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We investigated the role of Nek2, a member of the serine-threonine
kinase family, in the tumorigenic growth of breast carcinoma.
Increased expression of Nek2 was observed in all breast carcinoma
cell lines examined (BT20, BT474, Hs578T, MCF7, MDA-MB-231,
T47D, and ZR-75-1) by immunoblotting. By treatment with Nek2
short interfering RNA (siRNA), expression of Nek2 was clearly
decreased in both estrogen receptor (ER)-positive (MCF7) and ER-
negative (MDA-MB-231) breast carcinoma cell lines. Cell growth,
colony formation in soft agar, and in vitro invasiveness of these cell
lines were substantially suppressed by Nek2 siRNA treatment. In a
xenograft nude mouse model with subcutaneous implantation
of MCF7 or MDA-MB-231, subcutaneous injection of Nek2 siRNA
around the tumor nodules resulted in a reduction of tumor size
compared with those of control siRNA injection. Taken together,
Nek2 appears to play a pivotal role in tumorigenic growth of breast
carcinoma cells, and could be a useful therapeutic molecular target
for the treatment of breast carcinoma both in ER-positive and ER-
negative cases. (Cancer Sci 2009; 100: 111–116)

Breast carcinoma is one of the most common malignancies.
There are a variety of treatments for breast carcinoma

including molecular targeting therapy, which has made considerable
advances. Trastuzumab, a humanized monoclonal antibody to
human EGFR-related (HER)-2, is the first molecular targeting
agent approved to be effective for breast carcinoma therapy.(1)

Other novel targeted treatments, including antiangiogenic
compounds such as bevacizumab, sunitinib, and vatalanib, and
bifunctional drugs such as lapatinib, HER-2, and Epidermal
Growth Factor Receptor (EGFR) inhibitor, are currently in
clinical evaluation and, so far, show promising effects.(2) Among
all breast carcinomas, those that are positive for hormone
receptor (estrogen receptor [ER] or progesterone receptor [PgR])
or ErbB2 currently account for 75–80 and 15–20% of cases,
respectively. The remaining 10–15% of breast carcinomas are in
a so-called receptor-negative or triple-negative category, which
is defined by the absence of the expression of these three
proteins.(3) Patients with this type of carcinoma are resistant
to the existing targeted treatments so that finding medical
treatments for these patients remains a challenge.

Nek2 is a member of the serine-threonine kinase family Nek,
which are structurally related to the essential mitotic regulator
never in mitosis A (NIMA).(4) Nek2 is involved in cell division
and mitotic regulation by centrosome splitting.(4–6) Interestingly,
we found overexpression of Nek2 in cholangiocarcinoma in a tumor-
specific manner.(7) Moreover, we found that Nek2 depletion in
cholangiocarcinoma cell lines caused growth suppression and
cell death, and that administration of short interfering RNA
(siRNA) against Nek2 into tumor-bearing mice induced sub-
stantial prolongation of survival.(7) Although our observation is
promising, it remains to be determined whether the critical role
of Nek2 is specific for cholangiocarcinoma or not. In this con-

text, increased expression of Nek2 has been reported in cell
lines derived from breast, cervical, and prostate carcinomas, as
well as lymphomas,(8,9) yet the role of Nek2 in these carcinomas
remains largely unclear.

To obtain more clues to the usefulness of Nek2 siRNA therapy,
we investigated its effect in breast carcinoma. Here we show, for
the first time, that Nek2 depletion by treatment with Nek2
siRNA results in the inhibition of cell proliferation and invasion
of breast carcinoma cell lines including both ER-positive and
ER-negative types. Moreover, in a xenograft nude mouse model,
we show that subcutaneous injection of Nek2 siRNA around
tumor nodules results in substantial suppression of tumor
growth compared to control siRNA injection.

Materials and Methods

Cell culture. Cell lines derived from human breast carcinoma
(BT20, BT474, Hs578T, MCF7, MDA-MB-231, MDA-MB453,
T47D, ZR75-1), a cell line derived from human cholangio-
carcinoma (HuCCT1), and human foreskin fibroblast (HFF)
cells were maintained as described previously.(10–12) HuCCT1
were provided by the Cell Resource Center for Biomedical
Research, Institute of Development, Aging and Cancer, Tohoku
University (Sendai, Japan) and Riken Cell Bank (Tsukuba, Japan).

Preparation of siRNA. The sense and antisense strands of Nek2
siRNA obtained from Qiagen (Valencia, CA, USA) were as follows:
Nek2 siRNA 19, 5′-GGAGGGGAUCUGGCUAGUGdTdT-3′
(sense), 5′-CACUAGCCAGAUCCCCUCCdTdT-3′ (antisense);
Nek2 siRNA 27, 5′-GGAAUGCCACAGACGAAGUdTdT-3′
(sense), 5′-ACUUCGUCUGUGGCAUUCCdTdT-3′ (antisense);
Nek2 siRNA 65, 5′-GAGGGCGACAAUUAGGAGAdTdT-3′
(sense), 5′-UCUCCUAAUUGUCGCCCUCdTdT-3′ (antisense);
control siRNA, 5′-UUCUCCGAACGUGUCACGUdTdT-3′ (sense),
5′-ACGUGACACGUUCGGAGAAdTdT-3′ (antisense); and
luciferase pGL2 siRNA, 5′-CGUACGCGGAAUACUUCGAdTdT-
3′ (sense), 5′-UCGAAGUACUCAGCGUACGdTdT-3′ (antisense).
Control siRNA and luciferase pGL2 siRNA were used as
controls. In vitro transfection of siRNA was carried out using
GenePORTER (Genlantis, San Diego, CA, USA).

Electrophoresis and immunoblotting. Sodium dodecylsulfate–
polyacrylamide gel electrophoresis and immunoblotting were
carried out as described elsewhere.(10) Mouse monoclonal anti-Nek2
(Transduction Laboratories, Lexington, KY, USA) and mouse
monoclonal anti-α-tubulin (Abnova Corporation, Taiwan) were
used for the analysis.

Quantitative real-time polymerase chain reaction. The procedure
of quantitative real-time polymerase chain reaction (PCR) using
the 7300 Real Time PCR system (Applied Biosystems, Tokyo,
Japan) was described previously.(11) The TaqMan gene expression

3To whom correspondence should be addressed. E-mail: mhamagu@med.nagoya-u.ac.jp



112 doi: 10.1111/j.1349-7006.2008.01007.x
© 2008 Japanese Cancer Association

assay kit (Applied Biosystems) was used. 18S rRNA was used
as an endogenous control.

Cell proliferation assay. Cell proliferation was determined
using a colormined assay of cell viability that is based on the
cleavage of tetrazolium salt by mitochondrial dehydrogenases
(Tetra Color One; Seikagaku Corporation, Tokyo, Japan).
Absorbance of the formazan dye was measured at 450 and
630 nm 1.5 h after adding the reagent. A dye-exclusion test was
carried out to assess cell viability after siRNA treatment.

Soft agar colony-formation assay. To assess the anchorage-
independent growth, a soft agar colony assay was done. Twenty-
four hours after transfection with siRNA, 1 × 104 cells were
mixed with 0.36% agar in Dulbecco’s modified Eagle’s medium
supplemented with 5% fetal bovine serum and overlaid onto a
0.72% agarose layer in six-well plates. After 3 weeks of
incubation, colonies greater than 50 μm in diameter in randomly
selected fields (×40 magnification) were counted.

In vitro cell-invasion assay. Hs578T, MDA-MB-231, and MCF7
cells were assayed for their invasiveness using a modified Boyden
chamber method.(13) Briefly, 24 h after transfection with siRNA,
1 × 105 cells in 200 μL of serum-free medium were added into the
upper chambers, whereas the lower wells contained the conditioned
medium from starvation culture as a chemoattractant. After 3 h of
incubation, the non-invading cells on the upper side of the
chamber membranes were removed. The invading cells on the
opposite side of the chamber membranes were fixed and counted.

Animal efficacy studies. Male nude mice, 8 weeks old and
weighing 20–25 g (Crea Japan, Tokyo, Japan) were used in the
present study. MCF7 or MDA-MB-231 cells (1 × 107) were
inoculated subcutaneously into the femoral area of the mice. Ten
mice were used for each type of carcinoma cell. After 4 weeks,
the tumors generally reached 150–200 mm in diameter. After
1 week of tumor inoculation, we started siRNA administration.
Twenty μmol/L Nek2 siRNA (siRNA 27 for MCF7 and siRNA
19 for MDA-MB-231) dissolved in 100 μL of cell matrix was
administered directly around tumor nodules once a week for a
total of 3 weeks. Phosphate-buffered saline was used to dilute
the siRNA. In the animal model experiment, luciferase pGL2
siRNA was used as a control. Growth was assessed based on
tumor volume measured weekly.

Blood examination (white blood cell counts, aspartate ami-
notransferase [AST] and alanine aminotransferase [ALT]) were
carried out at 1 week after the final siRNA injection. Animal
experiments were done in compliance with the guidelines of the
Institute for Laboratory Animal Research, Nagoya University
Graduate School of Medicine.

Statistical analysis. All data are presented as the mean ± SE.
The statistical differences were analyzed by Student’s t-test and
repeated measures of ANOVA. The results were considered
significant when P < 0.05.

Results

Overexpression of Nek2 in breast cancers. We first examined the
expression of Nek2 in eight breast carcinoma cell lines (BT20,
BT474, Hs578T, MCF7, MDA-MB-231, MDA-MB-453, T47D,
and ZR-75-1) by immunoblotting (Fig. 1). Nek2 has three
spliced variants, Nek2A, Nek2B, and Nek2A-T. Nek2A encodes
a protein of 445 amino acids (48 kDa), whereas Nek2B encodes
a protein of 384 amino acids (44 kDa). The different molecular
weight is due to a different length of their non-catalytic C-
terminus. Nek2A is degraded upon mitotic entry, whereas
Nek2B remains stable.(4–6) Upregulation of Nek2A and Nek2B
was observed in all eight breast carcinoma cell lines examined,
whereas it was hardly detectable in HFF, a cell line derived from
normal human fibroblasts. It should be noted that these eight
cell lines included both ER-negative and ER-positive human
breast carcinoma cell lines. HuCCT1, a cholangiocarcinoma cell

line in which high expression of Nek2 was reported in our
previous study,(7) was used as a positive control.

To confirm the increased expression of Nek2 in breast carci-
noma cell lines, we next carried out quantitative real-time PCR.
As shown in Figure 1b, Nek2 expression was activated, at least
in part, at the transcriptional level in a tumor-specific manner.

Effect of Nek2 siRNA treatment on cell growth. ‘RNA interference
has emerged as a natural and highly efficient mechanism for
gene silencing. We have designed approximately 100 siRNA
candidates based on their sequence, the presence of UU at their
5′ end, and their GC content. Among them, we selected three
types of siRNA (Nek2 siRNA 65, 27, and 19) based on their
secondary structure. These siRNA showed clear suppression of
Nek2 protein expression and cellular growth in cholan-
giocarcinoma cell lines in our previous study.(7) In this study,
these siRNA were tested for their ability to suppress Nek2
expression in two types of breast carcinoma cell lines. Although
MCF-7 was chosen as a representative ER-positive cell line,
MDA-MB-231and Hs578T were examined as ER-negative
cell lines. In all of these cell lines, MCF-7, MDA-MB-231, and
Hs578T treatment with Nek2-specific siRNA substantially
suppressed Nek2 expression (Fig. 2a). In siRNA-treated MCF7,
relative amounts of Nek2A were decreased to 48% by siRNA 19
and 23% by Nek2 siRNA 27, respectively, compared with those
of control siRNA-treated cells. Similarly, relative amounts of
Nek2B in MCF7 were decreased to 39% by siRNA 19 and 31%
by siRNA 27, respectively. The reduction rates of Nek2B signals
were almost similar to those of Nek2A. In contrast, transfection
with either luciferase siRNA or control siRNA did not alter
Nek2 expression significantly.

We next examined the effect of siRNA treatment on the
growth of breast carcinoma cells. As shown in Figure 2b,
growth of MCF7 was substantially suppressed by treatment with
Nek2 siRNA, compared with that of control siRNA-treated
cells. The proliferation in MDA-MB-231 was also suppressed
by treatment with Nek2 siRNA to levels similar to those of
MCF7.

Fig. 1. The expression of Nek2 in breast carcinoma cell lines. (a) The
expression of Nek2 in eight breast carcinoma cell lines, BT20, BT474,
Hs578T, MCF7, MDA-MB-231, MDA-MB-453, T47D, and ZR-75-1, by
immunoblotting. HuCCT1 (cholangiocarcinoma cell line) was used as a
positive control and the HFF (human fibroblast cell line) was used as a
negative control. α-Tubulin was used as an internal control. (b) The
expression of Nek2 in four breast carcinoma cell lines was measured by
quantitative real-time polymerase chain reaction. Graphs show the
relative expression levels of Nek2 in BT20, Hs578T, MCF7, and T47D, as
compared with that of HFF (negative control).
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Effect of Nek2 siRNA treatment on anchorage-independent growth
and in vitro invasiveness of breast carcinoma cells. Anchorage-
independent growth is a growth property unique for transformed
cells that can be assayed by soft agar colony formation. We next
examined the effect of Nek2 siRNA treatment on soft agar
colony formation of MCF7 (ER positive) and Hs578T (ER
negative). Because MDA-MB-231cells form tiny colonies in our
hands, we examined Hs578T as an ER-negative cell line. Both

in ER-positive (MCF7) and ER-negative (Hs578T) cell lines, we
found an approximately fourfold decrease in the number of
colonies formed after Nek2 siRNA treatment compared with
control siRNA treatment (Fig. 3). In addition, the size of the
colonies was also reduced in Nek2 siRNA-transfected Hs578T
cells.

Destruction or penetration of the basement membrane is
thought to be an essential step in successful metastasis by malignant

Fig. 2. The effect of Nek2 short interfering RNA (siRNA) treatment on cell growth. (a) At 48 h after transfection with Nek2 siRNA (Nek2 siRNA
19, Nek2 siRNA 27, and Nek2 siRNA 65), relative levels of Nek2 in MCF7 (a representative estrogen receptor [ER]-positive cell line), MDA-MB-231,
and Hs578T (representative ER-negative cell lines) were examined by immunoblotting. Control siRNA (Co) and luciferase pGL2 siRNA (Lu) were used
as controls. GP cells were treated only with Gene PORTER. α-Tubilin was used as a control. (b) Effect of Nek2 siRNA treatment on the growth of
breast carcinoma cells. Graphs show the relative proliferation levels in MCF7 and MDA-MB-231 48 h after transfection with Nek2 siRNA (Nek2
siRNA 19, Nek2 siRNA 27, and Nek2 siRNA 65). *Statistically significant (P < 0.05 vs control siRNA by Student’s test).

Fig. 3. The effect of Nek2 short interfering
RNA (siRNA) treatment on the anchorage-
independent growth of breast carcinoma cells,
which was assayed by soft agar colony formation.
Left, photographs of colony formation; right,
the mean numbers of colonies counted by soft
agar assay for each of the control or siNek2
treatments. *P < 0.05 vs control siRNA by
Student’s t-test.
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tumor cells. Because Nek2 controls microtubule organization,
overexpressed Nek2 might affect tumor invasion. We therefore,
studied the effect of Nek2 siRNA treatment on the in vitro
invasiveness of breast carcinoma cells using a modified Boyden

chamber method. Basement membrane matrix was reconstituted
on to a filter in the Boyden chamber and the ability of cancer
cells to invade through the coated filter was assayed. The cells
(MCF7, Hs578T, and MDA-MB-231) were transfected with
Nek2 siRNA, and subsequently incubated for 24 h. As shown in
Figure 4, all of the examined cell lines, showed a reduction in
their in vitro invasiveness by treatment with Nek2 siRNA. These
results suggest the important role of Nek2 in the invasiveness
as well as the anchorage-independent growth of the breast
carcinoma cells.

Effect of Nek2 siRNA treatment on the growth of breast carcinoma
in a xenograft nude mouse model. We next examined the effect
of Nek2 siRNA treatment on the growth of breast carcinoma
tumor in the xenograft nude mouse model. Mice were
subcutaneously inoculated with either MCF7 or MDA-MB-231.
One week following the tumor inoculation, we started siRNA
injection. Twenty μM of siRNA (Nek2 siRNA 27 for MCF7 and
Nek2 siRNA 19 for MDA-MB-231) or control siRNA in the cell
matrix was subcutaneously injected around the tumor nodules of
mice once a week for 3 weeks. The tumor sizes after inoculation
of MCF7 and MDA-MIB-231 were measured once a week until
49 days. As shown in Figure 5, mean tumor volumes in the

Fig. 4. The effect of Nek2 short interfering RNA (siRNA) treatment on
in vitro invasiveness of breast carcinoma cells, which was assayed using
the modified Boyden chamber method. After 3 h incubation, cells that
penetrated the membrane and appeared at the bottom side of the
filter were fixed and counted.

Fig. 5. The effect of Nek2 short interfering
RNA (siRNA) treatment on the growth of
subcutaneously implanted breast carcinoma cells.
(a) Left, tumor volume of the MCF7 xenograft.
One week after tumor inoculation, siRNA
injection was started. Nude mice bearing MCF7
tumors were treated with Nek2 siRNA 27
(20 μmol/L) once a week for 3 weeks as indicated
by arrows. The volume of MCF7 tumors was
measured weekly (�, control siRNA; �, Nek2
siRNA). Luciferase pGL2 siRNA was used as control
siRNA. Right, photos of the MCF7 xenograft at
4 weeks after the final siRNA injection. (b) The
same experiments as for MDA-MB-231 were
carried out with Nek2 siRNA 19 (20 μmol/L).
*P < 0.05 versus control siRNA by Student’s t-test.
(c) Left, white blood cell (WBC) counts in MCF7-
inoculated mice treated with either control siRNA
or Nek2 siRNA27 at 4 weeks after the final siRNA
injection. Right: liver function (AST, aspartate
aminotransferase; ALT, alanine aminotransferase)
in MCF7-inoculated mice treated with either
control siRNA or Nek2 siRNA27 at 4 weeks after the
final siRNA injection.



Tsunoda et al. Cancer Sci | January 2009 | vol. 100 | no. 1 | 115
© 2008 Japanese Cancer Association

Nek2 siRNA-treated mice were significantly lower than those of
the control siRNA-treated mice. It should be noted that, as far as
we examined, these mice did not lose bodyweight and tolerated
the siRNA treatment well. The average bodyweights of mice
were 18.3 versus 18.6 g (Nek2 siRNA vs luciferase pGL2
siRNA) before siRNA treatment, and 23.0 versus 22.9 g at the
time of final siRNA injection and 22.2 g versus 22.3 g after
4 weeks of observation. We observed no sign of toxicity, such as
a decrease or increase in white blood cell counts and abnormal
liver function by blood test, in siRNA-treated mice (Fig. 5c).

Discussion

Breast carcinoma is one of the leading causes of morbidity and
mortality in women. In cases of early-stage breast carcinoma,
surgical and radiochemotherapeutic treatments show effective
results. In contrast, those of an advanced or aggressive carcinoma
are far more difficult to control by these treatments, so a new
therapeutic modality needs to be developed. Recently, we
reported that siRNA against Nek2, a cell cycle-related kinase,
could suppress the growth of cholangiocarcinoma.(7) Although
the effect of Nek2 siRNA in cholangiocarcinoma was quite
promising, it remained unclear whether the effect of the siRNA
was limited to cholangiocarcinoma or not. We therefore studied
the role of Nek2 in breast carcinoma as another model for
molecular targeting therapy. All of the breast carcinoma cell
lines we examined had high levels of Nek2 expression to levels
similar to those of the cholangiocarcinoma. Furthermore, we
showed for the first time that siRNA against Nek2 could
substantially suppress the proliferation, anchorage-independent
growth, in vitro invasiveness, and in vivo tumor formation of
breast carcinoma cell lines.

In recent years, endocrine therapy for breast carcinoma has
progressed with drugs such as ER modulators and aromatase
inhibitors. In many cases, ER plays a crucial role in the devel-
opment and proliferation of breast carcinoma. Many reports
have shown that the expression of ER in breast carcinoma
affects sensitivity to drug therapy, including hormonal therapy,(14)

chemotherapy,(13,15) and molecular targeting therapy.(16,17) ER has
also been used as a predictive marker for endocrine therapy and
clinicopathological factors.(18) However, approximately 20–25%
of breast carcinoma is ER negative, indicating that their growth
is independent of estrogen. For these ER-negative carcinomas, a
therapy targeting ER may be ineffective and another modality
that is not affected by the expression of ER is required. In this
regard, our data showed promising results in which Nek2 siRNA

had an inhibitory effect on cellular proliferation and invasion for
both ER-positive and ER-negative breast carcinoma. Our results
also suggest that increased expression of Nek2 and ER expression
in breast carcinoma are mutually independent.

Although the precise mechanism by which Nek2 siRNA
causes suppression of tumor growth remains to be clarified, our
results strongly suggest that Nek2 is required for the tumorigenesis
of breast carcinoma cells. Nek2 siRNA could suppress anchorage-
independent growth, suggesting that breast carcinoma cells have
a specific dependence on Nek2 for their tumorigenic growth,
which was proposed by Weinstein et al. as ‘oncogene addic-
tion’.(19) Oncogene addiction is an unexplained dependency of
cancer cells on a particular cellular pathway for maintenance of
the malignant phenotype, cell survival, or proliferation.(19) In
breast carcinoma, Her-2/neu,(20) Myc,(21) and Wnt(22) have been
proposed as candidate genes for oncogene addiction. In the
present study, we demonstrated that the Nek2 pathway is necessary
to maintain the tumorigenic growth of breast carcinoma cells,
suggesting Nek2 to be another candidate gene for oncogene
addiction. It should be noted here that Nek2 depletion sup-
presses not only the anchorage-independent growth but also the
invasiveness of the breast carcinoma. Although the downstream
effectors of Nek2 should be identified, our results suggest that
Nek2 has multiple downstream signaling pathways that control
not only cell growth but also invasiveness.

In summary, this is the first report demonstrating that Nek2
plays a critical role in carcinogenesis, tumor invasion, and
tumorigenic growth of breast carcinoma, and that inhibition of
Nek2 expression with siRNA causes suppression of cancer
growth and invasion in both ER-positive and ER-negative cells.
Our data, especially the in vivo results, provide a strong rationale
for further investigation of Nek2 inhibitors as a new breast
carcinoma therapy.
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