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The induction of premature senescence in cancer cells was proposed as an effective cancer treatment
strategy. In this paper, we show that the inhibition of Nek6 expression by Nek6 siRNA-mediated knock-
down or the overexpression of a dominant negative form of Nek6 (Nek6KM) induced premature senes-
cence as well as cell death under reduced serum conditions in multiple cancer cell lines, including

both p53 wild-type and p53 mutant/null backgrounds. Moreover, cancer cells expressing Nek6KM exhib-

ited significantly increased premature senescence upon treatment with the anticancer drugs doxorubicin

fflee}ll:f\i/ords : (DOX) and camptothecin (CPT). Significantly, the overexpression of Nek6KM also inhibited tumor growth
Premature senescence and promoted premature senescence in vivo in a ?(enograft mouse model. Taken together, our results f}ll‘-
Cell cycle ther confirm that Nek6 plays an 1mport§nt role in the premature senescence of cancer cells, suggesting
ROS that Nek6 may be a potential therapeutic target for human cancers.

Tumorigenesis

© 2013 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Chemotherapy remains the primary treatment for most human
cancers. These drugs reduce the proliferative potential of cancer
cells through either apoptotic cell death or premature senescence
[1]. Although apoptosis has been considered the main response
to chemotherapeutic drugs, recent studies have indicated an
important role for premature senescence in cancer treatment [2].
Neoadjuvant chemotherapy induces premature senescence in tu-
mor tissues obtained from breast and lung cancer patients [3,4].
Importantly, Schmitt et al. demonstrated that anticancer drugs in-
duce premature senescence in vivo and that tumor prognosis fol-
lowing anticancer chemotherapy correlates to the degree of
premature senescence [5]. These results suggest that premature
senescence is a critical determinant of clinical outcome in response
to anticancer drug treatments.

Premature senescence is accompanied by various phenotypic
changes that are similar to those of replicative senescence, includ-
ing morphological changes, increased senescence-associated B-
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galactosidase (SA B-gal) activity, cell cycle arrest, and the induction
of reactive oxygen species (ROS) [6,7]. While replicative senes-
cence is induced by the exhaustion of proliferative potential, pre-
mature senescence can be induced by cellular stresses, such as
DNA damage, oxidative stress, and oncogene activation [6,7]. Pre-
vious studies demonstrated that premature senescence acts as a
barrier to tumorigenesis by eliminating damaged or oncogene-
activated cells [8]. Therefore, the acquisition of resistance to pre-
mature senescence is an essential step in tumor development.
The identification of central regulators of senescence pathways is
a crucial step toward understanding how cancer cells escape pre-
mature senescence and developing efficient strategies for inducing
senescence in cancer cells.

We previously identified Nek6, a mitotic kinase belonging to the
Nek (NIMA-related kinase) family, as a novel regulator of the onset
of premature senescence. Nek6 expression was decreased during
replicative and p53-induced premature senescence [9]. Impor-
tantly, the overexpression of Nek6 suppressed p53-induced senes-
cence. In a subsequent study, we showed that Nek6 also
suppressed anticancer drug-induced premature senescence [10].
Interestingly, previous studies showed that Nek6 is upregulated
in various human cancers [11-15]. Recently, it has been shown
that Nek6 is able to stimulate tumorigenesis in vitro and in vivo
[11,12]. In conjunction with recent reports, our results suggest that
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Nek6 may promote tumorigenesis, at least in part, by suppressing
the premature senescence of cancer cells. In this study, to further
understand the role of Nek6 in premature senescence, we exam-
ined the effects of Nek6 inhibition on premature senescence in hu-
man cancer cells. We found that the inhibition of Nek6 function by
either knockdown of Nek6 expression using siRNA or the overex-
pression of a kinase-dead mutant of Nek6 (Nek6KM) sensitized hu-
man cancer cells to serum deprivation or anticancer drug-induced
premature senescence. Moreover, the overexpression of Nek6KM
inhibited tumor growth in a mouse xenograft model and increased
premature senescence in tumor tissues. These results further con-
firm that Nek6 confers resistance against premature senescence in
human cancer cells and that Nek6 is a potential target for cancer
treatment.

2. Materials and methods
2.1. Cell culture, treatments, and establishment of stable cell lines

A549, H596, H1299, and EJ cells were maintained in DMEM containing 10% FBS
(Sigma, St. Louis, MO). The retroviral expression constructs for wild-type and K74M/
K75M kinase-dead mutant Nek6 (pBabe-Nek6 and pBabe-Nek6 KK/MM) [16] were
kindly provided by Dr. Min-Jean Yin (Pfizer Inc., San Diego, CA). The retroviral Nek6
constructs were transfected into Bosc23 cells with pantropic retroviral packaging
constructs, and cell-free viral supernatants were used to infect E] and H1299 cells.
After puromycin selection, resistant cells were pooled and used for all subsequent
experiments. Doxorubicin (DOX) and camptothecin (CPT) were purchased from Sig-
ma. To induce premature senescence, cells were treated with 20 nM of DOX or CPT
for 16 h and incubated in drug-free culture medium for the indicated times.

2.2. Nek6 RNA interference and RT-PCR

A pool of siRNAs specific for Nek6 (ON-TARGETplus SMARTpool Human Nek6, L-
004166000005) and control siRNA (ON-TARGETplus Non-targeting siRNA, D-
0018100105) were obtained from Dharmacon (Lafayette, CO). To knock down
Nek6 expression, 4 x 10° cells were seeded into a 60 mm dish and transfected with
siRNA using the DharmaFECT1 transfection reagent (Dharmacon) according to the
manufacturer’s instructions. For semi-quantitative reverse transcriptase (RT)-PCR
analyses, total RNA was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA)
according to the manufacturer’s instructions. The cDNA was obtained using Molo-
ney murine leukemia virus reverse transcriptase (MMLV-RT) and oligo-dT primers
(Promega, Madison, WI). PCR was carried out with AccuPower PCR premix (Bioneer
Co., Taejon, South Korea) using cDNA as a template. PCR products were separated by
electrophoresis in 2% agarose gels. The PCR conditions were as follows: one cycle at
95 °C for 5 min and 22 cycles at 95 °C for 45 s, 55 °C for 1 min, and 72 °C for 1 min.
The primers employed in RT-PCR were as follows: Nek6 forward primer 5-TAG-
CATAAGCCTTGACAGGTCAC-3’, Nek6 reverse primer 5'-AGAAGATCGAGCAGTGT-
GACTAC-3', actin forward primer 5-ATGGATGATGATATCGCCGCG-3’, and actin
reverse primer 5-TCTCCATGTCGTCCCAGTTG-3'. The experiments were repeated
at least twice, and relative band intensities were calculated after normalization to
the actin signal.

2.3. Senescence-associated (SA) p-galactosidase staining

Cells were fixed with 0.25% glutaraldehyde, and SA p-galactosidase staining was
performed at pH 6.0 as described previously [17]. After staining, at least 300 cells in
several visual fields were examined, and the number of SA B-gal-positive cells was
determined. These experiments were repeated three times, and the results were
presented as the mean values with standard deviations.

2.4. Annexin V cell death assay

Cells were stained using the Annexin V-FICT Apoptosis Detection Kit (BD Biosci-
ences, San Jose, CA) according to the manufacturer’s protocol. Stained cells were
analyzed by flow cytometry.

2.5. Western blot analysis and antibodies

Cells were lysed in RIPA buffer and subjected to western blot analysis, as de-
scribed previously [18]. Antibodies for Nek6 were purchased from Gene Tex Inc. (Ir-
vine, CA). Antibodies for cyclin B and cdc2 were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA). Antibodies for p21 were purchased from Oncogene
Science (Cambridge, MA). Actin was used as an internal loading control using anti-
actin (Sigma) antibodies.

2.6. Cell cycle analysis

To determine the cell cycle distribution, 1 x 10° cells were seeded into a
100 mm dish. The cells were treated with DOX; 4 days later, the cells were trypsin-
ized and fixed with 70% ethanol. Subsequently, the cells were stained with propidi-
um iodide (PI), and flow cytometry analysis was performed using an EPICS XL
cytometer and WINCYCLE software (Beckman Coulter Inc., Brea, CA). A total of
10,000 events were analyzed for each sample, and the experiment was repeated
at least three times.

2.7. Measurement of intracellular ROS level

To measure intracellular levels of ROS, cells were stained with 50 uM 2',7'-
dichlorodihydrofluorescein diacetate (DCF-DA) (Sigma) for 30 min at the indicated
time points after DOX treatment. Cells were trypsinized, and the fluorescent inten-
sities were quantified using an EPICS XL cytometer (Beckman Coulter Inc.) Experi-
ments were performed in triplicate, and the results are presented as the mean
values with standard deviations.

2.8. In vivo mouse studies

Five- to six-week-old BALB/c NOD/SCID mice were purchased from the Animal
Laboratory of the Korea Research Institute of Bioscience and Biotechnology (Taej-
eon, South Korea) and maintained under pathogen-free conditions. All procedures
were performed according to a protocol (DIACUC-09-19) approved by the Dong-A
Institutional Animal Care and Use Committee. Suspensions of 2 x 10° EJ cells stably
expressing wild-type (Nek6WT) or KK/MM (Nek6KM) Nek6 in 100 pl of PBS buffer
were injected subcutaneously into five mice per group. The tumor size was mea-
sured using electronic digital calipers every week. To measure the senescence-asso-
ciated (SA) B-galactosidase activity in the tissue, tumors were surgically dissected at
day 45. Tumor samples were freshly frozen in Tissue-Tek cryopreservation medium
and sectioned using a LEICA CM3050 S cryostat (Leica Microsystems Inc., Buffalo,
IL). SA B-galactosidase staining was performed using freshly prepared SA B-gal
staining solution.

3. Results

3.1. The knockdown of endogenous Nek6 expression induces
premature senescence under reduced serum conditions

To address whether the inhibition of Nek6 function could in-
duces premature senescence in human cancer cells, we first exam-
ined the effect of the RNAi-mediated knockdown of Nek6 in cancer
cells with both p53 wild-type (A549, H596) and p53 mutant/null
backgrounds (H1299, EJ). Western blot and semi-quantitative RT-
PCR analysis confirmed that the level of Nek6 protein and mRNA
were markedly suppressed in all four cell lines after transfection
with a pool of siRNA against Nek6 (siNek6). Meanwhile, the trans-
fection of a negative control siRNA (NC) did not alter either Nek6
protein or mRNA levels (Fig. 1A and Supplementary Fig. 1), indicat-
ing that Nek6 expression is successfully and specifically sup-
pressed by siRNA transfection. Nek6 knockdown did not induce
premature senescence under ordinary culture conditions (DMEM
containing 10% FBS) in any of the four cancer cell lines examined
(data not shown). However, under reduced serum culture condi-
tions (1% FBS), Nek6 knockdown causes decreased cancer cell pro-
liferation after 6 days compared with control cultures; in addition,
the cells are enlarged and exhibit a flattened morphology (Fig. 1B).
Cells entering premature senescence exhibit distinct features,
including reduced proliferation and dramatic changes to their mor-
phology [7]. An annexin V/PI staining assay demonstrates a mild
increase of cell death in Nek6 knockdown cancer cells under re-
duced serum conditions (Fig. 1C). However, senescence-associated
B-galactosidase (SA B-gal) staining activity, which is a reliable mar-
ker for cellular senescence [17], was increased by approximately
2.5- to 17-fold under reduced serum conditions in all Nek6 knock-
down cancer cells, including both wild-type p53 and p53 null back-
grounds (Fig. 1C). In order to rule out a possible off-target effect of
siRNA, we divided four individual siRNA oligonucleotides in the
Nek6 siRNA pool into two sets and transfected into cancer cells.
Nek6 western blot and SA B-gal staining analysis confirmed that
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Fig. 1. The induction of premature senescence upon Nek6 knockdown in human cancer cells. (A-C) A549, H596, H1299, and EJ cells were transfected with either negative
control siRNA (NC) or a siRNA pool targeting Nek6 (siNek6). (A) Total lysates were prepared 2 days after transfection, and western blot analysis was performed using anti-
Nek6 and anti-actin antibodies. (B) After 6 days of culture in 1% FBS medium, cells were stained with freshly prepared SA B-gal staining solution. Cell images were captured
under a microscope. The data shown are representative of three independent experiments (upper panel). (C) The percentages of SA p-gal-positive cells in three independent
experiments are presented as the mean values with standard deviations (lower panel). “P < 0.05; *P < 0.01 by Student’s t-test. To analysis cell death, cells were stained using
the Annexin V-FITC apoptosis kit (BD Biosciences, NJ) after 6 days of culture in 1% FBS medium. Stained cells were analyzed by flow cytometry.

both Nek6 siRNA sets induced Nek6 knockdown and the increase of
SA B-gal staining activity (Supplementary Fig. 2). These results sug-
gest that the knockdown of Nek6 expression sensitizes cancer cells
to stress-induced premature senescence and cell death regardless
of their p53 status.

3.2. The overexpression of a dominant negative form of Nek6 induces
premature senescence under reduced serum conditions

To further confirm the above findings, we inhibited Nek6 func-
tion by overexpressing a kinase-dead Nek6 (Nek6KM), which acts
as dominant negative mutant [16]. To this end, we established cell
lines overexpressing wild-type (Nek6wt) or kinase-dead Nek6
(Nek6KM) using retrovirus-mediated gene transfer. To control for
clonal variation, we pooled resistant cells after antibiotic selection.
The overexpression of HA-tagged Nek6wt or Nek6KM was con-
firmed by western blot analysis using anti-Nek6 antibodies
(Fig. 2A).

Consistent with the results of Nek6 knockdown experiments,
Nek6KM expression did not induce premature senescence under
ordinary culture conditions in the p53 mutants or wild-type cancer
cells. However, all cancer cells overexpressing Nek6KM exhibited
morphological changes and growth retardation, similar to Nek6
knockdown cells under reduced serum conditions (Fig. 2B). SA B-
gal staining activity was also increased by approximately 2.4- to
9.4-fold under reduced serum conditions, while the overexpression
of wild-type Nek6 did not have a similar effect (Fig. 2C). The annex-
in V/PI staining assay indicates that cell death is moderately in-
creased in Nek6KM cells after culture in reduced serum
conditions (Fig. 2C). These results further confirm that the inhibi-
tion of Nek6 function sensitizes human cancer cells to premature

senescence as well as cell death under stress conditions in a p53-
independent manner.

3.3. The inhibition of Nek6 function sensitizes human cancer cells to
anticancer drug-induced premature senescence

The induction of premature senescence under reduced serum
conditions after either Nek6 knockdown or the overexpression of
a Nek6 dominant negative mutant (Nek6KM) in multiple cancer
cells raised the possibility that the inhibition of Nek6 function sen-
sitizes cancer cells to premature senescence. To further test this
theory, we investigated whether the inhibition of Nek6 function
sensitizes cancer cells to anticancer drug-induced premature
senescence.

To induce anticancer drug-induced premature senescence, we
treated Nek6wt and Nek6KM cells with sublethal doses of doxo-
rubicin (DOX) or camptothecin (CPT). Premature senescence was
assessed by SA B-gal staining 6 days after DOX or CPT treatment.
As shown in Fig. 3A, Nek6KM cells exhibited approximately 1.7-
to 2.7-fold greater premature senescence than vector-transfected
cells upon DOX treatment, while Nek6éwt expression suppressed
DOX-induced premature senescence, as we had shown previ-
ously [10]. Moreover, cancer cells overexpressing Nek6KM also
showed significantly higher premature senescence after CPT
treatment (Fig. 3B). The annexin V/PI staining assay indicated
that cell death was moderately increased in response to DOX
treatment in Nek6KM cells (Fig. 3C). These results suggest that
the inhibition of Nek6 function through Nek6KM expression sen-
sitizes cancer cells to anticancer drug-induced premature
senescence.
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Fig. 2. The induction of premature senescence upon Nek6KM overexpression in human cancer cells. (A) A549, H596, H1299, and EJ cells stably expressing empty pBabe (Vec),
pBabe-HA-Nek6 wild type (Nek6WT), and pBabe-HA-Nek6 KK/MM (Nek6KM) [9] were generated. Cell lysates were subjected to western blotting using anti-Nek6 and anti-
actin antibodies. (B) Cells were cultured in 1% FBS medium for 6 days and stained with freshly prepared SA B-gal staining solution. The data shown are representative of three
independent experiments (upper panel). (C) The percentages of SA B-gal-positive cells in three independent experiments are presented as the mean values with standard
deviations (lower panel). “P < 0.05 by Student’s t-test. Cell death was measured using the Annexin V-FITC apoptosis kit (BD Biosciences, NJ) according to the manufacturer’s

protocol.

3.4. Cancer cells overexpressing Nek6KM are more susceptible to G2/M
cell cycle arrest after DOX treatment

Cell cycle arrest is one of the typical steps in the onset of prema-
ture senescence in response to various genotoxic stresses [8]. Nek6
plays an essential role in mitotic cell cycle progression [16,19-21].
To investigate how the inhibition of Nek6 function sensitizes can-
cer cells to premature senescence, we first analyzed cell cycle ar-
rest after DOX treatment. Cell cycle analysis revealed that cancer
cells expressing Nek6KM exhibited much greater G2/M cell cycle
arrest compared to vector control cells (Fig. 4A). Quantitative anal-
ysis showed that G2/M arrest in Nek6KM cells in response to DOX
treatment was approximately 3-fold higher than in vector control
cells (Fig. 4B). These results suggest that the inhibition of Nek6
function sensitizes cancer cells to DOX-induced cell cycle arrest.

Cyclin B and cdc2/cdk1, which are essential components for G2/
M cell cycle phase progression, have been shown to be key regula-
tors of premature senescence after genotoxic treatment [1]. To
investigate the mechanism by which the inhibition of Nek6 func-
tion affects DOX-induced cell cycle arrest, we examined cyclin B
and cdc2 protein level using western blotting analysis after DOX
treatment. Interestingly, the protein levels of cyclin B and cdc2
were decreased more rapidly in response to DOX treatment in
Nek6KM cells than in vector control cells (Fig. 5). In vector control
cells, cyclin B and cdc2 levels were usually decreased by 4 days
after DOX treatment, but Nek6KM cells showed clear decreases
in cyclin B and cdc2 levels at 2 days after DOX treatment. In con-
trast, semi-quantitative RT-PCR analysis revealed that the mRNA
levels of cyclin B and cdc2 decreased upon DOX treatment in both
Nek6KM and vector control cells in a similar manner

(Supplementary Fig. 3). These results suggest that the inhibition
of Nek6 function increases G2/M cell cycle arrest by stimulating
a decrease in cyclin B and cdc2 protein levels through post-tran-
scriptional regulation.

3.5. Cancer cells overexpressing Nek6KM are more susceptible to
increased intracellular levels of ROS after DOX treatment

Previous studies showed that the induction of intracellular ROS
levels plays an important role in the onset of premature senes-
cence [6]. To examine whether the overexpression of Nek6KM
influences ROS levels after DOX treatment, we measured intracel-
lular ROS levels in both vector control and Nek6KM cell lines after
DOX treatment. As shown in Fig. 6, the increase in ROS levels in re-
sponse to DOX treatment was much more evident in Nek6KM cells
than in vector control cells. Quantitative analysis revealed that the
ROS levels of Nek6KM cells were approximately 1.5- to 1.9-fold
higher than those of vector control cells at 4 days after DOX treat-
ment. These results suggest that the inhibition of Nek6 function
stimulates an increase in ROS and cell cycle arrest after DOX
treatment.

3.6. The inhibition of Nek6 function increases premature senescence
in vivo

To further confirm that the inhibition of Nek6 function sensi-
tizes cancer cells to premature senescence under physiological
conditions, we extended our studies to tumor xenograft mouse
models. Because we observed that the overexpression of the
Nek6 dominant negative mutant Nek6KM sensitized cancer cells

Please cite this article in press as: H.J. Jee et al., The inhibition of Nek6 function sensitizes human cancer cells to premature senescence upon serum reduc-
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Fig. 3. Increased anticancer drug-induced premature senescence in Nek6KM cell lines. A549, H596, H1299, and E]J cells stably expressing empty pBabe (Vec), wild-type Nek6
(WT), or Nek6 KK/MM (KM) were treated with 20 nM of doxorubicin (DOX) (A) or 20 nM of camptothecin (CPT) (B) for 16 h. After 6 days of culture in drug-free medium, cells
were stained with freshly prepared SA p-gal staining solution. The percentages of SA B-gal-positive cells in three independent experiments are presented as the mean values
with standard deviations (lower panel). *P < 0.05; **P < 0.01 by Student’s t-test. (C) Cell death was measured 6 days after DOX treatment using the Annexin V-FITC apoptosis

kit (BD Biosciences, NJ) according to the manufacturer’s protocol.

to premature senescence, we expected that cancer cells expressing
Nek6KM might undergo premature senescence under the nutrient
starvation conditions present in a solid tumor.

To examine whether the inhibition of Nek6 function also sen-
sitizes cancer cells to premature senescence in vivo, NOD/SCID
mice were subcutaneously injected with EJ cells expressing either
wild-type Nek6 or Nek6KM. EJ-Nek6KM cells showed impaired
tumor formation compared with EJ cells expressing wild-type
Nek6 (Fig. 7A). Interestingly, the number of SA B-gal-stained cells
was markedly increased in tumor tissues derived from EJ-
Nek6KM cells, while SA B-gal-positive cells were rarely found in
tumor tissues derived from EJ-Nek6wt cells (Fig. 7B). These re-
sults further support the theory that the inhibition of Nek6 func-
tion sensitizes human cancer cells to premature senescence
in vivo.

4. Discussions

We have previously demonstrated that Nek6 is able to inhibit
the p53- and anticancer drug-induced premature senescence of
cancer cells [9,10]. Therefore, we investigated the effect of the inhi-
bition of Nek6 function on premature senescence in cancer cells.

We found that the knockdown of Nek6 expression using siRNA
against Nek6 induced premature senescence as well as under re-
duced serum conditions (1% FBS) (Fig. 1 and Supplementary
Fig. 1). Because we previously demonstrated that Nek6 kinase
activity is essential for Nek6-mediated senescence inhibition [9],
it is expected that the inhibition of Nek6 kinase activity would also
induce premature senescence in cancer cells. Indeed, the overex-
pression of a Nek6 dominant negative mutant (Nek6KM) also in-
duced premature senescence under reduced serum conditions
(Fig. 2). In addition, the overexpression of Nek6KM significantly
sensitized cancer cells to doxorubicin (DOX)- and camptothecin
(CPT)-induced premature senescence (Fig. 3). Nek6 RNAI or over-
expression of the kinase dead Nek6 mutant induced cell death in
several types of cancer cells [11,12,16,22]. Consistent with these
reports, we also observed that both the knockdown of Nek6
expression and the overexpression of Nek6KM induced cell death
under reduced serum conditions and upon DOX treatment. How-
ever, the level of cell death was lower than the level of SA B-gal
staining observed in most of the cancer cells (Figs. 1-3, and Supple-
mentary Fig. 2). Thus, these results suggest that the inhibition of
Nek6 function stimulates premature senescence as well as cell
death, at least under the experimental conditions described in
the present study.
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(Vec) or Nek6 KK/MM (KM) were treated with or without 20 nM DOX and harvested at the indicated timepoints. Cell lysates were subjected to western blotting using the
indicated antibodies. The data shown are representative of three independent experiments.

Recent studies reported that Nek6 levels are increased in vari- while the inhibition of Nek6 function by siRNA in HeLa cells inhib-
ous human cancers [11-15]. Moreover, it has been shown that its tumor growth in a xenograft mouse model [11,12]. These stud-
the overexpression of Nek6 is able to promote tumorigenesis, ies indicated that Nek6 could stimulate tumorigenesis, but the
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Fig. 7. Nek6KM overexpression inhibits tumor growth and promotes premature
senescence in vivo. (A) The tumor growth in NOD/SCID mice injected subcutane-
ously with 2 x 10° EJ cells stably expressing either Nek6 wild type (Nek6WT) or
Nek6 KK/MM (Nek6KM) was measured once per week for 45 days. The data
provided represent the mean values and standard deviations calculated for each
group. (B) Representative SA p-gal staining of tumor sections derived from the
injection of Nek6WT or Nek6KM cells. The mice were sacrificed, and SA B-gal
staining was examined in sections of fresh-frozen tumors.

precise molecular mechanism has not been fully understood. We
previously proposed that Nek6 may promote tumorigenesis by
inhibiting premature senescence in cancer cells [9,10] [23,24].
Thus, it is expected that the inhibition of Nek6 function may induce
premature senescence in a tumor. Consistent with previous re-
ports, we also observed that EJ] human bladder cancer cells
expressing Nek6KM showed significantly reduced tumor growth
in a xenograft mouse model (Fig. 7A). Importantly, we found that
premature senescence in tumor tissues derived from EJ-Nek6KM
was markedly increased compared to tumors of EJ-Nek6éwt cells
(Fig. 7B). These results suggest that Nek6 promotes tumorigenesis
at least in part by inhibiting the premature senescence of cancer
cells.

In addition, we observed that the inhibition of Nek6 itself either
by Nek6 RNAi or expression of Nek6KM did not induce premature
senescence in either p53 wild-type or p53 mutant/null cancer cells.
However, our results showed that the inhibition of Nek6 function
sensitizes cancer cells to premature senescence in cancer lines
with either p53 wild-type or p53 mutant/null genotypes (Figs. 1
and 2). These results indicate that Nek6 sensitizes cancer cells to
premature senescence independently of cellular p53 status. We
previously observed that the overexpression of Nek6 does not dis-
turb p53-mediated p21 induction [9]. Thus, it is likely that Nek6
acts downstream of p53 in the premature senescence pathway.
In addition, these results suggest that the strategy for targeting
Nek6 could be applicable to a wide range of human cancers in both
p53 wild-type and p53 mutant cancer cells.

The effects of the inhibition of Nek6 function correlated with
the increase in G2/M cell cycle arrest after DOX treatment
(Fig. 4). We observed that protein levels of cyclin B and cdc2,
which are key regulators of G2/M cell cycle progression, were
decreased at earlier timepoints in Nek6KM cells than in control
cells (Fig. 5). These results suggest that the inhibition of Nek6
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function could promote G2/M cell cycle arrest by promoting de-
creases in cyclin B and cdc2 protein levels after DOX treatment.
Consistent with this model, we previously showed that kinase
activity of Nek6 is inhibited upon DNA damage, and the overex-
pression of Nek6 abrogates G2/M arrest in response to DNA
damage [21]. These results suggest that downregulating Nek6
activity is required for G2/M cell cycle arrest upon genotoxic
stress. If cell cycle arrest is a prerequisite for cellular senescence
[6,7], then the inhibition of Nek6 is critical for the induction of
cellular senescence. Consistent with this notion, we observed
that Nek6 is downregulated during both replicative and p53-in-
duced premature senescence prior to the induction of a cellular
senescence phenotype [9]. Moreover, we also showed that the
overexpression of Nek6 inhibits premature senescence, and pre-
vents the G2/M cell cycle arrest that accompanies a reduction of
decreases in cyclin B and cdc2 levels after p53 expression and
DOX treatment [9,10]. Thus, these results suggest that a loss of
Nek6 function sensitizes a decrease of cyclin B and cdc2 and
G2/M arrest upon genotoxic stresses. However, it is not clear
whether Nek6 regulates G2/M cell cycle arrest through cyclin B
and cdc2 or whether Nek6 directly regulates the protein levels
of cyclin B and cdc2. In addition, whether the increase in G2/
M cell cycle arrest after DOX treatment indeed induces prema-
ture senescence remain to be addressed in further studies. The
identification of Nek6 target substrates will be an essential step
toward understanding how Nek6 mediates cell cycle regulation
during premature senescence and how Nek6 prevents premature
senescence. We are currently working to identify the substrates
responsible for Nek6-mediated premature senescence regulation.
We noted that the overexpression of Nek6KM also increased ROS
induction upon DOX treatment (Fig. 6). These results suggest
that Nek6 is involved in the regulation of intracellular ROS levels
and cell cycle arrest after genotoxic treatment. However,
whether an increase of ROS in Nek6KM cells can truly contribute
to the induction of senescence and how Nek6 is involved in ROS
regulation remain to be determined. Interestingly, Nek6 has re-
cently been shown to phosphorylate the oncogenic transcription
factor STAT3 [11]. Given the important role of STAT3 in cell pro-
liferation, apoptosis, and tumorigenesis [25], STAT3 could be a
potential target for the Nek6-mediated regulation of premature
senescence.

In conclusion, this study reveals that the inhibition of Nek6
function induces premature senescence in human cancer cells in
response to stress, such as reduced serum and genotoxic treat-
ment. In conjunction with our previous studies, the present study
provides evidence that Nek6 plays an important role in premature
senescence regulation. Although the precise mechanism by which
Nek6 regulates cell cycle arrest and intracellular levels of ROS
during premature senescence remains to be explored, our study
highlights Nek6 as a potential target for cancer treatment. Be-
cause Nek6 kinase activity seems to be essential for preventing
premature senescence, the pharmacological inhibition of Nek6 ki-
nase activity could be an especially effective strategy for inducing
cytostatic effects in human cancer cells.
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