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Abstract
Members of the polo-like kinases (Plk1, Plk2, Plk3, and Plk4) are involved in the regulation of
various stages of the cell cycle and have been implicated in cancer progression. Unlike its other
family members the expression of Plk3 remains steady during cell cycle progression, suggesting
that its activity may be spatiotemporally regulated. However, the mechanism of regulation of Plk3
activity is not well understood. Here, we show that calcium- and integrin-binding protein 1
(CIB1), a Plk3 interacting protein, is widely expressed in various cancer cell lines. Expression of
CIB1 mRNA as well as protein is increased in breast cancer tissue as compared to normal tissue.
CIB1 constitutively interacts with Plk3 as determined by both in vitro and in vivo assays. This
interaction of CIB1 with Plk3 is independent of intracellular Ca2+. Furthermore, binding of CIB1
results in inhibition of Plk3 kinase activity both in vitro and in vivo. Interestingly, this inhibition of
the Plk3 activity by CIB1 is Ca2+-dependent. Taken together, our results suggest that CIB1 is a
regulatory subunit of Plk3 and it regulates Plk3 activity in a Ca2+-dependent manner. Furthermore,
upregulation of CIB1 in cancer cells could thus inhibit Plk3 activity leading to abnormal cell cycle
regulation in breast cancer cells. Thus in addition to Plk3, CIB1 may be a potential biomarker and
target for therapeutic intervention of breast cancer.
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1. Introduction
Altered activity or expression of key regulators of the cell cycle has been shown to be
responsible for cancer progression. Polo-like kinases (Plks) a family of serine/threonine
kinases have been shown to play pivotal roles in the regulation of cell cycle progression 1–3.
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The Plk family consists of four members that have been identified in the mammalian cells;
Plk1, Plk2/Snk, Plk3/Fnk/Prk (proliferation-related kinase) and Plk4/Sak 4–8. These kinases
are characterized by the presence of highly conserved noncatalytic domains termed polo
boxes 9. These polo boxes are shown to be involved in protein-protein interactions and are
required for subcellular localization of Plks 10. They bind to the phosphorylated serine or
threonine residues of the binding partners and regulate subcellular localization of Plks 10–12.
In addition, the C-terminus, which contains the polo boxes, is shown to be involved in
regulation of kinase activity 13.

Controlled expression or activity of the Plks has been shown to regulate normal progression
of cell cycle. Since variations in their activity or expression often leads to oncogenic
transformation, these protein kinases are considered to be proto-oncogenes 14. The
difference in their function and regulation depends on their spatiotemporal expression,
subcellular localization, and substrate specificity 15–17. Expression of Plk1 is strongly
correlated with aggressiveness and poor prognosis in many cancers 18–20. Reduction in Plk2
expression has been reported to enhance stress-induced apoptosis 21, whereas, Plk3
expression is shown to increase during G1 phase, but remains mostly unaltered during cell
cycle progression 22–24. In contrast to Plk1, Plk3 expression has been negatively correlated
with the development of certain cancers 3. It is thus believed that regulation of Plk3 activity
or subcellular localization may dictate its function during the cell cycle, but little is known
about the mechanism by which this regulation occurs.

Using the yeast two-hybrid system, Plk3 was shown to interact with CIB1 16, which was
originally identified as a calcium- and integrin αIIb-binding protein with a sequence
similarity to the regulatory molecules calcineurin B and calmodulin 25. CIB1 mRNA and
protein expression is widespread, including notable expression in some cancer cell lines 26.
We investigated the physiological relevance of interaction between Plk3 and CIB1. Here we
show that CIB1 is expressed in several cancer cell lines and its expression is upregulated
during breast cancer progression. We also show that CIB1 constitutively binds Plk3 and
inhibits its kinase activity in a Ca2+-dependent manner. Taken together, our results suggest
that CIB1 acts as a regulatory subunit of Plk3, and thereby contributes to the regulation of
the cell cycle in a Ca2+-dependent manner.

2. Materials and methods
2.1. Cell culture and transfection

Human breast carcinoma cell lines T47D, MDA-MB-468, MDA-MB-361, MDA-MB-436,
MCF-7, and MCF-10A were all obtained from American Type Culture Collection (ATCC;
Manassas, VA) cultured and maintained as per the manufacture’s instruction. T47D cells
were maintained in RPMI-1640 medium supplemented with 10% FBS, 100 μg/mL insulin,
100 IU/mL and 100 μg/mL penicillin/streptomycin (Invitrogen, Carlsbad, CA). Human
umbilical cord vein endothelial cell (HUVEC) and medium supplements were obtained from
Lonza Walkerville, Inc (Conshohocken, PA) and Chinese hamster ovary cells (CHO) were
from ATCC. Stable transfection using pcDNA3.1 (Mock) or pcDNA3.1-CIB1 expression
vector was performed as described previously 27. Clones stably expressing high levels of
CIB1 as determined by Western blot were maintained in the growth medium containing 300
μg/mL G418 (Invitrogen). The design of shRNA specific for Plk3 was performed using
OptiRNAi program 28. The top choice of a 23 nucleotide (5′-
AAGTCATCCCGCAGAGCCGCGTC-3′) sequence was used to generate a double stranded
shRNA with a 9 base pair hairpin loop as described 29. The shRNA construct in pSUPER
vector or the empty vector was transiently transfected-using Lipofectamine (Invitrogen)
following the manufacture’s instructions. Assays were performed 72 h post transfection. All
cells were incubated at 37°C and 5% CO2 with 95% humidity.
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2.2. Matched breast tumor/normal expression array
A matched tumor/normal expression array containing cDNA synthesized from 9 human
breast tumors and adjacent normal tissue from the same individual was purchased from
Clontech (Mountain view, CA, USA). To ensure valid comparisons, the manufactures
independently normalized each tumor cDNA to its matched normal sample based on the
expression of three housekeeping genes: ubiquitin, 23-kDa highly basic protein, and
ribosomal protein S9. Arrays were probed using radiolabeled CIB1 cDNA probe following
manufacturer’s protocol. Densitometric quantification of spot intensity was performed using
Bio-Rad Gel-Doc scanning software (Richmond, CA, USA).

2.3. Western blot analysis
Cells were lysed using lysis buffer (1% Nonidet P-40 (NP40), 150 mM NaCl, 50 mM Tris-
HCl pH 7.5, 10 mM sodium orthovanadate, 10 μg/mL leupeptin, 10 μg/mL aprotinin, 2 mM
phenylmethanesulfonyl fluoride (PMSF), and 10 mM NaF) for 30 min on ice, and then
centrifuged at 13, 000 rpm for 10 min at 4°C. The proteins (500 μg/mL) were separated by
12% SDS-polyacrylamide gel electrophoresis under reducing conditions and transferred to
Polyvinylidene fluoride (PVDF) membrane (BioRad). Membranes were blocked with 5%
non-fat dry milk in Tris-HCl-buffered saline Tween-20 (TBST) and incubated overnight at
4°C with primary antibodies as indicated. After washing, the membranes were further
incubated with corresponding HRP-conjugated secondary antibodies and processed using
LumiGLO reagent (Cell Signaling, MA, USA). Band intensity was quantified using Bio-Rad
Gel-Doc scanning software. Images were than processed by using Adobe Photoshop
Software.

2.4. Immunohistochemistry of breast cancer tissue arrays
A breast cancer tissue array slide containing paraffin sections of 12 tumors specimens and
12 normal breast tissues were purchased from Biomeda (Foster, CA, USA). Another array
containing 6 cases of breast tumors of various grades (quadruple core per case) and their
corresponding adjacent non-neoplastic tissues (1.5 cm away from tumor) were purchased
from Biomax, Rockville, MD, USA. Two separate sets of single core microarray panel of 50
paired breast cancer specimens (various grades and metastasis to lymph nodes) were also
purchased from Biomax. Slides were deparaffinized before staining according to the
manufacturer’s protocol. Slides were immunofluorescently stained using anti-CIB1 (clone
UN7.79) or isotype-specific control IgG (cIgG). Briefly, the slides were treated with 0.2%
Triton X-100 in 1X PBS for 5 min, the washed and blocked with 3% BSA in PBS (blocking
solution) for 1 h at room temperature (RT). The slides were then incubated with anti-CIB1
(1:100) or anti-Ki67 (Abcam, Cambridge, MA) or cIgG (1:100) at 4°C overnight in a
humidified chamber. After incubation, slides were washed three times with blocking
solution and incubated with rhodamine X-conjugated Donkey anti-Mouse secondary
antibody (1:300) or FITC-conjugated goat anti-rabbit (1:100) for 1 h at RT. Slides were
washed three times with blocking solution followed by a final wash of PBS, mounted in
Slowfade to minimize fading of the fluorescence intensity. Sections were visualized using
LSM Zeiss Laser confocal microscope (Thornwood, NY, USA). Mean fluorescence
intensity at the same laser power was measured using Zeiss software. Hematoxylin and
Eosin (H&E) stained duplicate slide, which was provided by the manufacturer, was used to
identify a tumorigenic phenotype.

2.5. Immunoprecipitation assay
Mock- or CIB1-overexpressing T47D cells were untreated or treated with 50 μM BAPTA-
AM (Sigma), a calcium chelator, for 1 h at 37°C, then lysed with ice-cold lysis buffer for 30
min on ice and centrifuged. The lysates were pre-cleared with cIgG and protein G Sepharose
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beads (Amersham, Piscataway, NJ). Pre-cleared lysates (500 μg/mL) were incubated with
anti-CIB1 (7.79) or anti-Plk3 or cIgG for 1 h at RT and incubated further with protein G-
Sepharose beads overnight at 4°C. Immunocomplex-captured beads were washed three
times with lysis buffer, and boiled in 2X Laemmli sample buffer. The proteins were
separated by SDS-PAGE, detected by Western blotting. In a separate set of experiments,
where radioactivity was used to determine the kinase activity (as described in the in vitro
kinase assay), the membrane was probed with anti-Plk3 (BD Bioscience) to determine the
total Plk3 immunoprecipitated. Densitometric analysis of band intensity was quantitated
using a Bio-Rad Gel Doc 2000 system.

2.6. Recombinant proteins and in vitro binding assay
Recombinant CIB1 protein was expressed in E. coli and purified as previously described 25.
Recombinant Plk3 protein was expressed and purified from insect cells by following the
procedure described previously 22. In vitro binding assay was performed as described 25.
Briefly, Immulon® 2-HB microtiter wells were coated with 5 μg/mL of recombinant CIB1
protein overnight at 4°C. After blocking with 1% BSA for 1 h at RT, various concentrations
of purified recombinant Plk3 was added to the wells and incubated at RT for an additional 1
h. After washing with PBS, bound recombinant Plk3 was detected using anti-Plk3 or isotype
specific IgG as control in an ELISA assay and read at 405 nm using a microtiter 96-well
plate reader (Dynatech, Chantilly, VA, USA).

2.7. In vitro kinase assay
An in vitro kinase assay was performed as described previously 22. Briefly, purified
recombinant Plk3 (500 ng/reaction) along with kinase reaction mixture in the presence or the
absence of added recombinant purified CIB1 (1 μg/reaction) was incubated with 20 mg of α-
casein along with [γ-32P] ATP (Amersham) for 30 min. In a separate set of experiments,
either Plk3 or CIB1 was immunoprecipitated from total cell lysates (500 μg/mL) of mock-
and CIB1-transfected T47D cells that were allowed to adhere on collagen and used as a
source of Plk3. The 2X sample buffer was added to stop the reaction. Samples were
analyzed immediately by SDS-PAGE. Coomassie-stained gels were dried and subjected to
autoradiography.

2.8. Statistical analysis
All assays were repeated three times with similar results. Representative data were shown
and data analyses were performed using Student’s t test (mean value, s.e.m,). Results were
expressed as mean ± s.e.m. P≤ 0.05 were regarded as statistically significant.

3. Results
3.1. CIB1 mRNA expression is upregulated in cancer tissues

Although CIB1 was originally identified as an integrin αIIb-binding protein 25, it was
subsequently shown that CIB1 expression is not limited to platelet-specific lineages. In fact,
CIB1 mRNA appears to be widely expressed 26. In order to determine whether CIB1 protein
is expressed in breast cancer-derived cell lines, we performed Western blot analysis using
CIB1-specific antibody. HUVEC were used as positive control where it was found to
express. We found that CIB1 protein is expressed in all breast cancer cell lines tested.
Especially, in T47D, MCF-7, MCF-10A, and MDA-MB-361 cell lines, the level of CIB1
expression is substantially more than that of HUVECs (Fig. 1A). Equal loading of protein in
each lane was ascertained through HSC-70 probing. We next determined the extent of CIB1
upregulation in breast cancer tissue by probing a cDNA array in which cDNA synthesized
from 9 human breast tumors and the adjacent normal tissue from each individual was used.
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This array provides a sensitive means for the detection and quantitation of differential gene
expression relevant to breast cancer. To ensure valid comparison, the manufacturers have
independently normalized each tumor cDNA to its matched normal sample using expression
of three separate housekeeping genes. We found a detectable level of CIB1 message in the
normal tissue. However, all breast tumor tissues showed an increased level of CIB1 mRNA
expression compared to their corresponding normal tissue (Fig. 1B). Quantitation of the
expression of CIB1 mRNA level in the tumor tissue showed an average of two-fold increase
over the normal levels (Fig. 1C). These results suggest that CIB1 mRNA expression is
upregulated in breast cancer tissue.

3.2. CIB1 protein expression is upregulated in breast tumor
Increased expression of the CIB1 message in breast cancer tissue and a variety of breast
carcinoma cell lines, prompted us to determine CIB1 protein expression in normal and
tumorigenic breast tissue. Commercially available tumor and normal breast tissue sections
were immunohistochemically stained using anti-CIB1 antibody. H&E staining of the normal
breast tissue section showed typical glandular morphology and mammary epithelial cell
lining (Fig. 2Ai). In normal breast epithelium tissue, CIB1 localized along the cell
membrane of glandular epithelial cells as was expected for a myristoylated protein (Fig.
2Aii). Interestingly, in tumor tissue, CIB1 expression appears to be upregulated, and
localized throughout the cell, not just restricted to the membrane of the glandular epithelial
cells (Fig. 2Aiii). This is not surprising since CIB1 is known to function as a myristoyl
switch 30. No staining was observed when isotype-specific control antibody was used,
suggesting that the anti-CIB1 staining is highly specific (Fig. 2Aiv). Comparison of pixel
intensities of the images captured at identical laser power indicated a significant increase in
CIB1 expression in tumors compared to normal breast tissue (Fig. 2Av).

In order to assess the expression of CIB1 during breast cancer progression, a tissue array
containing samples of various pathological grades assigned by the manufacturer were
immunohistochemically stained with anti-CIB1. An isotype specific control IgG had no
staining as expected (Fig. 2Bi). Adjacent tissue 1.5 cm away from the tumor showed low
staining for CIB1 (Fig. 2Bii). Interestingly, tumor tissue of increasing grade showed
increased level of expression of CIB1 (Fig. 2Biii–v). Quantification of mean fluorescence
intensity as a measure of CIB1 expression indicated a significant increase in CIB1
expression in various grades of breast tumors compared to adjacent non-cancerous tissue
(Fig. 2Bvi). To verify the increase in CIB1 expression is indeed in proliferating tumor cells
the sections were double stained for CIB1 and Ki67, a proliferation specific marker. We
found that CIB1 and Ki67 colocalized confirming the increased expression of CIB1 in tumor
cells (Fig. 2C). Taken together, these results suggest that CIB1 expression is increased
during breast cancer progression.

3.3. Plk3 interacts with CIB1 in vivo and in vitro
It has been shown previously through the yeast two-hybrid assay that CIB1 and Plk3 interact
16. Due to the established role of Plk3 in cell cycle progression, and the known expression of
Plk3 and CIB1 in a number of cancer cell lines, including T47D, it was apparent that the
interaction between Plk3 and CIB1 might play a role in cancer progression. To determine
their in vivo interaction in a breast cancer cell line, we performed a coimmunoprecipitation
assay from T47D cell-lysates using well-characterized, highly-specific antibodies. Plk3 was
coimmunoprecipitated with CIB1 by anti-CIB1, but not by an isotype-specific control IgG
(cIgG) (Fig. 3A). This was further confirmed in a reciprocal immunoprecipitation
experiment where CIB1 was co-immunoprecipitated by anti-Plk3, suggesting that a specific
interaction occurs between CIB1 and Plk3 in vivo (Fig. 3A). Although, the antibodies used
were shown to be specific to CIB1 25, 27 and Plk3 23, we further confirmed the specificity of
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CIB1 and Plk3 antibodies by overexpressing human CIB1 protein in CHO cells, and down-
regulating Plk3 in T47D cells using Plk3 specific shRNA, respectively. We found that in
CHO cells anti-CIB1 does not recognize any band, but in CIB1 overexpressing cells
recognizes a 22kDa band corresponding to human CIB1 (Fig. 3B). In T47D cells, anti-Plk3
shows down-regulation of Plk3 by Plk3-specific shRNA (Fig. 3C).

Coimmunoprecipitation of endogenous CIB1 with Plk3 and vice versa does not determine
whether they interact directly or indirectly through other proteins being part of a multi-
protein complex. To address this, we generated and purified recombinant Plk3 and CIB1
proteins, and performed an in vitro solid-phase binding assay. We found that Plk3 bound to
immobilized CIB1 in a concentration dependent and saturable manner, demonstrating a
physical interaction between the two proteins (Fig. 3D). The approximate KD of 2.6 ± 0.5
nM calculated from the above binding data indicate that these proteins bind with a very high
affinity. This is consistent with the yeast two-hybrid data reported previously 16. These
findings further suggest that the interaction of CIB1 with Plk3 does not require any post-
translational modifications such as phosphorylation since the recombinant CIB1 protein
used was produced in bacteria.

3.4. Plk3 interacts with CIB1 both in the absence and the presence of Ca2+

Because CIB1 is known to bind Ca2+ 25, we asked if its interaction with Plk3 is regulated by
Ca2+ in vivo. To test this, we repeated the coimmunoprecipitation experiment using lysates
of cells pre-treated with or without BAPTA-AM to chelate endogenous Ca2+. Plk3 readily
coimmunoprecipitated with CIB1 in the absence of BAPTA-AM treatment (Fig. 4A). The
presence of BAPTA-AM greatly affected the amount of CIB1 immunoprecipitated, possibly
due to reduced affinity of the antibody for apo-CIB1 (Fig. 4A). The expression of Plk3 was
not affected by Ca2+ chelation (Fig. 4A input). It appeared at first that reduced amount of
Plk3 in the CIB1 immunoprecipitate of BAPTA-treated cell lysate was due to the reduced
interaction with CIB1. However, when normalized to the total immunoprecipitated CIB1, a
significantly greater amount of Plk3 was coimmunoprecipitated, indicating that an increased
amount of Plk3 bound to CIB1 (Fig. 4B). This suggested a possibility that CIB1 may
interact with Plk3 both in the presence and the absence of Ca2+.

To further determine whether the binding affinity between CIB1 and Plk3 is altered in the
presence of Ca2+, we performed an in vitro binding assay in the presence of Ca2+ or EGTA.
We used purified recombinant Plk3 and CIB1 proteins in this assay. To our surprise, we
found that CIB1 bound Plk3 in both the presence and the absence of Ca2+ with slightly
better binding in the latter condition (Fig. 4C). These results suggest that CIB1 is
constitutively bound to Plk3 and thus may function as a regulatory subunit of Plk3.

3.5. Recombinant Plk3 activity was inhibited by purified recombinant CIB1 in a Ca2+-
dependent manner

We determined the effect of CIB1 interaction on Plk3 kinase activity in an in vitro kinase
assay. We first ascertained that the recombinant Plk3 is pure and active. We also excluded
the possibility that some other kinases were present as a contaminant and contributing to the
observed activity by showing that recombinant kinase-dead Plk3 prepared similarly does not
show any activity in this assay 31. Interestingly, recombinant Plk3 activity was inhibited
upon addition of purified recombinant CIB1 (Fig. 5A). Densitometric quantitation of the
band intensity from at least three separate experiments indicated a five-fold decrease in
kinase activity that was statistically significant (Fig. 5B). This inhibition of Plk3 activity was
found to be dependent on the concentration of CIB1 added (data not shown).
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Because CIB1 binds Plk3 in both the presence and the absence of Ca2+, we next investigated
the role of Ca2+ in this inhibition. We found that Ca2+-bound CIB1 inhibited Plk3 activity,
whereas apo-CIB1 (obtained by extensive dialysis of recombinant CIB1 in the presence of
EGTA) had no effect (Fig. 5C). The inability of apo-CIB1 to block kinase activity is not due
to misfolding caused by the removal of Ca2+, since the circular dichroism spectrum of apo-
and Ca2+-bound CIB1 were identical (data not shown). This was further confirmed by that
fact that addition of Ca2+ to apo-CIB1 reestablished its ability to inhibit Plk3 activity (Fig.
5C), indicating that CIB1 regulates Plk3 activity in a Ca2+-dependent manner.

3.6. Ectopic overexpression of CIB1 in T47D cells attenuates Plk3 activity
To delineate if CIB1 inhibits Plk3 activity in vivo, we first investigated the endogenous level
of CIB1 expression in T47D cells. Western blot analysis showed that a detectable amount of
CIB1 expression is endogenous to this cell line (Fig. 6A), as had been reported previously
26. In order to overexpress CIB1, we transfected these cells with a CIB1-pcDNA construct.
The cells transfected with CIB1 showed a several-fold higher level of CIB1 expression, as
compared to mock cells transfected with an empty vector as a control (Fig. 6A and B). To
determine that CIB1 inhibited Plk3 activity in vivo, we immunoprecipitated Plk3 from
mock- and CIB1-transfected T47D cell lysates and performed an immunoprecipitate kinase
assay. In agreement with our in vitro data, under similar amounts of immunoprecipitation,
Plk3 from mock-transfected cells had greater activity than Plk3 from CIB1-transfected cells
(Fig. 6C). Quantification of data from several experiments suggested a significant decrease
in Plk3 activity in the immunoprecipitates of CIB1-overexpressing cell lysates (Fig. 6D).
Taken together, these results suggest that CIB1 is a regulatory subunit of Plk3 and it
regulates Plk3 activity in a Ca2+-dependent manner.

Discussion
In the present study, we sought to determine the physiological relevance of the interaction
between Plk3 and CIB1 in breast cancer progression. We found that CIB1 mRNA as well as
protein is upregulated in various cancer cell lines, and in particular breast cancer tissues.
CIB1 expression appears to be increased during breast cancer progression. Our results
further demonstrate that CIB1 constitutively binds to Plk3 and inhibits Plk3 activity in a
Ca2+-dependent manner. Taken together, these results provide evidence that CIB1 is a
regulatory subunit of Plk3 and may be involved in the spatiotemporal regulation of this
important tumor suppressor.

CIB1 has been shown to interact with Plk2 and Plk3, two of the members of polo-like kinase
family 16. Here we show that CIB1 interacts with Plk3 in the presence and the absence of
Ca2+, but inhibits Plk3 activity only in the presence of Ca2+. Consistent with our results, it
has recently been shown that CIB1 also inhibits Plk2 activity in Cos-7 cells 17. It is possible
that CIB1, a calcium-binding protein, is activated upon a rise in intracellular Ca2+ and
inhibits these kinases. Polo-like kinase family members are characterized by the presence of
a highly conserved polo box, a motif involved in protein-protein interactions, which has
been shown to be important for the physiological function of these kinases 32. It has been
shown that in addition to its kinase activity, the C-terminus of Plk3 is also important for its
function, because overexpression of Plk3 or its kinase-dead mutant induces chromatin
condensation and apoptosis 33. This phenomenon seems to be dependent on Plk3′s C-
terminal half, where the strictly-conserved polo box domains are situated, because
overexpression of a C-terminal deletion mutant of Plk3 failed to induce cell death 33.
Recently, it has been shown that the polo box functions as a specific phosphoserine or
phosphothreonine binding domain and is involved in the localization of the kinase to the
centrosome 32. It is also known that the polo box is important for the subcellular localization
of polo-like kinase family members 10, and it is interesting to note that CIB1 has been
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shown to bind to the polo box of Plk3 possibly in a phosphorylation independent manner 16.
It is therefore possible that binding of CIB1 to Plk3 not only inhibits its activity, but may
also regulate its subcellular localization.

Plk3 expression is consistently downregulated in several carcinomas 7, 34. It is thus
hypothesized that Plk3 plays the role of a safeguard gene in controlling normal cell division,
and that its downregulation in carcinomas leads to compromised cell division. Plk3 has also
been shown to phosphorylate the tumor suppressor protein, p53 on serine-20 resulting in its
activation 35. Thus inhibition or downregulation of Plk3 may lead to tumor progression.
Consistent with this notion it has been recently shown that genetic ablation of Plk3 results in
spontaneous development of tumors in mice underscoring its function as a tumor suppressor
36.

Expression of Plk3 is rapidly induced upon exposure of serum-starved cells to growth
factors, implicating Plk3 in the regulation of cell proliferation 7. Unlike other members of
the polo-like kinase family, Plk3 expression levels remain rather constant during the normal
cell cycle 37 except that it is slightly upregulated during the G1 phase 24. However, in head,
neck, and lung carcinomas, it has been shown that Plk3 levels are significantly
downregulated, contrasting that of another family member, Plk1 7, 34, 38. It is thus possible
that Plk3 activity is required for normal cell division in such precursor cells, and that its
downregulation may aid to cancer development. How Plk3 activity is regulated during the
cell cycle in normal cells where Plk3 is substantially expressed is still not clear. However,
our finding that CIB1 inhibits Plk3 kinase activity in a Ca2+-dependent manner may provide
such an explanation. Further experimentation will be necessary to address this possibility.

Taken together, our results suggest that CIB1 is a regulatory subunit of Plk3, and it affects
the activity of Plk3 in a Ca2+-dependent manner. Thus, during the normal cell cycle, Plk3
activity may be regulated by the level of CIB1 and an unwanted change in the expression of
either may be a key determinant in the transformation from the normal to the malignant
phenotype, making Plk3 and CIB1 potential targets for therapeutic intervention.
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Fig. 1. CIB1 protein is highly expressed in several breast cancer cell lines
(A) Lysates (25μg/lane) of HUVEC and various breast cancer cell lines as indicated were
Western blotted using anti-CIB1 (upper panel) and the same blot was reprobed with anti-
HSC-70 to ensure equal loading (lower panel). (B) Autoradiograph of arrays of normalized
matched cDNA from breast tissue samples probed with radiolabeled CIB1 cDNA probe. (C)
Densitometric quantitation of B. Data are expressed as mean ± S.E. *, P<0.01.
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Fig 2. CIB1 protein expression is upregulated in breast tumor tissues
(A) Breast cancer tissue array from Biomeda (i) Histochemical H&E staining of a
representative breast tumor tissue section; Representative image of CIB1 expression in
normal (ii) tumor (iii), and (iv) control (isotype-specific control IgG). (v) Quantitation of
CIB1 expression in normal and tumor tissue sections. Magnification: × 600. (B) Breast
cancer tissue microarray sections from Biomax stained for CIB1 protein, (i) control, (ii)
adjacent normal tissue, (iii) malignant grade 1 tumor, (iv) malignant grade 2 tumor, (v)
metastatic, and (vi) quantitation of CIB1 expression in tissues shown in ii-v. (C) Confocal
images of malignant grade I, grade II, and metastatic tumor stained with anti-CIB1 (red;
upper panel), anti-Ki67 (green; middle panel), and merged images showing colocalization
(lower panel). Scale bar 10 μm. *P< 0.001; **P< 0.007; ***P<0.01.
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Fig. 3. Endogenous and physiological interactions of CIB1 and Plk3
(A) Western blot of T47D cell lysate- immunoprecipitates of Plk3 and CIB1 immunoblotted
with an anti-Plk3 (upper panel) or anti-CIB1 (lower panel) antibody. Control isotype-
specific antibody (cIgG) was used as a control and the whole cell lysate was used as input.
(B) Lysates of Mock or CIB1 overexpressing CHO cells blotted with anti-CIB1. Tubulin
expression was used for equal loading. (C) Lysates of transiently tranfected T47D cells with
pSUPER vector as a control, or with the Plk3-specific shRNA construct were Western
blotted using anti-Plk3 (upper panel) and same blot was reprobed with anti-CIB1 (lower
panel). (D) Solid-phase in vitro binding assays were performed using immobilized
recombinant CIB1 and an increasing concentration of soluble recombinant Plk3 protein, and
BSA or IgG were used as a controls to determine non-specific binding. Bound recombinant
Plk3 was detected using anti-Plk3 monoclonal antibody in an ELISA assay and read on a
plate reader at 405 nm. Data shown in (A) is a representative of three separate experiments.

Naik et al. Page 13

Int J Cancer. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4. Interaction of CIB1 and Plk3 is independent of intracellular Ca2+

(A) Lysates of T47D cells pre-treated with or without BAPTA-AM immunoprecipitated and
Western blotted for Plk3 (top panel), and CIB1 (lower panel). Inputs represent whole cell
lysate (untreated and treated with BAPTA) probed for CIB1. Isotype-specific antibody
(cIgG) was used as a control for IP. (B) Quantitation of association of CIB1 and Plk3 in the
presence or the absence of BAPTA-AM from (A). Band intensity of the co-
immunoprecipitated protein was normalized with band intensity of corresponding total
immunoprecipitated protein (P<0.01). Shown in (A) is a representative blot from three
separate experiments. (C) Solid-phase in vitro binding assays were performed using
immobilized recombinant CIB1 and an increasing concentration of soluble recombinant
Plk3 protein in the presence of 2 mM Ca2+ or 2 mM EGTA. BSA was used as a control.
Bound recombinant Plk3 was detected using anti-Plk3 monoclonal antibody and quantitated
by reading at 405nm using a plate reader. Isotype-specific IgG was used to determine non-
specific binding.
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Fig 5. CIB1 inhibits Plk3 kinase activity in a calcium-dependent manner
Autoradiogram analysis of in vitro kinase assay. (A) Phosphorylation of α-casein by Plk3 in
the presence or the absence of CIB1. (B) Quantitation of the band intensity of A from more
than three separate experiments (P=0.01). (C) Phosphorylation of α-casein by Plk3 (top
panel) in the presence of Ca2+-stripped (apo-CIB1) or Ca2+-bound recombinant CIB1 or
apo-CIB1 with Ca2+. Coomassie stained gel (bottom panel) is shown to indicate equal
loading. Data shown is a representative autoradiograph of at least three separate
experiments.
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Fig 6. Ectopically CIB1-overexpressing cells showed reduced Plk3 activity
(A) Western blot analysis of cell lysates from mock- and CIB1-overexpressing T47D cells
using anti-CIB1 (top panel). Blot was reprobed using anti-a-tubulin antibody to ensure equal
loading (bottom panel). (B) Densitometric quantitation of A. (C) Immunoprecipitate kinase
assay of Plk3 from mock- and CIB1-overexpressing T47D cell lysates (top panel). The blot
was reprobed for Plk3 to ensure equal loading (bottom panel). Shown is a representative blot
of three independent experiments.
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