorylation in CISK
knockdown cells. CISK protein levels can be stably knocked
down by =80%, in 32D cells stably expressing a small hairpin
RNA (shRNA43) against CISK (Fig. 3C). Importantly, FLII
phosphorylation at Ser**® (as indicated by the anti-phospho-
FLII antibody) was reduced by >50% in these cells (Fig. 3C),
lending further support to the hypothesis that phosphorylation
of FLII at Ser**® depends on CISK in vivo.

CISK and FLII Promote IL-3-mediated Survival in 32D Cells—
CISK was originally identified through an enhanced retroviral
mutagen-mediated gain-of-function genetic screen as a sur-
vival kinase in IL-3-mediated pathways (47). We found that
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FIGURE 4. CISK and FLII are required for IL-3 dependent survival. A, 32D cells stably expressing shRNA
sequences against CISK or FLII were collected at different time points after IL-3 withdrawal. Percentages of
survival cells were determined by trypan blue exclusion. The error bars indicate standard error (=3 independ-
ent experiments). The p value for the time point indicated by the asterisk is <0.03 for FLIl and <0.002 for CISK.
B,RNAi knockdown of CISK or FLII by shRNA expression. Extracts prepared from 32D cells stably expressing CISK
or FLII shRNA sequences were analyzed by Western blotting with the indicated antibodies. Grb2 was used as a
loading control. C, 32D cells stably expressing different CISK shRNA sequences or FLIl shRNA were collected at
18 or 24 h after IL-3 withdrawal and processed for propidium iodide staining and flow cytometry analysis. The
percentages of sub-G, cells were then calculated and plotted. The error bars indicate standard error (=3
independent experiments). The p values for the time points indicated by the asterisks are <0.001. D, Western
blot analysis of CISK expression in 32D cells stably expressing various CISK shRNA constructs. The asterisk

indicates a cross-reactive band that was also used as a loading control.

CISK overexpression could protect 32D cells from IL-3 with-
drawal-induced apoptosis (11). To more definitively demon-
strate that CISK is indeed required for IL-3-mediated survival,
we examined the survival of CISK shRNA43 cells (in which
CISK was stably knocked down) in the absence of IL-3. Consist-
ent with our previous findings, RNAi inhibition of CISK ren-
dered the cells more susceptible to IL-3 withdrawal and
resulted in ~20% more cell death at 18 h after IL-3 withdrawal
(Fig. 4, A and B). To further confirm this observation, we gen-
erated additional CISK shRNA constructs that targeted differ-
ent regions of CISK for expression in 32D cells. These cells were
cultured in the absence of IL-3 and analyzed by propidium
iodide staining and flow cytometry. Consistent with our results
obtained by trypan blue exclusion assay, the percentage of
sub-G, cells (indicative of apoptotic populations) following
IL-3 withdrawal was reversely correlated with the protein level
of CISK (Fig. 4, C and D). Expression of the constructs that
more efficiently knocked down CISK levels (shRNA3 and
shRNA43) resulted in higher percentages of sub-G, cells, pro-
viding strong proof that CISK is indeed a survival factor.

The kinase activity appears critical for CISK survival function
(11), indicating that CISK likely mediates survival through
phosphorylation of its substrates. FLII was recently reported to
be able to inhibit caspase activity and prevent cell death
induced by caspase expression (48). In addition, FLII was shown
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pathway to control survival.

CISK/FLII Complex Activates
Nuclear Receptor Pathway—Re-
cently, FLII was reported to be a co-
activator of nuclear receptors such
as ER and thyroid receptor (49). FLII
can interact with the nuclear recep-
tor co-activator SRC-2 complex and
synergistically increase its tran-
scriptional co-activation activity.
Our findings that FLII is a substrate
of CISK suggest that CISK-FLII interaction may regulate the
transcription activity of nuclear receptors such as ER.

To test this idea, we carried out reporter assays in HeLa cells
using a luciferase construct containing 4X ERE (54). As shown
in Fig. 5A, co-expressing CISK increased ER-mediated tran-
scriptional activation in a dose-dependent manner. In contrast,
expressing kinase-dead CISK failed to achieve the same result,
indicating that the kinase activity of CISK is required for
enhancing ER transcriptional activity. In addition, knocking
down endogenous CISK and FLII expression by siRNA led to
decreased luciferase activity in the same reporter assay (Fig. 5, B
and C), and the effect of knocking down human CISK on ER
activity could be rescued by the co-expression of mouse CISK
(mCISK; Fig. 5, Band C). These data suggest that CISK and FLII
may activate transcription activity of the estrogen receptor.

To investigate how CISK may regulate ER activity, we first
tested whether CISK could enhance the co-activator function
of FLII. As shown in Fig. 5D, co-expressing FLII and SRC-2
increased ER transcriptional activity more than FLII alone, con-
sistent with published data that FLII couples with SRC-2 to
activate ER (49). Interestingly, CISK expression further aug-
mented co-activator activity of SRC-2 and FLII on ER. To fur-
ther determine whether CISK regulates ER activity through
phosphorylating FLII, we utilized FLII phosphorylation site
mutants. Potential CISK phosphorylation sites on FLII were
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FIGURE 5. CISK positively regulates ER transcription activity through phosphorylation of FLII. A, CISK
expression activates ER transcription activity. HeLa cells were transiently transfected with the ER-dependent
luciferase reporter ERE-Luc (50 ng), ERa (5 ng), and wild type CISK (in varying amounts) or kinase-dead CISK
(K191A). 17B-Estrodial was added to the cells 24 h after transfection. Cells were collected to assay luciferase
activities at 40 h after transfection. The error bars indicate standard error (n = 3). The p values were calculated
using Student’s t test (n = 3). B, RNAi-mediated suppression of CISK and FLIl inhibits ER activity. HeLa cells were
transiently transfected with ERE-Luc (50 ng), ERa (5 ng), and the indicated siRNA oligonucleotides (100 nm).
Mouse CISK (mCISK, 75 ng) was also included for rescue. Ctr siRNA, control siRNA oligonucleotide against
vimentin. The error bars indicate standard error (n = 3). The p values, which indicate unpaired probability with
control RNAi data, were calculated using Student’s t test (n = 3). C, Western blot analysis of cell extracts from B
using anti-CISK and FLII antibodies. The asterisk indicates cross-reactive bands that also served as loading
controls. D, luciferase assays were performed as described in A. ERE-Luc and ERa were transfected into Hela
cellsin combination with CISK, SRC-2, and wild type or mutated FLII. The error bars indicate standard error (n =

3). The p values were calculated using Student’s t test (n = 3).

mutated to either Ala to block phosphorylation (ST-AA for
S436A/T818A) or Asp/Glu (ST-DE for S436D/T818E) to
mimic phosphorylation. These mutations did not change the
interaction between FLII and SRC-2 (data not shown). FLII
ST-AA exhibited decreased activity as an ER co-activator,
whereas FLII ST-DE exhibited higher co-activation activity for
ER (Fig. 5D). Collectively, our data indicate that CISK can up-
regulate ER activity by phosphorylating its co-activator FLIIL.
The human breast adenocarcinoma cell line MCF-7 is ER-
positive, and estrogen has been shown to protect MCF-7 cells
from apoptosis (55). Our results imply that CISK and FLII may
regulate estrogen-dependent cell survival. To test this idea, we
went on to generate estrogen-responsive MCEF-7 cells that sta-
bly expressed the various wild type and mutant CISK proteins,
as well as shRNA sequences against CISK and FLIIL These cells
were first cultured in estrogen-free medium for 3 days and then
seeded onto special E-plates in the absence or presence of E,.
Cell growth was then monitored using RT-CES system (56). In
this assay, expression of activated CISK (myrCISK) led to
increased cell growth in the presence of E,, whereas mutation in
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P=0.01

K191A) diminished such an effect
(Fig. 6, A and B). In addition, CISK
or FLII knockdown by shRNA
expression resulted in reduced E,-
dependent cell growth (Fig. 6C).
These results are consistent with
our finding that CISK regulates ER
activity through FLII and suggest a
new cell survival signaling pathway
mediated by PI 3-kinase and CISK.

P=0.3

P=0.01

DISCUSSION

Post-translational modifications
such as protein phosphorylation by
kinases are pivotal to development
and cellular function. Unfortu-
nately, identification of the authen-
tic in vivo substrate(s) of a particular
kinase often constitutes the bottle-
neck step in studying kinase-medi-
ated pathways. Further complicat-
ing this process is the presence of
numerous isoforms or homologues
that may share substrate sequence
recognition. Great progress has
been made in more accurately pred-
icating substrate specificities of a
kinase and in fishing out potential
targets genome wide. The challenge
still remains, however, to sift
through these findings and locate
the true physiological targets.

The availability of a substrate to a
kinase is determined by multiple
factors including subcellular com-
partmentalization and formation of
protein complexes that may seques-
ter a particular protein. In some cases, the substrates can form
relatively stable complexes with their upstream kinases,
thereby enabling their identification through affinity purifica-
tion. In this study, we have successfully identified FLII as a
CISK-associated protein and an in vivo substrate of CISK, pro-
viding important clues to understanding the signaling pathways
controlled by CISK.

With a Ser/Thr kinase domain that is highly homologous to
Akt (26) and a PX domain that can interact with phospholipids
(27), the structural organization of CISK may afford CISK
unique functions compared with other members of the AGC
family of kinases. We identified the mammalian homologue of
Drosophila FLII in the CISK complex. FLII is a gelsolin family
actin-binding protein, containing a leucine-rich repeat domain
in its N terminus (57). We present evidence here that supports
the notion that the Ser**® and Thr®'® residues of FLII are poten-
tial CISK phosphorylation sites (Figs. 2 and 3). For example,
CISK can phosphorylate these sites in vitro, and in vivo Ser**®
phosphorylation could be detected using a phospho-specific
antibody. Furthermore, phosphorylation of FLII at Ser**® can
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FIGURE 6. A, real time measurement of MCF-7 cell survival. MCF-7 cells that stably expressed vector alone, myristylated CISK (myrCISK), or kinase-dead myrCISK
(K191A) were seeded onto E-plates in the absence (—) or presence (+) (10~ '°m) of E, and monitored using the RT-CES system to derive the Cell Index (arbitrary
units). A representative cell index plot is presented here. B, the coefficients (slopes) from curves described in A were calculated and graphed. C, MCF-7 cells
expressing shRNA sequences against human CISK (CISK SR, CISK shRNA43) or human FLII (FLII SR, FLII shRNA1) were similarly examined. The coefficients (slopes)
from the curves were calculated and plotted. CISK shRNA41 and a mouse FLII shRNA sequence (mFLII-SR3-1) were used as controls (ctr SR). D, a diagram of the

proposed CISK survival signaling pathway.

be attenuated by CISK knockdown or treatment with PI 3-ki-
nase inhibitors. These data collectively provide strong proof
that FLII is an in vivo substrate of CISK.

The CISK-FLII connection provides new insight into the
mechanisms of CISK and FLII activity. CISK was originally
identified as a survival kinase (11). This survival activity may be
important for hair development in mice, as evidenced in CISK
knock-out mice that exhibit impaired proliferation in hair fol-
licle development and reduced hair bulb progenitor cells (35).
Both CISK inhibition and FLII inhibition by RNAi-mediated
knockdown could sensitize 32D cells to apoptosis induced by
IL-3 withdrawal (Fig. 4), suggesting that FLII functions in the
same survival pathway downstream of CISK (Fig. 6D). Previous
studies have also linked CISK to the regulation of endosomal
trafficking of survival signal molecules such as growth factor
and chemokine receptors (35, 37, 40). FLII is an actin-binding
protein whose phosphorylation by CISK might impact actin
reorganization and endosome trafficking. Interestingly, CISK
may also attenuate degradation of receptors through its inter-
action with the E3 ubiquitin ligase AIP4 (40). The molecular
relationships among different CISK-associated proteins war-
rant further exploration.
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Our studies have placed FLII as a downstream mediator of PI
3-kinase/CISK signaling pathway. FLII may prevent apoptosis
by directly inhibiting caspase activity following cytokine deple-
tion (Fig. 6D) (48). Additionally, CISK and FLII may modulate
cell survival through the pathway presented here. Nuclear
receptors including ER are known to control the expression of
several genes that are involved in cell survival and growth (58).
FLII has recently been identified to complex with the nuclear
receptor co-activator SRC-2 and CARM1 (49). Overexpressing
FLII could increase the transcription activity of ER that is
dependent on SRC-2. We demonstrate here that CISK and its
kinase activity are required for full ER activation (Fig. 5, A and
B). Interestingly, mutations of CISK phosphorylation sites of
FLII affected its ability to regulate ER activity (Fig. 5D). These
data suggest that one important function of CISK is regulating
nuclear receptor (in this case ER) pathways through phospho-
rylating FLII and that CISK may modulate the activity of ER
and/or other nuclear receptors to execute its cell survival
function.

Estrogen is important throughout development, not only for
regulating female reproductive systems but also bone forma-
tion (59) and brain development (60). Increased ER activity
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tightly correlates with breast cancer and ovarian cancer (61).
ER-positive breast cancer can be effectively treated with the
anti-estrogen drug tamoxifen but tamoxifen-resistant tumors
eventually develop. This resistance has been correlated with
increased levels of growth factors such as IGF-1 and heregulin
that can activate PI 3-kinase (62). PI 3-kinase can increase both
estrogen-dependent and independent ER activity in vivo. Estro-
gen-independent ER activation can be mediated through Akt
(63, 64), where Akt may activate ER by directly phosphorylating
Ser'®” (65). However, PI 3-kinase can also activate ER through
pathways other than Akt. Our study suggests CISK as an alter-
native kinase that may function in Akt-independent ER activa-
tion downstream of PI 3-kinase.

CISK regulation of ER most likely occurs via phosphorylating
FLII Although phosphorylation of FLII by CISK does not affect
its interaction with SRC-2 (data not shown), it might still affect
FLII interaction with other proteins in the transcription activa-
tion complex. FLII can translocate between the nucleus and
cytoplasm (66). The endosome localized CISK might regulate
the trafficking of FLII and other proteins required for ER-de-
pendent transcription. We did not detect any gross changes in the
overall localization of FLII with Ser**® and Thr®'® mutations (data
not shown). However, such observations could not rule out the
possibility that CISK regulates the dynamic translocation of FLII
upon estrogen stimulation. Further investigation is needed to
detail how CISK phosphorylation of its target may affect ER-de-
pendent transcription and to offer new insight into the develop-
ment and progression of diseases such as breast cancer.
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