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SK1 (sphingosine kinase 1) plays an important role in many
aspects of cellular regulation. Most notably, elevated cellular
SK1 activity leads to increased cell proliferation, protection
from apoptosis, and induction of neoplastic transformation. We
have previously shown that translocation of SK1 from the cyto-
plasm to the plasma membrane is integral for oncogenesis medi-
ated by this enzyme. The molecular mechanism mediating this
translocation of SK1 has remained undefined. Here, we demon-
strate a direct role for CIB1 (calcium and integrin-binding pro-
tein 1) in this process. We show that CIB1 interacts with SK1 in
a Ca’*-dependent manner at the previously identified “calmod-
ulin-binding site” of SK1. We also demonstrate that CIB1 func-
tions as a Ca®*-myristoyl switch, providing a mechanism
whereby it translocates SK1 to the plasma membrane. Both
small interfering RNA knockdown of CIB1 and the use ofa dom-
inant-negative CIB1 we have generated prevent the agonist-de-
pendent translocation of SK1. Furthermore, we demonstrate the
requirement of CIB1-mediated translocation of SK1 in control-
ling cellular sphingosine 1-phosphate generation and associated
anti-apoptotic signaling.

SK1 (sphingosine kinase 1) catalyzes the formation of sphin-
gosine 1-phosphate (S1P),” a bioactive phospholipid that medi-
ates a wide variety of cellular processes. Elevated cellular S1P
has been shown to be pro-proliferative and anti-apoptotic (1),
and considerable evidence now exists implicating SK1 in can-
cer. In particular, overexpression of SK1 in NIH3T3 fibroblasts
leads to a transformed phenotype and the ability to form
tumors in mice, with SK1 activity also involved in oncogenic
H-Ras-mediated transformation (2). Furthermore, suppression
of cellular SK1 activity by genetic or pharmacologic approaches
has been shown to significantly reduce tumor growth iz vivo in
mice (3-5) and also sensitize tumor cells to other chemothera-
peutics (6).
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We have previously shown that although SK1 has intrinsic
catalytic activity (7), its further activation is required for onco-
genic signaling (8). This activation, brought about through
phosphorylation at Ser-225 by ERK1/2, not only increases the
catalytic activity of SK1 but also results in its translocation from
the cytoplasm to the plasma membrane (9), which is essential
for the oncogenic signaling by this enzyme (8, 10).

Although critical in understanding SK1-induced oncogene-
sis, the mechanisms regulating agonist-induced translocation
of SK1 to the plasma membrane are poorly understood. Studies
have suggested that SK1 associates with phosphatidylserine in a
phosphorylation-dependent manner, providing a possible
mechanism for retention of SK1 at the plasma membrane (11).
Although this may facilitate retention of SK1 at the plasma
membrane, the molecular mechanism mediating the initial
rapid agonist-induced translocation of SK1 has not yet been
established. Calmodulin (CaM) has been indirectly implicated
in this process because W7, a CaM inhibitor, blocked SK1
translocation (12), as did mutation of the CaM-binding site of
SK1 (13). Evidence for a direct role for CaM in SK1 transloca-
tion, however, has not been described. Furthermore, CaM pre-
dominantly moves from the cytoplasm to the nucleus, not the
plasma membrane, in response to cellular Ca>" fluxes (14, 15)
raising doubts over the role of CaM in SK1 localization. Thus,
the actual molecular mechanism mediating translocation of
SK1 to the plasma membrane has remained unresolved.

In this study, we have identified the CaM-related protein
CIB1 (calcium and integrin-binding protein 1) as an SK1-inter-
acting protein. We show for the first time that CIB1 functions
like a Ca®"-myristoyl switch protein and is responsible for
mediating the translocation of SK1 from the cytoplasm to the
plasma membrane. Furthermore, we have shown that by mod-
ulating SK1 translocation, CIB1 mediates the downstream anti-
apoptotic effects associated with SK1 signaling.

EXPERIMENTAL PROCEDURES

Cell Culture—Human embryonic kidney cells (HEK293T)
were cultured, transfected, and harvested as described previ-
ously (16). Human cervical carcinoma (HeLa) cells were cul-
tured and harvested in the same manner and transfected with
Lipofectamine 2000 (Invitrogen). Human breast adenocarci-
noma MCF7 cells were cultured in the same manner, whereas
human prostate carcinoma DU145 cells were cultured in RPMI
1640 medium containing 5% fetal bovine serum.
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Yeast Two-hybrid Screen—The yeast two-hybrid screen
using full-length human SK1 as bait was performed as
described previously (17).

Generation of CIBI Constructs—Human CIB1 (GenBank™
accession number NM_006384) was hemagglutinin (HA)
epitope-tagged at the 3" end by Pfu DNA PCR with oligonucleo-
tide primers 5'-CCCAAGCTTGCCACCATGGGGGGCTCG-
GGCAG-3' and 5'-GGGGGATCCTCAAGCGTAATCTGG-
AACATCGTATGGGTACAGGACAATCTTAAAGGAGC-
3'. The resultant product was cloned into pcDNA3 (Invitrogen)
following digestion with HindIII and BamHI. The myristoyla-
tion mutant CIB1S** was generated from CIB1(HA) in
pcDNA3 by QuikChange mutagenesis using the primers 5'-
AGCTTGCCACCATGGCGGGATCCGGCAGTCGCCTG-
TCC-3" and 5'-GGACAGGCGACTGCCGGATCCCGCC-
ATGGTGGCAAGCT-3'".

A second nonmyristoylated CIB1 (HA-tagged at the N ter-
minus and termed HA-CIB1) was generated by PCR using 5'-
GAAGATCTTCATGGGGGGCTCGGGCAG-3' and 5'-GGG-
GTACCCCTCACAGGACAATCTTAAAGGA-3" oligonucleo-
tide primers. The PCR product was cloned into pCMV(HA)
(Clontech) following digestion with BglIl and Kpnl. To gener-
ate the recombinant GST-CIB1 fusion protein, CIB1 cDNA was
amplified by PCR with the oligonucleotide primers 5'-CCCG-
GATCCGCCACCATGGGGGGCTCGGGCAG-3" and 5'-
GGGCTCGAGTCACAGGACAATCTTAAAGGA-3', and
the resultant product was cloned into pGEX4T2 (GE Health-
care) following digestion with BamHI and Xhol. Sequencing
verified the integrity of all cDNAs. Mammalian expression
constructs encoding human SK1, SK1522°4, SK1F197A/1198Q
and GFP-SK1 (all tagged with a C-terminal FLAG epi-
tope) were generated as described previously (7,
9, 13).

Generation of Recombinant GST-CIB1 and Pulldown
Analyses—Escherichia coli J]M109 transformed with pGEX4T2-
CIB1 plasmid was grown overnight in Luria broth containing
100 mg/liter ampicillin at 37 °C with shaking. The cultures were
then diluted 1 in 10 into the same medium and grown at 37 °C
for 1 h with shaking until reaching an A, of ~0.6. Expression
of the GST-CIB1 protein was induced by the addition of isopro-
pyl 1-thio-B-p-galactopyranoside to a final concentration of 1
mu, and the culture was incubated for an additional 1 h. The
cells were harvested by centrifugation at 6000 X g for 15 min at
4.°C and lysed by sonication (three 30-s pulses of 5 watts) in
extraction buffer (as above) containing 1% Triton X-100. The
lysate was clarified by centrifugation at 20,000 X g for 30 min at
4°C to remove cell debris. GSH-Sepharose (Amersham Bio-
sciences) was added, and the mixture was incubated at 4 °C for
1 h with constant agitation. The GSH-Sepharose beads were
washed three times with cold phosphate-buffered saline (PBS),
and GST-CIBI protein remaining quantitated with Coomassie
Brilliant Blue staining following SDS-PAGE using bovine
serum albumin as standard. Pulldown analyses were performed
by incubating 1 ug of recombinant SK1 (18) with 1 ug of the
purified GST-CIB1 protein or GST alone bound to GSH-
Sepharose in the presence of 2 mm CaCl,, 2 mm MgCl,, or 2 mm
EGTA for 1 h at 4 °C with constant agitation. Inhibition of the
recombinant SK1-CIB1 interaction was achieved by addition of
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100 um W7 (Calbiochem) to the mixture. Alternatively, lysates
from untransfected DU145 cells or from HEK293T cells tran-
siently transfected with the protein of interest were diluted into
33 mm Tris/HCI (pH 7.4) buffer containing 100 mm NaCl, 10%
glycerol, and 0.033% Triton X-100 and incubated with the puri-
fied GST proteins under the same conditions. The GSH-Sepha-
rose beads were pelleted by centrifugation at 3000 X g and
washed three times in the same buffer, and bound protein was
then resolved by SDS-PAGE and visualized by Western blot-
ting. SK1, SK15%2°#, and SK1F'97A/1198Q were all detected via
the FLAG epitope, although recombinant SK1 was detected via
its His, epitope.

Antibodies—M2 anti-FLAG and anti-HA antibodies were
from Sigma; anti-IkBe, anti-SK1 (to immunoprecipitate
endogenous SK1), and anti-His antibodies were from Santa
Cruz Biotechnology (Santa Cruz, CA); anti-phospho-ERK anti-
bodies were from Cell Signaling Technology (Danvers, MA);
anti-B-tubulin antibodies were from Abcam (Cambridge, UK);
and horseradish peroxidase-conjugated anti-mouse and anti-
rabbit IgG were from Pierce. Anti-SK1 (for immunofluores-
cence) and phospho-SK1 antibodies were generated as
described previously (9). Anti-CIB1 polyclonal antibodies were
raised in rabbits against GST-CIB1 protein produced in Esche-
richia coli (described above) using methods previously
described (9).

Affinity Purification of CIBI Antibodies—E. coli cell lysate
containing ~0.5 mg of GST-CIB1 was incubated with 1 ml of
GSH-Sepharose for 30 min at 4 °C with constant mixing. The
GSH-Sepharose and associated GST-CIB1 were then cross-
linked with dimethyl pimelimidate (Pierce) as described previ-
ously (19). Rabbit anti-CIB1 serum was then applied to the resin
and mixed at 4 °C for 1 h. The resin was then washed with 10
mMm Tris/HCl buffer (pH 7.5) followed by 10 mm Tris/HCI
buffer (pH 7.5) containing 0.5 m NaCl. The CIB1 antibody was
then eluted from the resin with 100 mm glycine buffer (pH 2.5),
with immediate neutralization with 1 m Tris/HCl buffer (pH
8.8). Concentration of the antibody was then achieved by pre-
cipitation through the addition of ammonium sulfate to 50%
saturation at pH 7.4 and incubating the mix for 2 days at 4 °C.
The precipitated antibody was pelleted by centrifugation at
20,000 X g for 45 min at 4 °C, and the pellet was resuspended in
1 ml of 100% saturated ammonium sulfate (pH 7.4).

Immunoprecipitation—Lysates from HEK293T cells ex-
pressing either FLAG-tagged SK1 alone or in combination with
CIB1-HA in 33 mm Tris/HCI (pH 7.4) buffer containing 100 mm
NaCl, 10% glycerol, 0.033% Triton X-100 and 2 mm CaCl, were
incubated with anti-HA antibodies for 1 h at 4 °C with constant
agitation. The immune complexes were then captured by incu-
bation with protein A-Sepharose (GE Healthcare) for a further
1 h at 4 °C with constant agitation. Protein A-Sepharose beads
were washed three times in the same buffer and then subjected
to SDS-PAGE, and associated SK1 was visualized by Western
blotting via the FLAG epitope. To coimmunoprecipitate the
endogenous SK1-CIB1 complex, lysates from MCF?7 cells in 33
mMm Tris/HCl (pH 7.4) buffer containing 100 mm NaCl, 10%
glycerol, 0.033% Triton X-100, and 2 mm CaCl, were incubated
with anti-SK1 antibodies (Santa Cruz Biotechnology) and pro-
tein A MicroBeads (Miltenyi Biotec) for 1 h onice. As a negative
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control, a lysate sample containing no antibodies was simulta-
neously incubated with protein A MicroBeads. The immune
complexes were captured using a 20-um MACS® Separation
Column (Miltenyi Biotec) and washed according to the manu-
facturer’s instructions. Elution of the immune complexes was
achieved through application of hot SDS-PAGE loading buffer
to the column. Samples were subjected to SDS-PAGE, and the
immunoprecipitated SK1 and associated CIB1 were visualized
by Western blotting using anti-SK1 and anti-CIB1 antibodies,
respectively.

Myristoylation of CIBI—One day after transfection, HeLa
cells were incubated in Dulbecco’s modified Eagle’s medium
containing 5% dialyzed fetal bovine serum for 2 h, and then
sodium pyruvate to a final concentration of 5 mm and 0.25 mCi
of [*H]myristic acid (PerkinElmer Life Sciences) were added to
the media, and the cells were incubated at 37 °C, 5% CO, for a
further 5 h. Cells were harvested by scraping into cold PBS and
thenlysed in extraction buffer containing 1% Nonidet P-40 sub-
stitute (Sigma) by five passages through a 26-gauge needle.
Lysates were incubated on ice for 30 min, and then cell debris
was cleared by centrifugation at 13,000 X g for 20 min at 4 °C.
CIB1 proteins were immunoprecipitated with anti-HA anti-
body and a mixture of protein A- and protein G-Sepharose as
described above. The Sepharose beads were washed three times
in extraction buffer containing 1% Nonidet P-40 substitute and
then subjected to SDS-PAGE. The gel was fixed for 30 min in
acetic acid/ethanol/water (1:4:5 by volume) followed by incu-
bation in Amplify solution (GE Healthcare) for 1 h with agita-
tion. The gel was then dried for 90 min at 65 °C under vacuum
and exposed to film for 6 weeks at —80 °C.

Immunofluorescence—One day after transfection, HeLa cells
were plated into poly-L-lysine (Sigma)-coated 8-well glass
chamber slides at 10* cells/well and incubated for 24 h. Cells
were then stimulated with 1 wg/ml phorbol 12-myristate 13-ac-
etate (PMA; Sigma) for 30 min, 2 uMm ionomycin (Calbiochem)
for 2 min, or 5 um thapsigargin (Calbiochem) for 5 min. Ca**
chelation was achieved by cell treatment with 50 um 1,2-bis(2-
aminophenoxy)ethane-N,N,N',N'-tetraacetic acid tetra(ace-
toxymethyl) ester (Calbiochem) for 30 min prior to stimulation
with PMA. For inhibition of SK1 translocation, cells were
treated with 100 um W7 for 5 min prior to PMA stimulation.
Following stimulation, cells were fixed for 10 min with 4%
paraformaldehyde in PBS, permeabilized with 0.1% Triton
X-100 in PBS for 10 min, and then incubated with either
anti-HA or anti-SK1 antibodies in PBS containing 3% bovine
serum albumin and 0.1% Triton X-100 for 1 h. The immuno-
complexes were then detected with Alexa-594-conjugated anti-
mouse or anti-rabbit IgG. Localization of overexpressed SK1
was visualized via its GFP fusion. Slides were mounted with
Dako fluorescent mounting medium. Fluorescence microscopy
was performed on an Olympus BX-51 microscope equipped
with a fluorescein excitation filter (494 nm) acquired to a Cool
Snap FX charge-coupled device camera (Photometrics). All
images were acquired at room temperature at X40 magnifica-
tion using V++ acquisition software (Digital Optics). For
quantitation of membrane localization, raw gray values were
measured from eight random membrane locations per cell
using CellAR analysis software (Olympus). Exposure times and
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total cell fluorescence were consistent between images used for
quantitation. Mean membrane fluorescence was calculated
after subtraction of background fluorescence.

siRNA Knockdown of CIBI—CIB1 siRNA oligonucleotides
were purchased from Invitrogen with the following sequences:
siRNA1, 5-UAAUGGGACUUGAUGUCUGGCGUGG-3/,
and siRNA2, 5'-AUGACGUGCUGGAACUCAGAGAGGU-
3'. HeLa cells were transfected with either CIB1 siRNA or Val-
idated Stealth™ negative control (Invitrogen) using HiPerFect
transfection reagent (Qiagen), according to the manufacturer’s
protocol, and incubated for 48 h prior to harvesting and use in
further experiments. All results using siRNA knockdown of
CIB1 were validated by repetition with CIB1 siRNA2.

Quantitation of SIP—Cellular S1P levels were measured as
described previously (16).

TNFa-induced Apoptosis—HeLa cells were treated with 2
ng/ml TNFa and 1 ug/ml cycloheximide (CHX; Sigma) for
18 h. As HeLa cells lose their adherence during programmed
cell death (20), both floating (apoptotic) and live attached cells
were then counted as a measure of apoptosis. To correlate float-
ing cells with apoptotic cells, annexin V staining was performed
on nonpermeabilized cells, with 99% of floating cells showing
positive cell surface staining for this apoptosis marker. As a
subsequent measure of apoptosis, caspase-3/7 activity was
measured from cell lysates prepared from the above mentioned
cells using a Caspase-Glo 3/7 assay (Promega) according to the
manufacturer’s protocol. The cell counts were used to stan-
dardize between samples, to give a measure of caspase-3/7
activity per cell.

NF-kB Reporter Assay—HeLa cells were transfected with
either Stealth negative control or CIB1 siRNA in combination
with either pIgKluc for NF-«B-dependent expression of firefly
luciferase (21) or control pTK81 vector lacking the NF-kB-
binding sites. pRL-TK (Renilla luciferase; Promega) was
included in each transfection to standardize transfection effi-
ciency. Two days following transfection, cells were stimulated
with 0.5 ng/ml TNFa for 4 h, and a Dual-Luciferase reporter
assay (Promega) was carried out according to the manufactur-
er’s protocol. Firefly luminescence was standardized to Renilla
and calculated relative to cells expressing pTK81.

RESULTS AND DISCUSSION

CIB1 Is an SKI1-interacting Protein—In an attempt to identify
candidate proteins that may associate with and regulate SK1,
we performed a yeast two-hybrid screen. One SK1-interacting
protein identified by this screen was CIB1 (also known as
calmyrin and KIP (kinase-interacting protein)), a 191-amino
acid Ca®>"-binding protein most similar in sequence to calmod-
ulin and calcineurin B (54 and 57% amino acid sequence simi-
larity, respectively) (22).

Toinitially examine the interaction between CIB1 and SK1 in
mammalian cells, coimmunoprecipitation experiments were
performed using cell lysates from HEK293T cells expressing
FLAG-tagged SK1 and HA-tagged CIB1. The presence of SK1
in the anti-HA (CIB1) immunocomplexes supported the CIB1-
SK1 interaction (Fig. 1A4). To further confirm this interaction
with endogenous SK1, bacterial expression constructs encod-
ing glutathione S-transferase (GST)-CIB1 were generated. In
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vitro pulldown experiments using GST-CIB1 or GST alone
bound to glutathione-Sepharose, and cell lysates from DU145
cells were performed. GST-CIB1 specifically associated with
endogenous SK1 from these lysates (Fig. 1B). To further con-
firm a physiologic interaction between endogenous SK1 and
CIB1, coimmunoprecipitation experiments were performed
from MCF7 cell lysates. Low but reproducibly detectable levels
of CIB1 were present in the anti-SK1 immunocomplexes (Fig.
1C), demonstrating an endogenous interaction between these
two proteins.

The crystal structure of CIB1 has been resolved to reveal a
compact 22-kDa a-helical protein composed of closely associ-
ated globular N- and C-terminal domains, each comprising two
EF-hands and separated by a flexible linker (22). This structure
is similar to both CaM and calcineurin B, as well as the EF-hand
containing neuronal Ca®" sensor family of proteins (22).
Although the two N-terminal EF-hands of CIB1 (EF-I and
EF-II) do not bind metal ions, the two C-terminal EF-hands
(EF-III and EF-1V) bind Ca®>" in a sequential manner with affin-
ities of 1.9 and 0.5 uM, respectively (23). These values are similar
to those seen with neuronal Ca®" sensor proteins, enabling the
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FIGURE 1. Characterization of the CIB1-SK1 interaction. A, SK1 association with CIB1 was examined by
coimmunoprecipitation using lysates from HEK293T cells expressing HA-tagged CIB1 and FLAG-tagged SK1
either individually or together. Expression of these constructs was confirmed via Western blot (lysates). CIB1
was immunoprecipitated (IP) via its HA tag and associated SK1 detected by Western blot. IgG is the light chain
of the anti-HA antibody used in the immunoprecipitation. B, recombinant GST or GST-CIB1 was incubated with
cell lysates from untransfected DU145 cells (lysate). Endogenous SK1 pulled down by GST-CIB1 but not GST
alone was detected using anti-SK1 antibodies via Western blot. C, to demonstrate an interaction between
endogenous CIB1 and SK1, endogenous SK1 was immunoprecipitated from cell lysates of MCF7 cells (lysate)
using anti-SK1 antibodies and protein A MicroBeads. Lysate containing protein A MicroBeads but no anti-SK1
antibodies was used as a negative control (IP control). CIB1 associated with the anti-SK1 immunocomplexes
was detected via Western blot. Dividing lines indicate where lanes from the same Western blot have been
spliced to simplify viewing. D, binding of SK1 to CIB1 was further examined using recombinant GST-CIB1 to
bind recombinant Hiss-tagged SK1 (load) in the presence of 2 mm CaCl,, MgCl,, or EGTA. E, Ca®" concentration
dependence of this interaction was determined by performing similar pulldowns with GST-CIB1 and recombi-
nant Hiss-tagged SK1 under the range of indicated CaCl, concentrations. F, ability of CIB1 to bind nonphos-
phorylated SK1 was tested using recombinant GST-CIB1 and lysates from HEK293T cells expressing either wild
type (WT) SK1 or SK1522°4 (lysates). Total SK1 was detected using anti-FLAG antibodies, whereas phospho-SK1
was detected using anti-phospho-SK1 antibodies. All data are representative of at least three independent

also been described as a low affinity
Mg>*-binding site, with Mg>"
binding enabling the interaction of
CIB1 with ayy, integrin cytoplasmic
domain peptides, albeit through a
thermodynamically distinct man-
ner (25). Mg?"*, however, was not
able to substitute for Ca®>* to enable
the CIB1-SK1 interaction. This was
not entirely unexpected as previous
NMR spectroscopy studies have
revealed subtle structural differ-
ences between Mg>*- and Ca**-
bound CIB1, which may facilitate
differential binding specificity (25).
As Mg>" is present in millimolar
concentrations inside the cell, it has
been suggested that under basal conditions, EF-III is constitu-
tively occupied by Mg>* (23, 25). Increased cytosolic Ca®" lev-
els are predicted to cause the low affinity binding of Mg to be
displaced by its higher affinity association for Ca>" (23). Thus,
it is likely that CIB1 interacts with SK1 only upon a rise in Ca>"
concentration in the cytoplasm, whereby the EF-hands of CIB1
are occupied only by Ca**.

To determine the Ca®>* concentration dependence of the
CIB1-SK1 interaction, further in vitro pulldown experiments
were performed using GST-CIB1 and recombinant SK1 in the
presence of 0.5 uM to 2 mm CaCl,. Although no interaction was
observed in the absence Ca®", GST-CIBI interacted with SK1
at values as low as 0.5 um Ca>" (Fig. 1E). The CIB1-SK1 inter-
action appeared to be strongest between 0.5 and 2 um Ca®",
which corresponds well with both physiologic cytosolic cal-
cium concentrations (26) and the binding affinities of EF-III
and EF-1V for Ca®" (1.9 and 0.5 um, respectively) (23). Thus, it
is likely that at least EF-IV of CIB1 is required to be occupied by
Ca®>" to enable the CIB1-SK1 interaction. Interestingly, at
higher Ca®>" concentrations, particularly evident at 2 mwm, the
CIB1-SK1 interaction diminishes (Fig. 1E). This may be due to
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FIGURE 2. CIB1 interacts with the CaM-binding site of SK1. A, ability of CIB1 to bind SK1 mutated in the CaM-binding site was examined using recombinant
GST-CIB1 and lysates from HEK293T cells expressing FLAG-tagged wild type (WT) SK1 or SK17197A/L198Q B to determine the effect of W7 on phorbol ester-
induced SK1 plasma membrane translocation, HeLa cells expressing GFP-SK1 were stimulated with PMA either with or without pretreatment with W7. GFP-SK1
was visualized through fluorescence microscopy. Membrane fluorescence quantitation data represents mean = S.E. Statistical significance was calculated by
an unpaired t test. ¥, p < 0.0001. C, GST-CIB1 was used to pull down recombinant Hisg-tagged SK1 in the presence or absence of 100 um W7. All data are

representative of at least three independent experiments.

the binding of Ca®>* into auxiliary binding sites within CIB1 at
these high nonphysiologic Ca®>* concentrations. Notably, such
binding has previously been shown to alter CIB1 structurally
(27), and hence this may be responsible for the detrimental
effect of high Ca®>* on the CIB1-SK1 interaction.

We have previously described phosphorylation of human
SK1 at Ser-225, which is responsible for its activation (9) and is
also critical for SK1 translocation and associated oncogenesis
(8). As phosphorylation is also a well known mechanism for
regulation of protein-protein interactions, we investigated
whether the CIB1-SK1 interaction was also dependent upon
the phosphorylation status of SK1. Pulldown analyses were per-
formed with GST alone or GST-CIB1 bound to GSH-Sepharose
with lysates from HEK293T cells expressing either wild type
SK1 or SK15*?*4, GST-CIB1 was able to bind both phosphory-
lated and nonphosphorylated SK1 (Fig. 1F), suggesting this
interaction is not regulated by phosphorylation of this enzyme.

CIBI Interacts at the “CaM-binding Site” of SK1—In previous
studies, we have identified the CaM-binding site in SK1 as a
critical regulator of the translocation of SK1 to the plasma
membrane (13). As well as sharing considerable sequence and
some structural similarity, both CIB1 and CaM appear to target
analogous a-helical hydrophobic regions on partner proteins
(28). Given these similarities, we investigated whether the
CaM-binding site on SK1 also mediates the interaction with
CIBL1.

Pulldown analyses were performed with GST alone or GST-
CIB1 bound to GSH-Sepharose with lysates from HEK293T
cells expressing either wild type SK1 or an SK1 variant contain-
ing mutations in the “CaM-binding region” (SK17'°74/1198Q)
that block its interaction with CaM (13). Mutation of the CaM-
binding site of SK1 inhibited its ability to interact with CIB1,
indicating that like CaM CIB1 binds to SK1 at this site (Fig. 24).
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The CaM inhibitor W7 has been shown to block the Ca*" -
associated translocation of SK1 to the plasma membrane (12).
Because phorbol esters have been previously shown to induce
reliable translocation of SK1 to the plasma membrane (9, 29),
we examined whether W7 could also block SK1 translocation
induced by this agonist. Thus, we examined the effect of W7 on
localization of GFP-SK1 following cell stimulation with PMA.
Although PMA induced a robust translocation of GFP-SK1 to
the plasma membrane in control cells, pretreatment with W7
completely blocked this effect (Fig. 2B).

Although W7 is considered a CaM-specific antagonist, given
the structural similarity between CIB1 and CaM and the iden-
tification that both proteins bind SK1 at the same site, we inves-
tigated whether W7 could also be an antagonist for CIB1 and
inhibit the CIB1-SK1 interaction in vitro. Indeed, we found
using pulldown analyses with GST-CIB1 bound to GSH-Sepha-
rose and recombinant SK1 that W7 inhibited the CIB1-SK1
interaction (Fig. 2C). Thus, the finding that CIB1 interacts with
the site on SK1 critical for its translocation, together with this
inhibition of the CIB1-SK1 interaction by W7, suggested that
CIB1 was a likely candidate for mediating the agonist-induced
SK1 translocation.

CIB1 Acts like a Ca®*-Myristoyl Switch Protein—Since its
initial discovery in mediating integrin signaling by the platelet-
specific integrin oy, B5 (30), CIB1 has been shown to be widely
expressed in human tissues and interact with a number of other
proteins. These include focal adhesion kinase (31), p21-acti-
vated kinase 1 (32), two polo-kinases Fnk and Snk (33), prese-
nilin 2 (20), and Pax3 (34). In each of these cases, CIB1 appears
to regulate quite varied signaling outcomes dependent on the
target. Although the ability of CIB1 to interact with such a
diverse range of proteins suggests it may have an extensive role
in the regulation of cell signaling, little is known about the
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FIGURE 3. CIB1 acts like a Ca®>*-myristoyl switch protein. A, myristoylation status of CIB1 was determined by metabolically labeling HEK293T cells
expressing CIB1 either HA-tagged at the C terminus (CIB1) or N terminus (HA-CIB1) or CIB1°?A (also HA-tagged at the C terminus) with [*HImyristic acid.
CIB1 protein was immunoprecipitated (/P) from these cell extracts using anti-HA antibodies, proteins separated by SDS-PAGE, and the H signal was
detected by fluorography. IgG is the light chain of the anti-HA antibody used in the immunoprecipitation. /B, immunoblot. B and C, fluorescence
microscopy of Hela cells expressing either CIB1 or nonmyristoylated CIB1 (HA-CIB1) detected by anti-HA antibodies following stimulation with
ionomycin (iono) (B), thapsigargin (thap) (C), PMA, or 1,2-bis(2-aminophenoxy)ethane-N,N,N’,N'-tetraacetic acid/AM (BAPTA) and PMA (D). Mem-
brane fluorescence quantitation data represent mean = S.E. Statistical significance was calculated by an unpaired t test. *, p < 0.02;
** p < 0.0001.

CIB1-HA GFP-SKA1 Merge mechanisms by which CIB1 exerts
its effects. One clue to its potential

function came from a study by Sta-
bler et al. (20) that showed that
CIB1 is N-terminally myristoylated,
leading to the hypothesis that it may
act as a Ca®" -myristoyl switch pro-
tein. Although this class of proteins
is poorly characterized, it is gener-
ally understood that in the absence
of intracellular Ca>", the myristoyl
group is sequestered into a hydro-
phobic pocket in the protein. Bind-
ing of Ca®" induces a conforma-
tional change conferring a dual

: - -
h --
effect as follows: first in enabling the

FIGURE 4. CIB1 and SK1 colocalize at the plasma membrane following agonist stimulation. Fluorescence  jpteraction of the protein with tar-
microscopy of Hela cells coexpressing CIB1 and SK1 following PMA stimulation shows colocalization of CIB1 b d d

(red) and SK1 (green) at the plasma membrane after agonist stimulation. CIB1 was detected using anti-HA get substrates, and second to cause
antibodies, and SK1 was fused to GFP. the extrusion of the myristoyl group
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experiments, with p values calculated by an unpaired t test. ***, p < 0.0001; **, p < 0.02; and *, p < 0.05.

from its original sheltered groove, targeting the protein and any
newly associated interacting protein to intracellular mem-
branes (35). Hence, this hypothesis provided a potential func-
tional mechanism by which CIB1 may traffic SK1 to the plasma
membrane.

To investigate the potential function of CIB1 as a Ca®> " -myr-
istoyl switch protein, we initially examined its N-terminal myr-
istoylation. HeLa cells expressing either CIB1 (HA-tagged at
the C terminus), HA-CIB1 (tagged at the N terminus to prevent
any cotranslational myristoylation), or CIB15%4 (with its myr-
istoylation site, Gly-2, mutated to Ala) were metabolically
labeled with [*H]myristic acid. Fluorography performed on
CIB1 immunoprecipitated from the cell lysates demon-
strated that, consistent with previous reports (20), CIB1-HA
was indeed myristoylated. Addition of an N-terminal HA tag
or G2A mutation prevented this myristoylation (Fig. 3A).

We then examined the localization of CIB1 following both an
ionomycin- and thapsigargin-induced Ca*>* flux. Immunofluo-
rescence performed on cells expressing CIB1 showed this pro-
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tein translocates from the cytosol to the plasma membrane fol-
lowing ionomycin stimulation (Fig. 3B). Thapsigargin also
induced a weak but significant plasma membrane localization
of CIB1 (Fig. 3C). These results support the postulated function
of CIB1 as a Ca®>*-myristoyl switch. It should be noted that
these results are in contrast to a previous study that failed to
observe a translocation of CIB1 to the plasma membrane upon
mobilization of intracellular Ca®* stores (36). This previous
study, however, used a fusion protein of CIB1 with GFP, and
thus the presence of GFP may have affected the localization of
this protein.

We further examined the localization of CIB1 upon SK1 acti-
vation using PMA. Similar to ionomycin stimulation, PMA
treatment of cells resulted in a translocation of CIB1 to the
plasma membrane that could be prevented by Ca®>" chelation
with  1,2-bis(2-aminophenoxy)ethane-N,N,N',N'-tetraacetic
acid/AM (Fig. 3D). This translocation was dependent upon
myristoylation of the protein as no cellular relocalization was
observed for the nonmyristoylated HA-CIB1. Thus, these find-
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ings support the Ca**-myristoyl switch function of CIB1 and
represent an important mechanism by which this protein may
exert its regulatory effects on target proteins.

CIBI Mediates Translocation of SKI to the Plasma
Membrane—To investigate the role of CIB1 in translocation of
SK1 to the plasma membrane, we initially examined the relative
cellular localization of CIB1 and SK1 via fluorescence micros-
copy in cells coexpressing GFP-SK1 and CIB1. In unstimulated
cells, both proteins were largely cytoplasmic, but following
PMA stimulation, distinct colocalization of CIB1 and SK1 was
observed at the plasma membrane (Fig. 4).

To determine the requirement of CIB1 for the agonist-driven
translocation of SK1, we employed siRNA knockdown of CIB1.
Following knockdown of CIB1, as monitored by the use of a
CIB1 antibody (Fig. 54), we examined the localization of GFP-
SK1 in response to PMA stimulation. Although GFP-SK1 trans-
located to the plasma membrane as expected in the control
cells, we saw no such relocalization of SK1 in the CIB1 knock-
down cells (Fig. 5B), suggesting a critical requirement of CIB1
for agonist-induced translocation of SK1. Importantly, in con-
trast to earlier reports where CIB1 ablation reduced adhesion-
induced ERK1/2 activation in endothelial cells (37), ERK1/2
activation in HeLa cells was similar in CIB1 knockdown and
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unstimulated conditions and fol-
lowing PMA stimulation (Fig. 5C).
Hence, the lack of SK1 translocation
in CIB1-deficient cells is unlikely to
result from disrupted ERK1/2 acti-
vation and supports a more direct
requirement of CIB1 for SK1
translocation.

Upon activation and transloca-
tion of SK1 to the plasma mem-
brane, cellular S1P levels increase
(9). Because of the requirement of
CIB1 for SK1 translocation, we
investigated the effect of CIB1
knockdown on S1P levels follow-
ing PMA stimulation. Although in
control cells PMA stimulation
induced a 2-fold increase in S1P
levels, this production of S1P was
attenuated in CIB1 knockdown
cells (Fig. 5D). These results add
further support to the role of CIB1
in the PMA-induced translocation
of SK1 and the subsequent gener-
ation of S1P.

Expression of Nonmyristoylated
CIB1 Prevents SKI1 Transloca-
tion—To further confirm the
requirement of CIB1 in the agonist-
dependent SK1 translocation, we
investigated whether expression of
nonmyristoylated CIB1 could block
the movement of endogenous SK1
to the plasma membrane. Cells
expressing HA-CIB1 were treated with PMA, and localiza-
tion of this nonmyristoylated protein as well as endogenous
SK1 was observed by immunofluorescence. Untransfected
cells showed a clear relocalization of endogenous SK1 to the
plasma membrane upon PMA stimulation, but this was com-
pletely absent in cells expressing HA-CIB1 (Fig. 6). These
results indicate that the nonmyristoylated CIB1 may act as a
dominant negative to block SK1 translocation by endoge-
nous CIB1.

Knockdown of CIB1 or Expression of Dominant-negative CIB1
Enhances Cell Susceptibility to TNFa-induced Apoptosis—SK1
activation has been shown to be critical in prevention of TNFa-
induced apoptosis through NF-«B activation (38). To investi-
gate the involvement of CIB1-mediated SK1 translocation in
this process, we examined apoptosis induced by treatment with
TNFa and CHX in cells where CIB1 expression was knocked
down by siRNA. In comparison with control cells, a signifi-
cantly increased level of apoptosis was observed in the CIB1
knockdown cells upon treatment with TNFa and CHX (Fig.
7A). Notably, this is consistent with previous studies that have
shown embryonic fibroblasts from CIB1 knock-out mice dis-
play enhanced apoptosis compared with cells from control
mice (39).

HA-CIB1
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To determine whether the myristoylation of CIB1 was
required for this anti-apoptotic signaling, we also examined
apoptosis induced by treatment with TNFa and CHX in cells
expressing either wild type CIB1 or nonmyristoylated CIB1
(CIB19%%), These results showed that although cells expressing
wild type CIB1 underwent levels of apoptosis comparable with
vector-transfected cells, those expressing nonmyristoylated
CIB1 had an elevated level of apoptosis after stimulation com-
parable with that observed in the CIB1 knockdown cells (Fig.
7B). These data not only highlight the necessity of myristoyla-
tion for anti-apoptotic signaling by CIB1 but also supports the
dominant-negative activity of nonmyristoylated CIB1 toward
SK1.
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We next investigated whether this CIBl-associated anti-
apoptotic signaling is mediated through NF-«B activation.
CIB1 knockdown prevented NF-kB activation following
TNFa stimulation, demonstrated by the degradation of IkBa
(Fig. 7C). This was further confirmed by the use of an NF-kB
reporter gene assay that showed TNFa-induced NF-«B acti-
vation was much lower in CIB1 knockdown cells compared
with control cells (Fig. 7D). These data are consistent with
previous findings that SK1 activation is essential in this proc-
ess (38) and suggest that CIBl-mediated translocation of
SK1 to the plasma membrane is crucial for prevention of
TNFa-induced apoptosis, with this process likely mediated
through NF-«B activation.
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Conclusions and Implications of This Study—Localization of
SK1 to the plasma membrane is crucial for mitogenic signaling
by this enzyme. In this study, we have identified that CIB1
mediates the agonist-induced translocation of SK1 to the
plasma membrane and thus established that CIB1 is an impor-
tant regulator of SK1 function.

The identification of the Ca®" -myristoyl switch function of
CIB1 is the first elucidation of a mechanism by which CIB1 may
mediate its regulatory effects on its various target proteins in
cells. We propose a model whereby under basal conditions the
EF-hands of CIB1 are bound by Mg>", preventing the interac-
tion of CIB1 with SK1. Upon activation of SK1, increases in
cytosolic Ca®" concentration have been widely observed (40),
and this would first enable CIB1 to interact with SK1 but also
result in the translocation of CIB1 and newly bound SK1 to the
plasma membrane. Notably, CIB1 binds to both phosphory-
lated and nonphosphorylated SK1 despite the observation that
nonphosphorylated SK1 does not appear to localize to the
plasma membrane. However, as phosphorylated SK1 has been
reported to preferentially bind phosphatidylserine (11), it is
likely that only phosphorylated SK1 is retained at the plasma
membrane via association with this phospholipid.

The ability of CIB1 to mediate S1P generation and SK1-asso-
ciated anti-apoptosis illustrates the importance of CIB1 in the
biologic role of SK1. In addition to this anti-apoptotic role,
CIB1 has also been shown to mediate cell proliferation, with
knockdown of CIB1 reducing proliferation in both mouse heart
and lung endothelial cells (37). Again, this is consistent with the
pro-proliferative effect of SK1 activation and translocation in
cells. Together, these findings suggest CIB1 to be an important
mediator of at least some of the biologic effects of SK1 activa-
tion, and consequently, CIB1 may represent a promising target
for modulating SK1 signaling in cells.
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