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Cell division control protein A7 (CDCA7) is a recently identified target of MYC-dependent transcriptional regulation. We have
discovered that CDCA7 associates with MYC and that this association is modulated in a phosphorylation-dependent manner.
The prosurvival kinase AKT phosphorylates CDCA7 at threonine 163, promoting binding to 14-3-3, dissociation from MYC, and
sequestration to the cytoplasm. Upon serum withdrawal, induction of CDCA7 expression in the presence of MYC sensitized cells
to apoptosis, whereas CDCA7 knockdown reduced MYC-dependent apoptosis. The transformation of fibroblasts by MYC was
reduced by coexpression of CDCA7, while the non-MYC-interacting protein �(156 –187)-CDCA7 largely inhibited MYC-in-
duced transformation. These studies provide insight into a new mechanism by which AKT signaling to CDCA7 could alter MYC-
dependent growth and transformation, contributing to tumorigenesis.

The transcription factor MYC is a proto-oncogene that regu-
lates the expression of hundreds of genes involved in cell cycle

progression, adhesion, metabolism, and apoptosis (1–4). Overex-
pression of MYC is a hallmark of human cancer, contributing to
the expression of numerous groups of genes involved in transfor-
mation, metastasis, and overall poor prognosis (5, 6). MYC has
been estimated to be active in nearly 70% of human cancers; the
mechanisms of activation include amplification, translocation,
deregulated translation, and protein turnover (7, 8). As such,
MYC has been the subject of extensive study in the search for
treatment modalities (reviewed in references 3, 9, and 10).

Activation of MYC is induced by mitogenic stimuli to promote
cell cycle progression (11–17). To prevent aberrant MYC expres-
sion from driving unsafe proliferation in the animal, a safeguard
has evolved whereby MYC activation in the absence of mitogenic
survival signals is opposed by cellular responses of apoptosis
and/or cell cycle arrest, depending on the cellular context and p53
status (18–25). Despite these observations of almost 20 years ago
and the realization that other growth-promoting transcription
factors, such as E1A and E2F1, act similarly (26–29), the mecha-
nism of MYC-induced apoptosis and cell cycle arrest is still poorly
understood.

Expression of prosurvival oncogenes, the earliest example of
which is Bcl-2, has been shown previously to counteract the death
function of MYC (30–32). Additionally, activation of phospho-
inositide-3-kinase (PI3K) and its downstream target AKT can
protect against apoptosis induced by MYC (33). PI3K and AKT
were shown in the mid-1990s to convey a strong prosurvival signal
downstream of receptor tyrosine kinases (34–36) by impacting the
apoptosis machinery directly (37–40) and by regulating FOXO
transcription factors (41–45). Furthermore, loss of the tumor sup-
pressor MMAC1/PTEN results in constitutive PI3K signals (46,
47) and can lead to tumors in humans (48, 49). Thus, aberrant
MYC activation together with overactive AKT, a condition that is
often achieved in tumor cells, can provide the cooperative growth
and antiapoptotic signals necessary to promote tumorigenesis.

A recently identified protein, cell division control protein A7
(CDCA7; also called JPO1), is expressed from the MYC- and E2F-
responsive gene cdca7 (50–52). MYC and E2F1 bind to the pro-
moter of cdca7 to drive CDCA7 expression (50, 52), causing

CDCA7 mRNA to be widely expressed, with high levels in the
colon, thymus, and small intestine and lower levels in the testis,
stomach, and bone marrow (52). High levels of CDCA7 mRNA
have been found in patients with acute myeloid leukemia (AML)
and blast crisis-stage chronic myeloid leukemia (CML) (51), while
solid tumors displaying high levels of MYC have also been shown
to be positive for CDCA7 (51). While CDCA7 has weak transfor-
mation properties when expressed alone, coexpression rescues the
transformation of a transformation-defective MYC mutant with a
MYC box II (MBII) deletion (52). Furthermore, recent work by
Penn and colleagues has shown that JPO2, a protein with some
homology with CDCA7, can associate directly with MYC, and this
increases MYC-dependent transformation (53). Both CDCA7
and JPO2 contain a highly conserved cysteine-rich carboxyl-ter-
minal region that might allow binding to DNA (50). However, it is
not known whether CDCA7 also associates with MYC.

In the present study, we show that CDCA7 and MYC interact
physically. We have mapped the domains of interaction and have
discovered that AKT phosphorylates CDCA7 near this contact
region, leading to loss of its association with MYC, binding to
14-3-3 proteins, and exclusion from the nucleus. Coexpression of
CDCA7 with MYC sensitized cells to serum withdrawal-induced
apoptosis, and this proapoptotic activity required the MYC-bind-
ing region. Short hairpin RNA interference (shRNAi)-mediated
knockdown of CDCA7 rescued cells from MYC-dependent apop-
tosis following removal from serum. These findings point to a
feed-forward loop whereby MYC activation upregulates CDCA7,
with AKT activity controlling the accessibility of CDCA7 to nu-
clear MYC proportionately to growth factor signaling.
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MATERIALS AND METHODS
Cell lines and cell culture. HEK293 and Rat1 cells were obtained from the
American Type Culture Collection and were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine serum
(FBS) and antibiotics at 37°C under 5% CO2. AKT1/AKT2 (AKT1/2)-null
mouse embryonic fibroblasts (MEFs) (54) were a gift from Veronique
Nogueira of the University of Illinois at Chicago. Rat1-MYC cells were
obtained by stable transfection of c-MYC and selection in 600 �g/ml G418
and 20% fetal bovine serum. Clones expressing both wild-type and mu-
tant CDCA7 were established using the Tet-On advanced inducible gene
expression system from Clontech. Specifically, stable clones expressing a
tetracycline (Tet)-induced transactivator (rtTA) were obtained by stable
transfection of Rat1 and Rat1-MYC cells with pIREShyg3-rtTA, followed
by selection in 200 �g/ml hygromycin. Subsequently. the rtTA-Rat1 and
rtTA-Rat1-MYC cells were cotransfected with plasmid pTRE-tight-
3xFLAG-CDCA7 and a linearized puromycin plasmid at a 100:1 ratio,
followed by selection in 2 �g/ml puromycin. All Rat1-MYC-derived in-
ducible lines were maintained in 20% fetal bovine serum, while Rat1-
CDCA7-derived inducible lines were maintained in 10% fetal bovine
serum.

Antibodies and reagents. Mouse monoclonal anti-Flag M2 (A2220)
and rabbit polyclonal anti-CDCA7 (HPA005565) antibodies were pur-
chased from Sigma-Aldrich. A rabbit polyclonal anti-CDCA7 antibody
(Ab69609) was purchased from Abcam. Mouse monoclonal anti-14-3-3�
(catalog no. SC-1657) and mouse monoclonal anti-MYC (9E10; catalog
no. SC-40) antibodies were purchased from Santa Cruz. Rabbit polyclonal
anti-c-MYC (5605), rabbit polyclonal anti-pan-AKT (9272), and mouse
monoclonal anti-P-Ser473 AKT (4051) antibodies were purchased from
Cell Signaling Technology. An anti-P-Thr163 CDCA7 rabbit polyclonal
antibody was generated by GenScript Corporation (CA). AKT inhibitor
VIII (A6730) and LY294002 (L9908) were purchased from Sigma-
Aldrich.

Cloning. The CDCA7 coding region was ligated into the mammalian
expression vector p3XFLAG-CMV10 (Sigma-Aldrich) to introduce an
amino-terminal FLAG epitope. Mutagenesis of p3XFLAG-CMV10-
CDCA7 was performed using the QuikChange kit (Stratagene), and the
various mutations were sequence verified. Amino-terminal and internal
deletions were created by introducing silent mutations coding for unique
restriction sites, followed by digestion and religation. Carboxyl-terminal
deletions were created by introducing stop codons. All deletions were
sequence verified. CDCA7 containing the 14-3-3-binding R18 peptide PH
CVPRDLSWLDLEANMCLP or the control non-14-3-3-binding peptide
PHCVPRDLSWLKLKANMCLP was created by ligating a double-
stranded oligonucleotide to replace amino acids 139 to 164 of CDCA7 in
the 3XFLAG-CMV10 vector. The C-terminally His tagged c-MYC plas-
mid was created by cloning the c-MYC coding region into pEcoli-C-ter-
minal 6�HN (Clontech).

For transient and stable expression of cDNA in cells, HEK293, mouse
NIH 3T3, or Rat1 cells were plated onto 100-mm-diameter dishes at 80%
confluence and were transfected with 5 �g of plasmid by using Lipo-
fectamine 2000 (Invitrogen) according to the manufacturer’s protocol.
The transfection medium was removed and was replaced with complete
Dulbecco’s modified Eagle’s medium overnight.

For retroviral expression of CDCA7 in Rat1 cells, 3XFLAG-CDCA7 or
CDCA7 with various mutations was cloned into the pQCXIH retroviral
vector (Clontech) upstream of an internal ribosome entry site (IRES)
sequence and the hygromycin resistance gene. Either an empty pQCXIH
retroviral vector or pQCXIH-CDCA7-IRES-Hygro was transfected into
the ecotropic-envelope protein packaging cell line EcoPack 2-293 (Clon-
tech). Viral particles were collected 48 h later and were concentrated using
a Retro-X concentrator (Clontech).

Short hairpin RNA (shRNA) cloning and quantitative reverse tran-
scription-PCR (qRT-PCR). Oligonucleotides 5=-GATCCCCAATGAAG
TTCCCAGCACGATTCAAGAGATCGTGCTGGGAACTTCATTTTTT
TA-3=, 5=-GATCCCCAGTTCCCAGCACGAAATACTTCAAGAGAGTA

TTTCGTGCTGGGAACTTTTTTA-3=, and 5=-GATCCCCCTGTGGAC
GGCTATATGAATTCAAGAGATTCATATAGCCGTCCACAGTTTTTA-3=,
targeting rat CDCA7 at nucleotides 212, 220, and 658, respectively, were
annealed, ligated into the pSuper vector, and transfected into Rat1-MYC
cells. Several colonies of each targeting region were isolated following
puromycin selection.

Total RNA was purified and cDNA synthesized using the ProtoScript
Moloney murine leukemia virus (M-MuLV) first-strand cDNA synthesis
kit from New England Biolabs (NEB). shRNA knockdown was quantified,
and clones were screened, by using RT2 SYBR green qPCR master mix
(SABiosciences) and the 7500 Fast RT-PCR system (Applied Biosystems).

Cell lysis, immunoprecipitation, and immunoblotting. Cells were
lysed in either radioimmunoprecipitation assay (RIPA) lysis buffer (10
mM NaPO4 [pH 7.6], 150 mM NaCl, 5 mM EDTA, 0.1% sodium dodecyl
sulfate [SDS], 0.25% deoxycholic acid, 1% Triton X-100, plus protease
and phosphatase inhibitors) or Triton X-100 lysis buffer (50 mM HEPES
[pH 7.9], 250 mM NaCl, 0.1% Triton X-100, 10% glycerol, plus protease
and phosphatase inhibitors). Ten microliters of anti-FLAG M2 agarose-
conjugated beads (Sigma-Aldrich) was added to lysates, and the mixture
was incubated overnight at 4°C. The beads were washed five times with
lysis buffer, and proteins were first eluted with 200 �l of lithium dodecyl
sulfate (LDS) sample buffer and then heated to 70°C for 10 min. Portions
of the lysates were also reserved prior to immunoprecipitation and were
boiled with a lithium dodecyl sulfate-containing sample buffer. Lysates
and immunoprecipitates were fractionated by SDS-polyacrylamide gel
electrophoresis (PAGE), transferred to a polyvinylidene difluoride
(PVDF) membrane, blocked in 5% skim milk for 30 min, and probed with
the appropriate antibody overnight at room temperature. Primary anti-
bodies were decorated with an IR700 anti-mouse and/or an IR800 anti-
rabbit secondary antibody (Li-Cor Biosciences) for 3 h at room tempera-
ture, and fluorescent images on the PVDF membranes were visualized
using an infrared laser scanning system (Odyssey; Li-Cor Biosciences).

Microscopy. Rat1, NIH 3T3, or HEK293cells were plated at 80% con-
fluence on no. 1 glass coverslips. Following the desired treatment, the
coverslips were washed twice in phosphate-buffered saline (PBS) and
were then fixed and permeabilized in methanol-acetic acid (3:1) for 25
min. The coverslips were then washed three times in PBS, followed by
blocking in 1% bovine serum albumin (BSA) in PBS. Primary antibodies
at varying concentrations were applied for 1.5 h in a humidified chamber
at room temperature. Coverslips were washed three times in PBS prior to
the application of secondary antibodies for 2 h in a humidified chamber at
room temperature in the dark. The coverslips were washed three times in
PBS before mounting with ProLong Gold antifade reagent (Invitrogen)
with 4=,6-diamidino-2-phenylindole (DAPI). The slides were viewed on
an Olympus microscope, and images were taken via a QImaging 2000R
camera and QCapture Pro software.

Live-cell imaging was performed on an inverted Olympus microscope
equipped with an Ultraview ERS spinning-disc unit, a 37°C heated stage,
and a 60� heated objective. NIH 3T3 cells were transfected in no. 1 cov-
erslip chambers overnight, serum starved for 4 h, and stimulated with
platelet-derived growth factor (PDGF). Confocal images were taken every
5 min for the duration of the time course and were analyzed with Perkin-
Elmer Ultraview ERS software.

Peptide competition assay. The Thr163 peptide (CDSKSPRRRT
FPG) and phosphopeptide [CDSKSPRRR(p)TFPG] corresponding to the
sequence surrounding Thr163 were synthesized by GenScript. Triton
X-100 lysates containing FLAG-CDCA7 were immunoprecipitated with
anti-FLAG M2 agarose-conjugated beads overnight at 4°C. Following
washing, beads were incubated at 4°C for 1 h with various concentrations
of the peptide or phosphopeptide. The beads were washed three times,
and proteins were eluted and resolved by SDS-PAGE. Coimmunoprecipi-
tated 14-3-3 was detected by using a rabbit polyclonal antibody against
14-3-3�.

In vitro pulldown assay. HEK293 cells were transfected overnight
with FLAG-CDCA7 and various mutants. Cells were lysed in RIPA lysis
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buffer and were immunoprecipitated with FLAG M2 agarose-conjugated
beads overnight at 4°C. Agarose beads were washed 3 times with RIPA
lysis buffer and then 3 times with Triton X-100 lysis buffer. Immunopre-
cipitates were then eluted by incubation at 4°C with 20 �M FLAG peptide
in Triton X-100 lysis buffer.

For the generation of recombinant MYC, DH5� bacteria expressing
6�HN-MYC were cultured overnight in 100 ml Terrific broth (TB) at
37°C with shaking. The following day, 1 liter of TB from the overnight
culture was inoculated. Cells were stimulated with 1 mM isopropyl-�-D-
thiogalactopyranoside (IPTG) when the optical density at 600 nm
(OD600) reached 1.0. The culture was then incubated at 16°C overnight.
Cells were pelleted by centrifugation and were resuspended in 60 ml of
binding buffer (50 mM Tris [pH 7.5], 500 mM NaCl, 5 mM imidazole).
Cells were lysed by sonication at 30% amplitude, 2 s on, 3 s off, for a total
of 2 min. Insoluble precipitates were removed by centrifugation, and the
supernatant was bound to Ni-nitrilotriacetic acid (NTA) beads at 4°C for
20 min with gentle rocking. Ni-NTA beads were washed with 10 column
volumes of wash buffer (50 mM Tris [pH 7.5], 500 mM NaCl, 30 mM
imidazole). 6�HN-MYC was eluted in 5-ml fractions with elution buffer
(50 mM Tris [pH 7.5], 500 mM NaCl, 250 mM imidazole). Purified
6�HN-MYC was dialyzed against three changes of HKG buffer (20 mM
HEPES [pH 7.4], 125 mM KCl, 20% [vol/vol] glycerol).

For pulldown experiments, 500 ng of purified His-MYC protein was
bound to Ni-NTA agarose beads and was incubated with purified FLAG-
CDCA7 protein for 4 h at 4°C in Triton X-100 lysis buffer. The beads were
washed 5 times, and the proteins were eluted with 200 �l of lithium do-
decyl sulfate sample buffer heated to 70°C for 10 min. Portions of the
input protein prior to binding were also boiled with lithium dodecyl sul-
fate-containing sample buffer. Input and bound proteins were fraction-
ated by SDS-PAGE.

Apoptosis assays. For annexin assays, cells were harvested with
EDTA-free trypsin, washed twice at 4°C with ice cold PBS, and stained by
resuspension in 200 �l annexin binding buffer (10 mM HEPES [pH 7.4],
140 mM NaCl, 2.5 mM CaCl2) containing 5 ml annexin V–Alexa Fluor
488 conjugate and 1 �g/ml propidium iodide. The proportion of apop-
totic cells (annexin V positive, propidium iodide negative) was deter-
mined by using a FACScan flow cytometer and CellQuest software (Bec-
ton Dickinson). Caspase assays were performed by scraping approximately
106 cells in caspase assay buffer (25 mM HEPES [pH 7.4], 5 mM EDTA, 2 mM
dithiothreitol [DTT], 137 mM NaCl, 10% glycerol). Cells were sonicated at
low power, and insoluble materials were pelleted by centrifugation. One hun-
dred fifty microliters of the lysate was incubated at 37°C with 10 �M DEVD
substrate (N-acetyl-Asp-Glu-Val-Asp-7-amido-4-methylcoumarin; Sigma).
Samples were read every 15 min at an excitation wavelength of 380 nm and an
emission wavelength of 450 nm, and caspase-3 activity was normalized to
total protein as determined by a Bradford assay.

Metabolic labeling. HEK293 cells were transfected overnight with
FLAG-CDCA7, washed, and incubated in a phosphate-free medium con-
taining 1 mCi/ml 32Pi for 4 h. Cells were lysed in 1 ml RIPA buffer, and
FLAG-CDCA7 was immunoprecipitated overnight at 4°C with beads pre-
bound to anti-FLAG M2 monoclonal antibody. Immunoprecipitates were
fractionated by 8% SDS-PAGE and were Coomassie stained, and 32P-
labeled CDCA7 was detected by autoradiography.

Tryptic mapping. 32P-labeled CDCA7 was isolated as described
above, excised from the gel, and digested with 10 �g/ml tosylphenylalanyl-
chloromethyl ketone-treated trypsin (Promega) in 50 mM (NH4)HCO3 (pH
7.8) overnight at 37°C. Peptides were isolated as described elsewhere (55).

In vitro AKT phosphorylation assay. FLAG-tagged CDCA7 was im-
munoprecipitated from cell lysates with 25 �l anti-FLAG M2 monoclonal
antibody conjugated to agarose (Sigma-Aldrich). Immunoprecipitates
were washed three times in RIPA buffer, followed by an additional two
washes in a reaction buffer containing 40 mM morpholinepropanesulfo-
nic acid (MOPS)-NaOH (pH 7.0) and 1 mM EDTA. The samples were
then resuspended in reaction buffer plus 0.5 �g of active AKT (S472D)
(Millipore). The kinase reaction was started by the addition of an ATP

mixture containing 8 �M magnesium acetate, 10 �M ATP, and 1 �Ci of
[32P]ATP. Samples were incubated for 20 min at 30°C; the supernatant
was then removed to fresh tubes; and CDCA7 immunoprecipitates were
washed three times with reaction buffer and were finally resuspended in
1� LDS sample buffer. The supernatant containing AKT and the CDCA7
immunoprecipitates were resolved by SDS-PAGE. 32P-labeled CDCA7
was visualized with a phosphorimager (Bio-Rad Laboratories).

Soft-agarose colony formation assay. Rat1 cells were infected with a
retrovirus generated by the pQCXIH-CDCA7-IRES-Hygro vector. After 5
to 7 days of selection in hygromycin (200 �g/ml), resistant pools were
counted and plated in complete medium containing 0.3% agarose and
hygromycin over a bottom layer of complete medium containing 0.7%
agarose and hygromycin. Fresh medium with serum was added to the
plates every 2 days, and after 2 weeks, the plates were stained with crystal
violet, destained, and visualized by infrared scanning on an Odyssey laser
scanner. Macroscopic colonies were counted using ImageJ software.

RESULTS
CDCA7 binds to the carboxyl terminus of MYC. Figure 1A de-
picts the various regions of CDCA7 and their postulated biological
roles, including a C-terminal zinc finger domain that could inter-
act with DNA, a leucine zipper (LZ) region that could promote
hetero- and homodimerization, and a putative nuclear localiza-
tion signal (NLS) between amino acids 170 and 190 of human
CDCA7. Conservation within this region is very high between
species. We performed coprecipitation experiments, and dele-
tions of both N-terminal and C-terminal segments of CDCA7
revealed that a small region of CDCA7, amino acids 146 to 170,
was essential for interaction with MYC (Fig. 1B and C). In recip-
rocal experiments we found that CDCA7 lost association with
MYC harboring a deletion of the C-terminal region (�274 – 440)
but not with MYC lacking the N-terminal MYC box I (MBI) and
MBII domains (�5–149) or with MYC lacking the central region
containing the MBIII domain (�151–274) (Fig. 1D). Finally, im-
munoprecipitation of endogenous MYC led to coprecipitation of
endogenous CDCA7, indicating interaction of physiological levels
of these proteins (Fig. 1E).

The region of CDCA7 that associates with MYC is remarkable
for several reasons. First, there appears to be a putative bipartite
NLS domain spanning amino acids 160 to 190 (Fig. 1A). Second,
threonine 163 conforms to the consensus AKT phosphorylation
site, with arginines at �5 and �3 and a bulky hydrophobic amino
acid at �1. Furthermore, there is a proline at �2, and the same
arrangement of residues is present in other AKT substrates that
bind to the 14-3-3 phosphoadapter proteins, including FOXO3�
(42, 43, 45). Based on these initial observations, we formulated the
hypothesis that the association of MYC and CDCA7 could be reg-
ulated in a transient manner though phosphorylation at Thr163
by AKT and binding to 14-3-3.

To test whether Thr163 is a site of phosphorylation, we per-
formed phosphotryptic mapping of CDCA7 isolated from cells
labeled with 32Pi (Fig. 2A). One spot comigrated with a synthetic
phosphotryptic peptide for this residue, which disappeared upon
the mutation of Thr163 to alanine. Next, we generated a phospho-
specific antibody to this site. The anti-phospho-Thr163 antibody
reacted with wild-type CDCA7 but not with T163A-CDCA7 (Fig.
2B). Treatment of CDCA7 with calf intestinal phosphatase re-
sulted in a significant reduction in immunoreactivity (Fig. 2B).
These data establish that Thr163 is phosphorylated in cells.

Next, we immunoprecipitated CDCA7 and found that it co-
precipitated endogenous 14-3-3 in a phospho-Thr163-dependent
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manner (Fig. 2C). Addition of a molar excess of a synthetic
Thr163-containing phosphopeptide, but not the corresponding
unphosphorylated peptide, caused a loss of 14-3-3 binding
(Fig. 2D). We mutated each residue surrounding Thr163 to ala-
nine, starting at �7, and looked for 14-3-3 binding and reactivity
to the phospho-specific antibody. Both the �5 and �3 arginines,
Arg158 and Arg160, were absolutely required for 14-3-3 binding

and Thr163 phosphorylation (Fig. 2E). Mutation of phenylala-
nine 164 or proline 165 resulted in loss of phospho-Thr163 reac-
tivity and loss of 14-3-3 binding. Interestingly, mutation of
Arg161 or Arg162 to alanine caused an increase in 14-3-3 binding
and an apparent increase in Thr163 phosphorylation.

Binding of 14-3-3 is known to alter numerous biological func-
tions of target proteins, including subcellular localization (56). In

FIG 1 Mapping of CDCA7 and MYC association. (A) Sequence alignment of amino acids 131 to 180 of human CDCA7 with the corresponding regions of
CDCA7 from various other species. The asterisk indicates the position of a putative AKT phosphorylation/14-3-3 binding site. (B) (Top) Purified CDCA7 or
various truncated versions of CDCA7 were incubated with His-MYC and were subjected to pulldown with Ni-agarose, followed by immunoblotting with an
anti-FLAG (�-FLAG) antibody. (Bottom) A reserved portion of the input CDCA7 was also immunoblotted with anti-FLAG. WT, wild type. (C) Schematic
diagram of the region of interaction. (D) Purified full-length His-MYC or various truncated forms of His-MYC were incubated with purified FLAG-CDCA7 or
�156-187-CDCA7, subjected to pulldown with Ni-agarose, and immunoblotted with an anti-FLAG antibody. Input His-MYC was detected with an N-terminal
anti-MYC antibody (D84C12) or a C-terminal antibody (9E10). (E) Endogenous MYC was immunoprecipitated (IP) from HEK293 cells, and endogenous
CDCA7 was detected by immunoblotting with anti-CDCA7 (Sigma). An anti-FLAG antibody was used as a nonspecific immunoprecipitation control.
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cells grown in 10% serum, overexpressed wild-type CDCA7 re-
sided primarily in the nucleus and to a lesser extent in the cyto-
plasm (Fig. 3A). In contrast, T163A-CDCA7 was entirely nuclear,
with no cytoplasmic localization. The CDCA7 mutation R161A
caused both cytoplasmic and nuclear staining, correlating with the
increased binding to 14-3-3 seen in Fig. 2E. The P165A mutation,
which abolished 14-3-3 binding, resulted in entirely nuclear local-
ization. We quantified these observations by calculating the ratio
of the fluorescence intensity of the cytoplasm (Fc) to that of the
nucleus (Fn) for each mutation. R161A-CDCA7, as expected, had
the highest Fc/Fn ratio, which was similar to that for wild-type
CDCA7 stimulated with fibroblast growth factor (FGF). The
CDCA7 mutants with T163A, F164A, or P165A all had low Fc/Fn
ratios, consistent with their predominantly nuclear staining (Fig.
3A) and their low level of 14-3-3 binding (Fig. 2E).

Next, we asked if constitutive 14-3-3 binding independent of

Thr163 phosphorylation could regulate localization. To test this,
we replaced the 20 amino acids surrounding Thr163 with the R18
peptide (PHCVPRDLSWLDLEANMCLP). This peptide was iso-
lated from a phage display screen for peptides that bind strongly to
14-3-3; the D and E residues underlined in the sequence above
form contacts with 14-3-3 and substitute for phospho-amino ac-
ids (57). We found that DE-CDCA7 bound to 14-3-3 and resulted
in cytoplasmic localization of CDCA7 (Fig. 3C and D). As a con-
trol, we generated a protein in which the D and E residues were
replaced with lysine. KK-CDCA7 did not bind to 14-3-3 and was
entirely nuclear (Fig. 3C and D). Thus, the binding of 14-3-3 at
Thr163 of CDCA7 appeared to be responsible for its shift to the
cytoplasm in cells.

The region comprising amino acids 160 to 176 is a bipartite
nuclear localization signal. To account for the shift in localiza-
tion due to Thr163 phosphorylation and 14-3-3 binding, we
searched CDCA7 for a proximal NLS domain that could be influ-
enced by 14-3-3. The presence of basic arginine residues at posi-
tions 160, 161, and 162, and the presence of another cluster at
positions 170, 171, 175, and 176, resembled the pattern of the
bipartite NLS domains of RB and SWI5 (Fig. 4A). To test if these
residues constituted an NLS domain, we asked whether the iso-
lated region spanning amino acids 157 to 188 of CDCA7 could
import a large cargo protein. We placed our test region between
green fluorescent protein (GFP) and �-galactosidase (�-gal), cre-
ating a 140-kDa protein. A bona fide NLS isolated from simian
virus 40 (SV40) caused the GFP–�-gal fusion protein to localize to
the nucleus (Fig. 4B). The introduction of a point mutation within
the SV40 NLS resulted in cytoplasmic localization, validating this
model for testing NLS activity. The insertion of amino acids 157 to
188 of CDCA7 resulted in nuclear localization, as did the NLS of
SV40 (Fig. 4B). In contrast, subdivision of the full 157-to-188
region into smaller regions, the region surrounding just the 14-3-3
binding site (amino acids 157 to 167) or the second cluster of
arginines from amino acid 167 to 188, led to entirely cytoplasmic
localization (Fig. 4B). This suggests that the entire region com-
prising amino acids 157 through 188 is needed for the nuclear
import of the GFP–�-galactosidase fusion protein.

We next tested the importance of the specific arginine residues
within the putative NLS. Mutation of Arg160, Arg161, or Arg162
shifted the localization of the fusion protein to the cytoplasm (Fig.
4C). Similarly, mutation of Arg171 or Arg176 individually to glu-
tamic acid shifted the balance of localization from the nucleus to
the cytoplasm, while the double mutation of R171E and R176E led
to complete nuclear exclusion (Fig. 4C). Finally, mutation of
Arg182 or Arg184 had no effect on localization (Fig. 4C). These
results indicate that arginines 160, 161, 162, 171, and 176 compose
the critical basic residues of a potential bipartite NLS within
CDCA7.

AKT phosphorylates CDCA7 Thr163. Next, we asked whether
Thr163 phosphorylation changed in cells treated with mitogenic
stimuli. We expressed CDCA7 in NIH 3T3 fibroblasts, followed
by stimulation with PDGF, and found that Thr163 phosphor-
ylation increased rapidly and remained sustained for several
hours (Fig. 5A). Furthermore, we found that PDGF stimulation
led to increased cytoplasmic localization, which lagged behind
Thr163 phosphorylation (Fig. 5B). Finally, GFP-CDCA7 was
visualized in live cells over a time course of PDGF stimulation
(Fig. 5C and D). This experiment showed that the intensity of
the cytoplasmic GFP-CDCA7 signal increased approximately

FIG 2 CDCA7 is phosphorylated at Thr163 and binds to 14-3-3. (A) Two-
dimensional tryptic maps of wild-type CDCA7 and T163A-CDCA7. Dashed
circles indicate the position of the cold synthetic Thr163 tryptic peptide that
comigrated with 32P-labeled peptides. (B) A phospho-specific antibody raised
against the phospho-Thr163 peptide was used to immunoblot CDCA7,
CDCA7 pretreated with calf intestinal phosphatase (CIP), or T163A-CDCA7.
(C) CDCA7 or T163A-CDCA7 was expressed in cells and was immunoprecipi-
tated with anti-FLAG–agarose. Coimmunoprecipitated proteins were sub-
jected to anti-FLAG or anti-14-3-3 immunoblotting to detect endogenous
14-3-3. (D) 14-3-3 bound to CDCA7 was competed with increasing concen-
trations of the synthetic phospho-Thr163 peptide or the unphosphorylated
peptide. Following several washes, proteins were resolved by PAGE and were
immunoblotted with an anti-FLAG or anti-14-3-3 antibody to detect coim-
munoprecipitated endogenous 14-3-3. (E) CDCA7 containing the indicated
mutations was immunoprecipitated, and proteins were immunoblotted with
anti-FLAG, anti-phospho-Thr163, or anti-14-3-3.
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3-fold, which agreed well with the kinetics observed by immu-
noblotting (Fig. 5B).

We then expressed CDCA7 or T163A-CDCA7 in NIH 3T3 cells
and performed immunofluorescence with an anti-phospho-
Thr163 antibody (Fig. 5E). This showed that there was a small
amount of primarily nuclear phospho-Thr163 signal in unstimu-
lated cells. Stimulation with PDGF for 15 and 60 min resulted in
increases in both the nuclear and cytoplasmic phospho-Thr163
signals, corresponding to the appearance of cytoplasmic CDCA7.
Finally, we isolated nuclear and cytoplasmic fractions of cells ex-

pressing CDCA7 following treatment with LY294002, a PI3K in-
hibitor (Fig. 5F). Cytoplasmic CDCA7 was present in cells main-
tained in serum but was abolished upon treatment with
LY294002. The CDCA7 T163A mutation caused very little detect-
able cytoplasmic CDCA7.

We were able to detect endogenous CDCA7 in NIH 3T3 cells
by immunofluorescence using an antibody raised against CDCA7
(Abcam). This experiment showed that under serum-starved con-
ditions, endogenous CDCA7 was predominantly nuclear, with
some cytoplasmic staining (Fig. 6A). Stimulation with PDGF for

FIG 3 Thr163 phosphorylation alters CDCA7 localization. (A) NIH 3T3 cells were transfected with FLAG-CDCA7 containing the indicated mutations on
coverslips. After 24 h, cells were fixed in methanol, and immunofluorescence microscopy was performed to detect CDCA7. (B) NIH 3T3 cells were
transfected with various FLAG-CDCA7 cDNAs for 24 h, followed by the stimulation of some samples with FGF for the indicated times. Cells were fixed,
stained with anti-FLAG, and visualized by confocal microscopy. The fluorescence intensities of the cytoplasm (Fc) and the nucleus (Fn) were measured
in a blind analysis for each sample, and the Fc/Fn ratio was calculated. Error bars represent the standard errors of the means for a minimum of 30 cells for
each sample. (C) Cells expressing CDCA7, T163A-CDCA7, DE-CDCA7, or KK-CDCA7 were lysed, and CDCA7 was immunoprecipitated with anti-FLAG
M2 agarose. Coimmunoprecipitated endogenous 14-3-3 was detected by anti-14-3-3 immunoblotting. (D) NIH 3T3 cells were plated on coverslips and
were transfected with FLAG-DE-CDCA7 or FLAG-KK-CDCA7. After 24 h, cells were fixed, stained with an anti-FLAG antibody, and subjected to
immunofluorescence microscopy.
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30 min caused a pronounced shift to the cytoplasm. Pretreatment
of cells with LY294002, wortmannin, or AKT inhibitor VIII, each
of which is a potent inhibitor of PI3K and AKT, completely re-
versed the cytoplasmic localization of endogenous CDCA7 in re-
sponse to PDGF, with pronounced staining of endogenous
CDCA7 in the nucleus. Moreover, stimulation of cells with PDGF
caused an increase in the amount of detectable endogenous
Thr163 phosphorylation (Fig. 6B). The localization of endoge-
nous CDCA7 phosphorylated at Thr163 was different from that of
ectopically expressed CDCA7 or GFP-CDCA7: rather than being
localized both to the nucleus and to the cytoplasm, the endoge-
nous phospho-CDCA7 signal was detected primarily in the cyto-
plasm at 60 min. This difference might result from the smaller
amount of endogenous CDCA7 protein than of overexpressed
CDCA7, which could overwhelm the cell’s resources for shuttling
phospho-CDCA7 from the nucleus. Pretreatment with LY294002
abolished the elevated Thr163 phosphorylation induced by PDGF
(Fig. 6B).

The observations that LY294002 could block the phosphoryla-
tion of endogenous Thr163 and reduce the cytoplasmic localiza-
tion of CDCA7 suggested that a downstream effector of PI3K,
such as AKT, might phosphorylate CDCA7 at this site. Treatment
of cells with LY294002 reduced Thr163 phosphorylation (Fig.
7A). To determine whether this resulted from a loss of AKT acti-
vation, we coexpressed Gag-AKT, a membrane-bound, constitu-
tively active form, with wild-type CDCA7 or T163A-CDCA7.
Gag-AKT caused an elevation of Thr163 phosphorylation of
CDCA7 and 14-3-3 binding (Fig. 7B) that was lost upon the mu-
tation of Thr163 to alanine. Active recombinant AKT directly
phosphorylated CDCA7, but not T163A-CDCA7, in vitro (Fig.
7C). Inhibition of AKT in cells by use of AKT inhibitor VIII
blocked the phosphorylation of CDCA7 in cells (Fig. 7D). Coex-
pression of Gag-AKT with CDCA7 caused a redistribution of
wild-type CDCA7, but not of T163A-CDCA7, from the nucleus to
the cytoplasm (Fig. 7E). Finally, expression of CDCA7 in mouse
embryonic fibroblasts in which AKT1 and AKT2 were deleted by

FIG 4 Amino acids 160 to 176 of CDCA7 constitute a putative bipartite NLS. (A) Sequence alignment of CDCA7 with the bipartite NLS domains of human RB
protein and SWI5 protein. (B) NIH 3T3 cells were transfected on glass coverslips with a vector expressing pFloc-GFP-SV40-�-gal, pFloc-GFP-SV40KE-�-gal, or
pFloc-GFP-CDCA7peptide-�-gal, containing various regions of CDCA7, as indicated, for 24 h. The following day, GFP signals in live cells were visualized by
fluorescence microscopy. (C) pFloc-GFP-CDCA7peptide-�-gal containing amino acids 156 to 188 of CDCA7 and the indicated mutations was transfected into
NIH 3T3 cells plated on coverslips. The next day, cells were fixed with methanol and were visualized by confocal microscopy.
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homologous recombination resulted in diminished Thr163 phos-
phorylation (Fig. 7F). The level of PDGF-stimulated phosphory-
lation of Thr163 in AKT1/2�/� MEFs was lower than that in wild-
type MEFs, a reduction similar to that in the level of total Ser473
phosphorylation detected for the remaining endogenous AKT3
(Fig. 7G). Together, these experiments provide strong evidence
that AKT catalyzes Thr163 phosphorylation.

Binding of 14-3-3 regulates CDCA7-MYC interaction. Since
AKT phosphorylates CDCA7 and promotes 14-3-3 binding very
near the residues required for MYC interaction, we thought that
phosphorylation-dependent 14-3-3 binding could cause a change
in association between CDCA7 and MYC. When we compared the
abilities of wild-type CDCA7 and T163A-CDCA7 to coimmu-
noprecipitate MYC from cells, we found that more MYC bound
to T163A-CDCA7 than to the equivalent amount of wild-type
CDCA7 (Fig. 8A). Using purified proteins in pulldown exper-
iments, we found that DE-CDCA7, which binds to 14-3-3 con-
stitutively, immunoprecipitated less MYC; the loss of MYC
interaction was similar to that seen with �(156 –187)-CDCA7
(Fig. 8B). On the other hand, the non-14-3-3-interacting con-

trol protein, KK-CDCA7, did bind to MYC, about as well as
wild-type CDCA7.

If 14-3-3 competes directly with MYC for sites of association
on CDCA7, then recombinant 14-3-3 should compete with MYC
for CDCA7 binding. Therefore, we incubated recombinant MYC
with purified FLAG-CDCA7 that had been stripped of endoge-
nous 14-3-3 by SDS treatment, in the presence or absence of re-
combinant 14-3-3 (Fig. 8C). We reasoned that a fraction of the
purified CDCA7 binding to MYC would be phosphorylated at
Thr163 and that if 14-3-3 competes with MYC, the addition of
14-3-3 should break this interaction. This was found to be the
case: 14-3-3 dramatically reduced the amount of Thr163-phos-
phorylated CDCA7 coprecipitating with MYC (Fig. 8C). To-
gether, these experiments indicate that 14-3-3 competes with
MYC for binding to CDCA7. Furthermore, when coexpressed in
Rat1 cells, MYC colocalizes with non-14-3-3-binding CDCA7
mutants T163A-CDCA7 and KK-CDCA7, while MYC colocalizes
to a lesser degree with wild-type CDCA7 and the 14-3-3-binding
DE mutant containing the R18 peptide substitution (Fig. 8D).
Together, these results show that 14-3-3, by competing with MYC,

FIG 5 PDGF stimulates CDCA7 phosphorylation at Thr163 and cytoplasmic translocation. (A) NIH 3T3 cells were transfected with FLAG-CDCA7. On the
following day, the cells were starved of serum for 6 h and were stimulated with PDGF for the indicated times. The cells were then solubilized in 0.25% NP-40
buffer, and nuclei were removed by centrifugation. Lysates were probed with anti-phospho-Thr163 (�-P-T163) and anti-FLAG (�-FLAG), and both signals were
detected simultaneously on an Odyssey infrared scanner. The bottom panel shows the merge of the phospho-Thr163 (680 nm) and FLAG (800 nm) signals; the
ratios of their intensities are given below. (B) Graphical representation of the data shown in panel A. (C) NIH 3T3 cells were transfected with GFP-CDCA7 in a
no. 1 glass-bottom chamber. After 24 h, the cells were starved of serum for 6 h and were visualized on a spinning-disc confocal microscope. At 0 min (T � 0=),
PDGF was added; the cells were then captured every 5 min for 1 h. (D) The intensity of fluorescence in the cytoplasm was determined using Ultraview software
(Perkin-Elmer) and was plotted against the time of PDGF stimulation. Fluorescence intensity in the nuclei was also measured; it decreased by approximately 5%
over the time course (not shown). (E) NIH 3T3 cells were transfected on glass coverslips with FLAG-CDCA7 or T163A-CDCA7 for 24 h. Following 6 h of serum
starvation, cells were stimulated with PDGF for the indicated times, fixed with methanol, and visualized with anti-FLAG and anti-phospho-Thr163 immuno-
fluorescence microscopy. WT, wild type. (F) NIH 3T3 cells were transfected with CDCA7 or T163A-CDCA7. On the following day, cells were incubated with 50
mM LY294002 for 1 h; then nuclear and cytoplasmic extracts were isolated. CDCA7, endogenous AKT, and P-Thr308 AKT were detected by immunoblotting
with anti-FLAG, anti-AKT, and anti-P-Thr308 AKT antibodies, respectively.
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alters the location of CDCA7 in the cell and, therefore, its degree of
interaction with MYC.

CDCA7 expression sensitizes cells to serum withdrawal-
induced apoptosis. We next established Rat1 fibroblasts express-
ing MYC under the control of a constitutive cytomegalovirus
(CMV) promoter (termed MYC-Rat1 cells). These cells under-
went apoptosis following 4 to 24 h of serum withdrawal, repro-
ducing the findings of Evan et al. (20). In order to investigate
whether CDCA7 altered MYC-dependent apoptosis, we expressed
CDCA7 under the control of a doxycycline-inducible promoter in
either parental Rat1-TET-ON or MYC-Rat1-TET-ON fibroblasts.
Several independent clones were isolated from each pool of cells,
and all showed low levels of CDCA7 expression when grown in
serum supplemented with 10 ng/ml doxycycline (Fig. 9A). When
the concentration of doxycycline was increased to 1,000 ng/ml, the
level of CDCA7 expression increased approximately 100-fold (Fig.
9A). Interestingly, we were not able to generate T163A-CDCA7-
MYC-Rat1 cells. Colonies that were isolated were either negative
for MYC expression or negative for T163A-CDCA7, indicating a
possible prohibitive condition for coexpression.

To see if CDCA7 upregulation had an effect on apoptosis, we
pretreated CDCA7-Rat1 or CDCA7-MYC-Rat1 cells with doxycy-
cline for 18 h, followed by 4 h of serum withdrawal. CDCA7-
MYC-Rat1 cells were sensitized to apoptosis with increasing con-
centrations of doxycycline (Fig. 9C). Only a minor increase in

apoptosis with CDCA7 upregulation was observed in the absence
of ectopic MYC expression (Fig. 9C). Next, we asked if the non-
MYC-binding CDCA7 mutant �(156-187)-CDCA7 would alter
MYC-dependent apoptosis (Fig. 9D). Here we treated CDCA7-
MYC-Rat1 or �(156-187)-CDCA7-MYC-Rat1 cells with doxycy-
cline for 18 h and then starved them of serum for 4 h. This result
showed that despite a high level of MYC expression (Fig. 9B),
�(156-187)-CDCA7-MYC-Rat1 cells were no longer susceptible
to serum withdrawal-induced apoptosis, suggesting that �(156-
187)-CDCA7 was acting as a dominant negative mutant and re-
pressing MYC-induced apoptosis.

Loss of CDCA7 expression reduces MYC-dependent apopto-
sis. Endogenous CDCA7 mRNA levels in MYC-Rat1 cells were 2-
to 5-fold higher than those in Rat1 cells not expressing ectopic
MYC (data not shown), consistent with an earlier report that the
cdca7 promoter is a target of MYC (52). Since we have shown that
elevated levels of ectopic CDCA7 sensitized MYC-Rat1 cells to
apoptosis upon serum withdrawal, we hypothesized that the ele-
vated levels of both CDCA7 and MYC in the MYC-Rat1 cells may
act together to cause the higher levels of apoptosis seen in these
cells. In addition, the loss of apoptosis as a result of expression of
�(156 –187)-CDCA7 suggested that CDCA7 was necessary for
MYC-sensitized apoptosis. To test this, we created MYC-Rat1
lines expressing shRNA sequences targeting endogenous CDCA7.
This resulted in a knockdown of endogenous CDCA7 mRNA rel-

FIG 6 Endogenous CDCA7 is phosphorylated at Thr163 and translocates to the cytoplasm upon PDGF stimulation. (A) NIH 3T3 cells were plated on glass
coverslips and were starved of serum for 6 h. PDGF was added for 1 h together with either LY294002 (25 �M), wortmannin (100 nM), AKT inhibitor VIII (2.5
�M), or a vehicle only, as indicated. Cells were fixed in methanol, stained with anti-CDCA7 and DAPI, and visualized by florescence microscopy. (B) The
experiment was similar to that described for panel A, except that cells were stained with anti-phospho-Thr163.
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ative to the level in a control line expressing scrambled shRNA
(Fig. 10A). These Rat1-MYC-sh lines maintained high levels of
MYC as detected by immunoblotting (Fig. 10B). When cul-
tured in 0.2% serum overnight, Rat1-MYC-sh cells exhibited
less morphological evidence of apoptosis than their MYC-Rat1
parental lines (Fig. 10D) and experienced less cell death as
measured by trypan blue exclusion (Fig. 10E) and less apopto-
sis as measured by an annexin V-binding assay (Fig. 10C) or by
caspase-3 activity (Fig. 10F and G). Together, these results
show that CDCA7 is necessary for MYC to promote apoptosis
upon serum withdrawal.

CDCA7 expression alters MYC-dependent transformation.
We next asked whether CDCA7 alters MYC-induced transforma-
tion. We assessed this by expressing CDCA7 in MYC-Rat1 cells
and evaluating soft-agarose colony formation. To overcome the
negative selection of prolonged expression of T163A-CDCA7 and
MYC, we introduced CDCA7 and mutants into MYC-Rat1 cells
by retroviral infection, followed by a short selection period and
analysis of the polyclonal pools. Both wild-type and T163A mu-
tant CDCA7 exhibited reduced numbers of macroscopic colonies
resulting from MYC expression, indicating that increased expres-
sion of CDCA7 interferes with MYC-induced transformation

FIG 7 AKT phosphorylates CDCA7 at Thr163. (A) Cells expressing CDCA7 were treated with the PI3K inhibitor LY294002 for 1 h and were then lysed.
Immunoblotting was performed to detect Thr163 phosphorylation and total CDCA7. (B) 293 cells were transfected with CDCA7 together with an empty
vector or Gag-AKT. Twenty-four hours later, CDCA7 was immunoprecipitated (IP), and phosphorylated Thr163 and coimmunoprecipitated endogenous
14-3-3 were visualized by immunoblotting. (C) Purified CDCA7 was phosphorylated in vitro with recombinant active S473D-AKT and [	-32P]ATP.
Proteins were resolved by PAGE and were visualized by autoradiography. Total CDCA7 and AKT were detected by immunoblotting. (D) Cells expressing
CDCA7 were treated with AKT inhibitor VIII (0.5 and 2.5 �M) for 20 min and were then lysed. Phospho-Thr163 and total CDCA7 were detected by
immunoblotting. (E) NIH 3T3 cells were transfected with WT CDCA7 or T163A-CDCA7 together with the vector or Gag-AKT. The next day, cells were
fixed and were stained with anti-FLAG (�-FLAG) (for total CDCA7) and anti-phospho-S473 (�-P-T163) (for active AKT). (F) AKT1/2�/� and AKT1/
2�/� MEFs were transfected with CDCA7 on glass coverslips overnight in the presence of serum, fixed with methanol, stained with anti-FLAG and
anti-P-T163, and visualized by immunofluorescence microscopy. (G) AKT1/2�/� and AKT1/2�/� MEFs were transfected with CDCA7 for 24 h, starved
of serum overnight, and then stimulated with PDGF for 1 h. (Top) CDCA7 was detected by immunoblotting with anti-FLAG and anti-P-T163 antibodies.
The ratio of the P-T163 signal to the FLAG signal is given below each lane. The signals were obtained by direct immunofluorescence detection on an
Odyssey infrared imager. (Bottom) Lysates were also probed with anti-pan-AKT, which detects AKT1, AKT2, and AKT3, and anti-P-S-473 AKT (both
from Cell Signaling Technology). The arrowhead indicates the AKT band.
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(Fig. 11A and B). Surprisingly, �(156 –187)-CDCA7 expression
largely inhibited MYC-dependent colony formation, an effect
similar to its effects on MYC-dependent apoptosis, suggesting that
this protein was acting as a dominant negative mutant. Parental
Rat1 cells did not form colonies (Fig. 11A), and we found no effect
of CDCA7 expression alone in Rat1 cells (data not shown), in
agreement with the previous results of Prescott and coworkers
(52). Finally, stable knockdown of CDCA7 also reduced the num-
ber of macroscopic colonies formed from that for Rat1-Myc cells
expressing scrambled shRNA (Fig. 11C and D). Together, these
results suggest that CDCA7 is a necessary cofactor for Myc-in-
duced transformation and apoptosis.

DISCUSSION

Aberrant proliferation induced by MYC is opposed by apoptosis
and/or cell cycle arrest, providing cells with a safety mechanism
against the onset of MYC-induced hyperproliferation and tumor-
igenesis (58). During normal development, proliferative signals
result in the activation of pathways that instruct the cell to coop-
erate with MYC and divide. Phosphoinositide 3-OH kinase is at
the apex of one important pathway activated by mitogenic stimuli,
and one of its main effectors, AKT, cooperates with MYC to sup-
press proapoptotic gene expression while simultaneously in-
structing the cell to divide (33). Given the important roles of both

FIG 8 14-3-3 competes with MYC for binding to CDCA7. (A) HEK293 cells were transfected with MYC together with an empty vector, FLAG-CDCA7, or
FLAG-T163A-CDCA7. Detergent-solubilized cell extracts were prepared, and FLAG-CDCA7 was immunoprecipitated with the anti-FLAG M2 antibody. (B)
Recombinant His-MYC was purified on Ni-agarose, and wild-type (WT) CDCA7, �(153–188)-CDCA7, DE-CDCA7, or KK-CDCA7 was added. The beads were
rotated 1 h, washed, and boiled in sample buffer. Coprecipitated CDCA7 was detected by FLAG immunoblotting. (C) CDCA7 was immunoprecipitated from
cells and was incubated with recombinant His-MYC with or without recombinant 14-3-3. CDCA7 bound to MYC was precipitated by Ni-agarose. 14-3-3
specifically reduced the amount of phospho-Thr163 CDCA7 bound to MYC. (D) Rat1 fibroblasts were cotransfected with FLAG-CDCA7 and CMV-MYC
plasmids and were immunostained, and localization was visualized by confocal florescence microscopy. MYC colocalizes with CDCA7 in the nucleus when
Thr163 is mutated to alanine, or with the non-14-3-3-binding mutant containing the R18 peptide (KK), but not with wild-type CDCA7 or the 14-3-3-binding
CDCA7 mutant containing the R18 peptide (DE).
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AKT and MYC in cancer pathology, there is an urgent need to
understand the mechanism of cooperative signaling between
these two regulators.

In this study, we found that the transcriptional regulator
CDCA7 was phosphorylated by AKT and that this caused its dis-
engagement from MYC and its sequestration to the cytoplasm by
binding to 14-3-3. 14-3-3 appeared to compete with MYC for
binding to CDCA7, since the addition of recombinant 14-3-3 led
to reduced coprecipitation of phospho-Thr163 CDCA7 and
MYC. In addition, we found that the region surrounding Thr163
harbored nuclear localization activity. Mutation of predicted con-
sensus sites derived from the bipartite NLS domains of RB (59)
and SWI5 (60) led to the loss of nuclear localization of a large
cargo protein. Mutation of two of these sites, Arg161 and Arg162,
led to enhanced cytoplasmic localization of CDCA7, which was
accompanied by increased Thr163 phosphorylation and 14-3-3
binding.

When CDCA7 was ectopically expressed with MYC, cells were
sensitized to serum withdrawal-induced apoptosis. Surprisingly,

the �(156-187)-CDCA7 mutation reduced serum withdrawal-in-
duced apoptosis, suggesting that this protein was acting as a dom-
inant negative mutant and interfering with the proapoptotic func-
tion of MYC. Conversely, knockdown of endogenous CDCA7
rescued MYC-expressing cells from apoptosis following serum
withdrawal. These results argue that CDCA7 is an important co-
factor in the ability of MYC to regulate target gene expression and
that, under physiological conditions, CDCA7 may be important
for the normal regulation of MYC target genes. On the other
hand, dysregulation of this pathway becomes proapoptotic under
pathophysiological conditions.

Consistent with this, transformation of fibroblasts by MYC was
also influenced by CDCA7. Coexpression of CDCA7 reduced the
level of anchorage-independent colony growth, indicating that
overexpression of CDCA7 interferes with the process of MYC
transformation. Importantly, �(156-187)-CDCA7 appeared to
act as a dominant negative mutant under these conditions, since
this protein greatly reduced the level of colony formation. These
results suggest that CDCA7 influences MYC-induced transforma-

FIG 9 CDCA7 increases MYC-induced apoptosis. (A) Rat1 cells or Rat1 cells expressing MYC were established with CDCA7 expression under the control of a
doxycycline-inducible promoter as described in Materials and Methods. After 24 h of treatment with doxycycline at various concentrations, cells were lysed, and
CDCA7 was detected by immunoblotting. (B) Various cell lines from the experiment for which results are shown in panel A were immunoblotted for the presence
of ectopically expressed MYC, indicated by an arrowhead. (C) CDCA7-Rat1 and CDCA7-MYC-Rat1 cells were treated with doxycycline at the indicated
concentrations for 18 h, followed by serum starvation for 4 h. Apoptosis was measured by annexin V labeling and flow cytometry. Error bars show the ranges for
duplicate samples and are representative of three independent experiments. (D) MYC-Rat1, CDCA7-Rat1, CDCA7-MYC-Rat1, and �(156 –187)-CDCA7-
MYC-Rat1 cells were cultured for 18 h in 10 ng/ml doxycycline, followed by serum starvation for 4 h. Apoptosis was determined by annexin V labeling and flow
cytometry. Error bars show the ranges for duplicate samples and are representative of three experiments.
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tion, with high-level expression causing interference, possibly by
increasing apoptosis within the forming colonies, while expres-
sion of �(156-187)-CDCA7 interferes by disrupting the associa-
tion of MYC with either endogenous CDCA7 or other factors that
require full-length CDCA7 for interaction. In support of this,
knockdown of endogenous CDCA7 also reduced the transforma-
tion potential of MYC, again arguing that CDCA7 is required for
MYC transforming activity. These observations are, in general,
consistent with the earlier findings of Prescott and coworkers (52),
who found that CDCA7 rescued transformation by MYC contain-
ing a transformation-defective MYC box II deletion, supporting
the hypothesis of a genetic link between CDCA7 and MYC. While
Prescott and coworkers found that CDCA7 coexpression did not
significantly increase or decrease MYC-induced transformation
(52), the difference between our experiments and those of
Prescott and coworkers could be due to the level of expression of
MYC or CDCA7, or a combination of both. Future studies will

investigate whether ectopic CDCA7 expression reduces transfor-
mation as a direct result of increased apoptosis.

Interestingly, the cdca7 gene itself has been reported to be a
target of MYC (50, 52). In our own experiments, overexpression
of MYC in Rat1 cells caused a 2- to 5-fold increase in the amount
of cdca7 mRNA, suggesting that a feed-forward loop exists
whereby MYC activation leads to elevated CDCA7 levels. We hy-
pothesize that growth factor signals use AKT activity to finely tune
the activation of MYC through CDCA7, with loss of AKT activat-
ing the prodeath effects of CDCA7/MYC, tipping the cell fate to-
ward apoptosis.

An important question remaining is the alteration of global
gene expression caused by the interaction between CDCA7 and
MYC. The related protein JPO2 has been shown to bind to SP1
sites of the MAOA gene via its C-terminal zinc finger domain (61).
CDCA7 and JPO2 are 77% identical within this region, suggesting
that CDCA7 may also bind to similar SP1 elements. MYC-binding

FIG 10 Knockdown of CDCA7 rescues Rat1-MYC cells from serum withdrawal-induced apoptosis. shRNA-expressing Rat1 cell lines in which endogenous
CDCA7 was knocked down were established in the presence of ectopic MYC as described in Materials and Methods (Rat1-MYC-sh1, Rat1-MYC-sh2). Addi-
tionally, control lines were established using a scrambled version of the CDCA7 targeting sequence (Rat1-MYC-Scrmb). (A) Quantitative RT-PCR of ectopic
MYC (black bars) and endogenous CDCA7 (gray bars) was performed on scrambled shRNA-expressing Rat1-MYC cells or on Rat1-MYC cells expressing
shRNA-targeted CDCA7. Quantitative RT-PCR was performed in triplicate for each clone. (B) MYC levels of shRNAi Rat1-MYC lines were determined by
immunoblotting. (C) Rat1-MYC, Rat1-MYC-sh1, and Rat1-MYC-sh2 cells were serum starved for 4 or 24 h, and apoptosis was measured by annexin V labeling
and flow cytometry. Error bars represent the standard deviations for triplicate samples. (D) Rat1, Rat1-MYC, or Rat1-MYC-sh1 cells grown to 40% confluence
were placed in 0.2% serum overnight. Differential interference contrast (DIC) images were captured using bright-field microscopy. (E) Rat1-MYC-Scrmb1 or
Rat1-MYC-sh1 cells were plated as for the experiment for which results are shown in panel D. On the following day, trypan blue-positive cells were counted as
a percentage of total cells by using a hemocytometer. (F) Rat1-MYC cells, as well as two scrambled lines and two lines expressing shRNA-targeted CDCA7, were
plated in triplicate, starved in 0.2% serum for 4 h, and assayed for caspase-3 activity. (G) Rat1-MYC-Scrmb-1 cells and Rat1-MYC-sh1 cells were plated in
triplicate in various concentrations of serum for 4 h and were then assayed for caspase-3 activity.
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E-box sites are preferentially enriched with SP1 elements across
the genome (62), suggesting that CDCA7 and MYC might coop-
erate to regulate these genes. What role CDCA7 plays in the con-
text of cell fate determination during early development, where
MYC expression is tightly regulated, remains to be determined, as
does the potential relationship of CDCA7 with other transcription
factors in non-MYC-expressing cells.

In summary, we have identified a new target of AKT that is
required for the proapoptotic and transformation properties of
MYC. AKT phosphorylates CDCA7 within a 14-3-3 binding site,
disrupting its interaction with MYC and resulting in CDCA7 tran-
sit from the nucleus to the cytoplasm. The fine-tuning of CDCA7-
MYC interaction by phosphorylation at Thr163 could represent
an important physiological role for AKT, and one that becomes
pathophysiological under conditions of an overactive AKT axis.
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