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Appropriate cell cycle checkpoint control is essential for the maintenance of cell and organismal homeosta-
sis. Members of the Nek (NIMA-related kinase) family of serine/threonine protein kinases have been impli-
cated in the regulation of various aspects of the cell cycle. We explored the cellular functions of Nek10, a novel
member of the Nek family, and demonstrate a role for Nek10 in the cellular UV response. Nek10 was required
for the activation of extracellular signal-regulated kinase 1/2 (ERK1/2) signaling upon UV irradiation but not
in response to mitogens, such as epidermal growth factor stimulation. Nek10 physically associated with Raf-1
and MEK1 in a Raf-1-dependent manner, and the formation of this complex was necessary for Nek10-mediated
MEK1 activation. Nek10 did not affect the kinase activity of Raf-1 but instead promoted the autophosphory-
lation-dependent activation of MEK1. The appropriate maintenance of the G2/M checkpoint following UV
irradiation required Nek10 expression and ERK1/2 activation. Taken together, our results uncover a role for
Nek10 in the cellular response to UV irradiation.

The Nek kinases (NIMA-related kinases) are a family of cell
cycle-regulated serine/threonine kinases. The founding mem-
ber of the family, Aspergillus nidulans NIMA (never in mitosis
A) is essential for mitotic entry (23). Based on the amino acid
homology within their respective catalytic domains, 11 mam-
malian Nek kinases have been identified (16), and many have
been shown to play diverse roles both during mitosis and at the
other phases of the cell cycle. In addition to their roles during
normal cell cycle progression, recent work has implicated spe-
cific Nek family members in checkpoint control and the DNA
damage response.

For instance, by directly phosphorylating the CDK1-activat-
ing phosphatase Cdc25A, Nek11 enhances its interaction with
the E3 ubiquitin ligase SCF �-TrCP, promoting its degradation
(17). Consistent with a key role of Cdc25A degradation in the
induction of cell cycle arrest following genotoxic stress, Nek11-
depleted HeLa cells exhibit elevated levels of the Cdc25A
protein and fail to undergo ionizing radiation (IR)-induced
G2/M arrest (17). Also, in HeLa cells, IR inactivates Nek2,
which appears to be essential for the radiation-induced inhibi-
tion of centrosome splitting (20). Conversely, Nek1 expression
and catalytic activity are elevated in HK2 and HeLa cells
treated with IR (25), and kat2J/Nek1�/� cells were deficient in
their ability to repair DNA following this genotoxic stress (7).
Finally, the catalytic activities of Nek1, Nek2, Nek6, and Nek11
appear to be sensitive to genotoxic stresses such as UV radia-
tion, IR, and etoposide (10, 15, 22, 25). Thus, various Nek
kinases participate in the cellular response to genotoxic stress

and can act as positive and negative regulators of various
damage-induced checkpoints.

Many cellular stresses, including UV irradiation, lead to the
activation of the mitogen-activated kinases Jun N-terminal
protein kinase (JNK), p38, and extracellular signal-regulated
kinase 1/2 (ERK1/2). While UV-induced JNK activation leads
to a primarily proapoptotic response, p38 is required for the
engagement of the G2/M checkpoint (3, 31, 34). The physio-
logical relevance and the mechanism of ERK1/2 activation in
response to UV irradiation are less well characterized. Never-
theless, the activation of ERK1/2 is emerging as an important
aspect of G2/M checkpoint control in a cell type- and stimulus-
specific manner. For instance, ERK1/2 activation by IR and
etoposide in MCF7 and NIH 3T3 cells is required for G2/M
arrest (30, 32).

Here, we explore the cellular functions of human Nek10, a
novel member of the Nek family and a recently identified
candidate susceptibility gene in breast cancer and other can-
cers (1, 8, 11). Our results demonstrate a role for Nek10 in the
maintenance of the G2/M checkpoint following UV irradia-
tion. Mechanistically, Nek10 was found to act as a positive
regulator of ERK1/2 signaling in response to UV irradiation,
but not mitogenic stimuli, by forming a complex with Raf-1 and
MEK1 and enhancing MEK1 autoactivation. Importantly, our
data indicate that Nek10 may regulate the UV-induced check-
point in mammalian cells.

MATERIALS AND METHODS

All materials were obtained from Sigma unless otherwise indicated. UV irra-
diation (254 nm) was performed by using a UV Stratalinker 2400 instrument
(Stratagene, La Jolla, CA).

Plasmids. Nek10 cDNA was isolated by PCR from a skeletal muscle cDNA
library (HL5505u; Clontech) based on the longest predicted Nek10 transcript
(16) and was confirmed by sequencing. The resulting cDNA was subcloned into
the EcoRI and KpnI sites of 3� FLAG-CMV-7.1. Deletion mutants of Nek10
were generated by standard recombinant DNA procedures (details are available
upon request). Catalytically inactive Nek10 (kinase dead [KD]) was generated by
the site-directed mutagenesis of lysine 548 to arginine. pEBG-Raf-1 was pro-
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vided by J. Woodgett. Catalytically inactive Raf-1 (KD) was generated by site-
directed mutagenesis of lysine 375 to tryptophan. pMCL HA-MEK1 was pro-
vided by M. Cobb, and pcDNA HA-MEK1, MEK1 K97A (KD), MEK1 �270-
307, V5-Pak1, and Pak1 K299R (KD) were provided by A. Catling.

Cell culture and transfection. HEK293 cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM)–10% fetal bovine serum (FBS), and plas-
mids were transfected by using the calcium phosphate method. MCF7 cells were
cultured in DMEM–10% FBS, and MCF10A cells were cultured in DMEM-F12
medium supplemented with 5% horse serum, epidermal growth factor (EGF) (20
ng/ml), hydrocortisone (0.5 mg/ml), cholera toxin (100 ng/ml), and insulin (10
�g/ml). MCF7 and MCF10A cells were transfected with Effectene (Qiagen)
according to the manufacturer’s instructions. For knockdown using endoribo-
nuclease prepared small interfering RNA (esiRNA), cells were transfected with
Dharmafect 1 (Dharmacon) according to the manufacturer’s instructions.
Briefly, 1 to 2 �g of esiRNA was transfected per 35-mm plate on day 1 and day
2. Medium was changed 24 h following transfection. For semiquantitative reverse
transcription (RT)-PCR, RNA was extracted on day 3. For fluorescence-acti-
vated cell sorter (FACS) analysis, cells were gathered on day 4. For the prepa-
ration of whole-cell lysates, cells were lysed on day 4 (48 h following transfec-
tion).

Cell lysis and immunoprecipitation. Cells were lysed in CHAPS {3-[(3-chol-
amidopropyl)-dimethylammonio]-1-propanesulfonate} lysis buffer (40 mM
HEPES [pH 7.5], 0.5% CHAPS, 120 mM NaCl, 1 mM EDTA, 50 mM NaF, 1
mM Na2VO3, 20 mM �-glycerophosphate, 1 mM dithiothreitol [DTT], and
protease inhibitors). Immunoprecipitations were performed with anti-Flag M2-
agarose or glutathione-Sepharose 4 Fast Flow (GE Healthcare) for 2 h at 4°C,
washed four times with CHAPS lysis buffer containing 220 mM NaCl, and eluted
by boiling in sample buffer. V5 immunoprecipitations were performed with
anti-V5 antibody and protein G-Sepharose. Hemagglutinin (HA) immunopre-
cipitations were performed with anti-HA 12CA5 and protein G-Sepharose for
2 h at 4°C, washed one time with CHAPS lysis buffer containing 400 mM NaCl
and one time with CHAPS lysis buffer, and eluted by boiling in sample buffer.

Western blot analysis and antibodies. Whole-cell lysates or immunoprecipi-
tates were resolved by SDS-PAGE and blotted onto polyvinylidene difluoride
(PVDF) membranes. Proteins were probed by using appropriate primary anti-
bodies from the following sources: anti-ERK1/2 (catalog number 9102), anti-
phospho-ERK1/2 (T202/Y204) [anti-pERK1/2 (T202/Y204)] (catalog number
9101), anti-pMEK1/2 (S217/221) (catalog number 9121), anti-pMEK1/2 (S298)
(catalog number 9128), anti-pp38 (T180/Y182) (catalog number 9211), anti-
pJNK1/2 (T183/T185) (catalog number 9251), and anti-pRaf-1 (S338) (catalog
number 9427) were obtained from Cell Signaling; anti-Raf-1 (C20) (catalog
number sc-227) was obtained from Santa Cruz; antivinculin was obtained from
Abcam; anti-Flag M2 was obtained from Sigma; anti-glutathione S-transferase
(anti-GST) was obtained from GE Healthcare; anti-V5 was obtained from In-
vitrogen; and anti-HA 12CA5 was harvested from the supernatant of the corre-
sponding hybridoma.

In vitro kinase assay. (i) Nek10 and Pak kinase assays. Flag-Nek10 or V5-Pak1
immunoprecipitates were washed two times with CHAPS lysis buffer plus 0.4 M
LiCl and two times with Nek10 kinase assay buffer (KAB) (50 mM MOPS
[morpholinepropanesulfonic acid] [pH 7.4], 10 mM MgCl2, 10 mM MnCl2, 2 mM
EGTA, 20 mM �-glycerophosphate, 1 mM DTT). Kinase assays were performed
with a 40-�l reaction mixture containing 30 �l KAB supplemented with 5 �M
ATP and 5 �Ci [�-32P]ATP and either recombinant histone H3 (0.4 �g), GST–
Raf-1 (�1-306,Y340/341D) (GST–Raf-1 TA) (0.5 �g) (Millipore), or GST-MEK
(1.0 �g) (Millipore). Reactions were carried out for 30 min at 30°C and stopped
with SDS loading buffer. Reaction mixtures were separated by SDS-PAGE and
detected by autoradiography.

(ii) Raf-1 kinase assay. Endogenous Raf-1 was immunoprecipitated from
HEK293 cells lysed in Tris-Triton lysis buffer (14) with anti-Raf-1 antibody and
protein A-Sepharose. Immunoprecipitates were washed as described above.
Truncated activated Raf-1 �1-306,Y340/341D (GST–Raf-1 TA) was purchased
from Millipore. Kinase assays were performed by using GST-MEK1 (1.0 �g) as
a substrate according to the manufacturer’s instructions (Millipore).

esiRNA preparation. esiRNA was produced as described previously by Kittler
et al. (12). Briefly, using Flag-Nek10 cDNA as a template, 1-kb fragments of
Nek10 were PCR amplified with primers containing T7 promoter sequences. The
PCR primer sequences for esiNek10#2 were sense primer 5�-CGTAATACGA
CTCACTATAGGGACTTGAAGCTCCTCTGG-3� and antisense primer 5�-C
GTAATACGACTCACTATAGGGGGATGATAAAGCTGCT-3�, and the
PCR primer sequences for esiNek10#3 were sense primer 5�-CGTAATACGA
CTCACTATAGGGTATGCAATTTTGG-3� and antisense primer 5�-CGTAA
TACGACTCACTATAGGGTGTGTGCGTCTTCGTTC-3�. As a control,
esiRNA was generated against dsRed.

The PCR product was used as a template for an in vitro transcription reaction
using a MEGAscript kit (Ambion). The resulting RNA was denatured, annealed,
and digested with GST-RNase III (provided by L. Pelletier, Samuel Lunenfeld
Research Institute, Toronto, Canada) at 26°C for 5 h, followed by 37°C for 1 h.
Digested RNA was purified by using Q-Sepharose.

Semiquantitative PCR. For RNA preparation, cells were harvested, and total
RNA was extracted by using an RNeasy minikit (Qiagen). The first-strand cDNA
was prepared with 0.5 �g of RNA using qScript cDNA SuperMix (Quanta
Biosciences). In preliminary experiments, the relative amounts of cDNA and the
range of PCR cycles that permit the linear amplification of Nek10 and �-actin
were determined. The PCR primer sequences for Nek10 were sense primer
5�-ATGAGGGATCCATGTTATCAGGAAATAC-3� and antisense primer 5�-
TGGGGCTCTGCACAAAGTA-3�, and those for �-actin were sense primer
5�-GCCAACCGCGAGAAGATGACC-3� and antisense primer 5�-CTCCTTA
ATGTCACGCACGATTTC-3�.

The PCR conditions for Nek10 were 94°C for 2 min, followed by 30 cycles of
94°C for 30 s, 55°C for 30 s, and 72°C for 1 min. PCR conditions for �-actin were
the same except that the amount of cDNA used as a template was 10 times lower
than that for Nek10. Using ImageJ, the relative expression of the Nek10 message
was evaluated by calculating the band intensity ratio of Nek10/�-actin.

In vitro transcription-translation and in vitro binding assays. Assays were
modified from those described previously (29). Briefly, in vitro translation was
performed by using the Promega TNT T7 Quick Coupled transcription-transla-
tion system as described in the kit. Proteins were used immediately and without
any purification. For binding reactions, 10 �l Flag-Nek10 transcription-transla-
tion reaction mixtures was mixed with 0.5 �g of GST–Raf-1 �1-306,Y340/341D
(GST–Raf-1 TA) and/or GST-MEK1 (Millipore) in 30 �l of CHAPS lysis buffer
and incubated at 30°C for 20 min to allow complex formation. After this incu-
bation, the binding reaction mixtures were diluted with lysis buffer, and immu-
noprecipitations were carried out with M2 Flag beads at 4°C for 2 h. Immuno-
precipitates were washed two times in lysis buffer containing 220 mM NaCl and
two times in lysis buffer and were separated by SDS-PAGE.

Flow cytometry. Cell cycle distributions were determined by the flow cytomet-
ric analysis of propidium iodide (PI)-labeled cells. Cells were collected, fixed in
70% ethanol, and stored at �20°C overnight. The cells were then washed with
phosphate-buffered saline (PBS) and incubated with RNase A and propidium
iodide. For quantification of mitotic cells, cells were collected, fixed in 70%
ethanol, and stored at �20°C overnight. The cells were washed with PBS and
incubated with anti-pS10 H3 antibody (1:1,000; Abcam) for 1 h at room tem-
perature. Cells were washed three times and incubated with anti-mouse anti-
body–Alexa Fluor 488 (1:250; Molecular Probes) for 30 min at room tempera-
ture. Cells were washed one time and incubated with RNase A and propidium
iodide. Cell cycle analysis was done by FACScan flow cytometry (BD Bio-
sciences, San Jose, CA).

RESULTS

Cloning and characterization of Nek10, a novel NIMA ki-
nase. A cDNA for Nek10, a previously uncharacterized mem-
ber of the Nek family, encoding a 1,125-amino-acid (aa) pro-
tein, was isolated by PCR from a human skeletal muscle cDNA
library. Amino acid sequence alignment within the kinase do-
main indicates that Nek10 is the most divergent member of the
Nek family, sharing 54% homology within this region with its
closest mammalian relatives, Nek6 and Nek7. Unlike other
Nek kinases that feature N-terminal kinase domains, Nek10
contains a centrally located catalytic domain as well as four
N-terminal armadillo repeats (Fig. 1A). In addition, the cata-
lytic domain of Nek10 is flanked by coiled-coiled repeats and a
putative PEST sequence near the C terminus. Judged by RT-
PCR, Nek10 appears to be ubiquitously expressed at low levels
in most mouse tissues, with prominent expression in the mam-
mary gland, lung, spleen, and kidney (Fig. 1B).

Nek10 is a stimulus-specific modulator of ERK1/2. In at-
tempting to define a cellular role for Nek10, we observed that
the ectopic expression of Nek10 in HEK293 cells resulted in an
increase in the activation-specific phosphorylation of ERK1/2
(data not shown). Curiously, Nek10 expression did not affect
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ERK1/2 phosphorylation elicited by mitogenic stimuli, such as
epidermal growth factor (EGF) (Fig. 2A). Moreover, Nek10
expression did not affect ERK1/2 stimulation by phorbol 12-
myristate 13-acetate (PMA) or lysophosphatidic acid (LPA)

(data not shown) but did enhance ERK1/2 phosphorylation in
response to UV irradiation (Fig. 2A). The effect of Nek10
expression on ERK1/2 activation was dependent on MEK1/2
activity, as it was sensitive to the pretreatment of cells with the

FIG. 1. Cloning and characterization of Nek10, a novel NIMA kinase. (A) Predicted domain structure of full-length Nek10. (B, top) Expression
analysis of Nek10 in adult mouse tissues by RT-PCR. (Bottom) Expression analysis of �-actin was used as a control.

FIG. 2. Nek10 is a stimulus-specific modulator of ERK1/2. (A) Nek10 enhances ERK1/2 activation in response to specific stimuli. HEK293 cells
were transfected with Flag-Nek10 and treated with UV (250 J/m2) or EGF (1 ng/ml) for 30 min before lysis. U0126-treated cells were incubated
with U0126 (20 �M) for 1 h prior to UV irradiation. Lysates were immunoblotted as indicated. (B) Nek10 enhances UV-induced MEK1 activation.
HEK293 cells were transfected with the indicated constructs and treated with UV (250 J/m2) for 30 min before lysis. Lysates were immunoblotted
as indicated. (C) Nek10 enhances UV-induced MEK1 activation in MCF7 and MCF10A cells. Cells were transfected with the indicated constructs
and treated with UV (250 J/m2) for 30 min before lysis. HA-MEK1 immunoprecipitates (IP) were separated by SDS-PAGE and immunoblotted
as indicated. Whole-cell lysates were run as an input control. (D) Nek10 does not affect Raf-1 activity following UV irradiation. HEK293 cells were
transfected with the indicated constructs. Cells were treated with UV (250 J/m2) for 20 min before lysis. Raf-1 immunoprecipitates were used in
in vitro kinase assays with 1.0 �g GST-MEK1 as a substrate. The phosphorylation of GST-MEK1 was detected by immunoblotting. Whole-cell
lysates were run as an input control. (E) Time course of UV-induced MEK1/2 activation. HEK293 cells were lysed at the indicated times after
treatment with UV (250 J/m2). Lysates were immunoblotted as indicated. (F) Dose response of UV-induced MEK1/2 activation. HEK293 cells
were treated with the indicated doses of UV for 30 min before lysis. Lysates were immunoblotted as indicated.
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MEK1/2 inhibitor U0126 (Fig. 2A). Two other mitogen-acti-
vated protein kinase (MAPK) subfamilies, JNK/SAPK and
p38, are known to be robustly activated by stress stimuli,
including UV irradiation (reviewed in reference 28). Nev-
ertheless, Nek10 expression did not enhance the activation-
specific phosphorylation of JNK or p38 following UV irra-
diation (Fig. 2A).

Mitogenic stimulation leads to ERK1/2 activation by phos-
phorylation within its activation loop by the dual-specificity
kinases MEK1 and MEK2, which are themselves activated by
phosphorylation by the serine/threonine kinase Raf-1 (re-
viewed in reference 28). We investigated if Nek10 affected the
activation of Raf-1 and MEK1/2. Judged by activation-specific
MEK1 phosphorylation at S217/S221, cells ectopically express-
ing Nek10 displayed an enhanced activation of MEK1 follow-
ing UV irradiation (Fig. 2B). Similarly, the expression of
Nek10 in the human breast cancer cell line MCF7 and the
untransformed mammary epithelial cell line MCF10A led to
activation-specific MEK1 phosphorylation (Fig. 2C). Signifi-
cantly, although activation-specific Raf-1 S338 phosphoryla-
tion was increased following UV irradiation, Nek10 expression
did not enhance Raf-1 activity, as measured by an in vitro

kinase assay (Fig. 2D). Notably, ERK and MEK1/2 activation
in response to UV was seen within 5 min of exposure (Fig. 2E)
and at all the tested doses (Fig. 2F).

The requirement for Nek10 in ERK1/2 activation was exam-
ined with HEK293 cells depleted of Nek10. To do this,
esiRNAs against two distinct regions of the human Nek10
cDNA were generated (Fig. 3A, top). HEK293 cells were
transfected with Nek10 esiRNA or dsRed esiRNA as a control,
and the efficiency of knockdown was determined by RT-PCR.
While both of the Nek10 esiRNA pools successfully decreased
the level of endogenous Nek10 transcript, esiNek10#2 consis-
tently produced a greater knockdown, resulting in up to a 70%
decrease compared to controls (Fig. 3A, middle). Both Nek10
esiRNAs efficiently reduced the expression of the transfected
Flag-Nek10 protein, further demonstrating their specificity for
the Nek10 mRNA and protein (Fig. 3A, bottom). Our numer-
ous attempts at generating an anti-Nek10 antibody as well as
the testing of several commercially available anti-Nek10 anti-
bodies failed to demonstrate a specificity of any of the raised
antisera against Nek10 (not shown), precluding the assessment
of the efficiency of Nek10 knockdown at the protein level.
Nevertheless, the transfection of both Nek10 esiRNAs im-

FIG. 3. Nek10 depletion impairs UV-induced MEK1/2 activation. (A) Knockdown of Nek10 in HEK293 cells. HEK293 cells were transfected
with pools of esiRNA against Nek10 (top) or dsRed (control), and knockdown was confirmed by semiquantitative RT-PCR (middle). HEK293 cells
were cotransfected with pools of esiRNA and Flag-Nek10. Lysates were immunoblotted as indicated (bottom). (B) Knockdown of Nek10 impairs
ERK1/2 activation following UV irradiation. HEK293 cells transfected with esiRNA were UV irradiated (250 J/m2) and harvested 30 min later.
Lysates were immunoblotted as indicated. (C) Knockdown of Nek10 does not affect mitogenic ERK1/2 activation. HEK293 cells transfected with
esiRNA were UV irradiated (20 J/m2) or stimulated with EGF (1 ng/ml) and harvested 30 min later. Lysates were immunoblotted as indicated.
(D) Knockdown of Nek10 impairs MEK1/2 activation following UV irradiation. HEK293 cells transfected with esiRNA were UV irradiated (250
J/m2) or stimulated with EGF (0.1 ng/ml) and harvested 30 min later. Lysates were immunoblotted as indicated.
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paired ERK1/2 activation following both high (250 J/m2) and
low (20 J/m2) doses of UV irradiation (Fig. 3B and C). Con-
trary to Nek10 overexpression (Fig. 2B), the depletion of
Nek10 resulted in a marked inhibition of UV-stimulated
MEK1/2 but not Raf-1, JNK, or p38 phosphorylation (Fig.
3D). Finally, we assessed a role for Nek10 as a stimulus-specific
modulator of MEK/ERK. The depletion of Nek10 did not
affect ERK1/2 activation following stimulation with EGF (Fig.
3C). Even in response to reduced EGF concentrations, which
achieve levels of ERK1/2 activation comparable to that pro-
duced by UV irradiation, Nek10 depletion impaired UV- but
not EGF-stimulated MEK1/2 and ERK1/2 phosphorylation

(Fig. 3D). Thus, Nek10 appears to specifically mediate ERK1/2
activation in response to UV irradiation.

Nek10, Raf-1, and MEK1 form a ternary complex. To probe
the mechanism of MEK/ERK activation by Nek10, its ability to
directly interact with components of the ERK1/2 signaling
cascade was examined. Flag-Nek10 coprecipitated with both
GST–Raf-1 from transfected HEK293 cells (Fig. 4A) and en-
dogenous Raf-1 (Fig. 4B). A possible association of Nek10
with MEK1 was also tested. Interestingly, a robust association
of Nek10 and MEK1 was observed only upon the coexpression
of GST–Raf-1, suggesting that Raf-1 may stabilize an other-
wise weak association between Nek10 and MEK1 or may

FIG. 4. Nek10 interacts with the Raf-1–MEK1 complex. (A) Nek10 coimmunoprecipitates with Raf-1. HEK293 cells were transfected with the
indicated constructs. Nek10 was immunoprecipitated with M2 Flag agarose. Coprecipitated GST–Raf-1 was detected by immunoblotting of the
immunoprecipitates. Whole-cell lysates were run as input controls. (B) Nek10 coimmunoprecipitates with endogenous Raf-1. HEK293 cells were
transfected with either vector control or Flag-Nek10. Nek10 was immunoprecipitated with M2 Flag agarose. Coprecipitated Raf-1 was detected
by immunoblotting of immunoprecipitates with anti-Raf-1 antibody. Whole-cell lysates were run as input controls. (C) Coimmunoprecipitation of
Nek10 with Raf-1 and MEK1. HEK293 cells were transfected with the indicated constructs. Protein precipitation and immunodetection were
performed as described above for panel A. (D) Raf-1 mediates the assembly of a complex between Nek10, MEK1, and Raf-1. HEK293 cells were
transfected with the indicated constructs. Raf-1 was precipitated with glutathione-Sepharose (top), and Nek10 was precipitated with M2 Flag
agarose (bottom). Coprecipitating proteins were detected by immunoblotting with the indicated antibodies. Whole-cell lysates were run as input
controls. Asterisks indicate nonspecific bands. WT, wild type. (E) The Nek10 interaction with Raf/MEK is not modulated by UV irradiation.
HEK293 cells were transfected with the indicated constructs. Cells were UV irradiated (250 J/m2) 30 min prior to lysis. Protein precipitation and
immunodetection were performed as described above for panel A.
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bridge the formation of a complex between Nek10 and MEK1
(Fig. 4C). To explore this further, we used a previously char-
acterized MEK1 mutant, MEK1 �270-307, which lacks its pro-
line-rich repeat and is unable to interact with Raf-1 (6) (Fig.
4D, top). Upon coexpression, Nek10 associated with the wild
type, but not MEK1 �270-307, in a Raf-1-dependent manner,
further demonstrating that the association between Nek10 and
MEK1 requires Raf-1 binding to MEK1 (Fig. 4D, bottom). Of
note, the association between Nek10 and Raf-1 was weakened
by the expression of MEK1 �270-307, suggesting that MEK1
may contribute to the stability of the Nek10/Raf-1 interaction

(Fig. 4D). A robust interaction of Nek10 with ectopically ex-
pressed ERK2, either alone or in the presence of coexpressed
GST–Raf-1, was not detected (data not shown). Interestingly,
a ternary complex containing Nek10, Raf-1, and MEK1 formed
in the absence of specific cell stimulation and was not modu-
lated upon UV irradiation (Fig. 4E).

To map the interaction between Raf-1 and Nek10, we de-
signed a series of Nek10 deletion mutants and tested their
abilities to interact with Raf-1 and MEK1 (Fig. 5A and B). All
of the generated mutants retained the ability to interact with
Raf-1 and MEK1, except for the Nek10 protein composed of

FIG. 5. Nek10 and Raf-1 exhibit a multisite interaction. (A and B) Schematic representation of Nek10 constructs depicting full-length Nek10
and the truncated Nek10 fragments. HEK293 cells were transfected with the indicated constructs. Nek10 was immunoprecipitated with M2 Flag
agarose (A, left). Coprecipitated GST–Raf-1 (A, right) or GST–Raf-1/HA-MEK1 (B) was detected by immunoblotting of immunoprecipitates.
Whole-cell lysates were run as input controls. (C) Full-length Nek10 promotes UV-induced MEK1 phosphorylation. HEK293 cells transfected with
the indicated constructs were treated with UV (250 J/m2) for 30 min before lysis. HA-MEK1 immunoprecipitates were separated by SDS-PAGE
and immunoblotted as indicated. Whole-cell lysates were run as an input control. (D) Nek10 binds Raf-1 in vitro. Flag-Nek10 proteins were
produced by coupled in vitro transcription-translation, incubated with recombinant GST–Raf-1 TA, and immunoprecipitated with M2 Flag agarose.
Immunoprecipitates were separated by SDS-PAGE and blotted with the indicated antibodies. A total of 12.5% of the total input of GST–Raf-1
was run as an input control. Asterisks indicate nonspecific bands. (E) Nek10 does not interact with MEK1 in vitro. Flag-Nek10 Ct was produced
by coupled in vitro transcription-translation and incubated with recombinant GST–Raf-1 TA and GST-MEK1. Immunoprecipitation and immu-
noblotting were performed as described above for panel D. Asterisks indicate nonspecific bands.
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amino acids 1 to 478 encompassing the N-terminal one-third of
the protein, which includes the armadillo repeats (Flag-Nek10
Nt) (Fig. 5A and B) indicative of a multisite interaction be-
tween Nek10 and Raf-1. Interestingly, although all proteins
were able to interact with Raf-1 and MEK1, only full-length
Nek10 enhanced MEK1 activation following UV irradiation
(Fig. 5C).

To further explore the relationship between Nek10, Raf-1,
and MEK1, we examined their interactions in vitro using re-
combinant proteins. The C-terminal portion of Nek10 (Flag-
Nek10 Ct), which can interact with Raf-1 and MEK1 (Fig. 5B),
and Flag-Nek10 Nt were produced by in vitro transcription-
translation. Consistent with the above-described results, Flag-
Nek10 Ct readily interacted with recombinant GST–Raf-1 �1-
306,Y340/341D (GST–Raf-1 TA), while Flag-Nek10 Nt did not
(Fig. 5D). Interestingly, under these conditions, we were un-
able to detect an interaction between Flag-Nek10 Ct and re-
combinant GST-MEK1 either in the presence or in the ab-
sence of Raf-1 (Fig. 5E), raising the possibility that additional
proteins or posttranslational modifications found in intact cells

were required for the Nek10-MEK1 association. Nevertheless,
our data strongly indicates that Nek10 interacts directly with
Raf-1 to impact ERK signaling.

UV irradiation promotes MEK1 autophosphorylation. The
ability of Nek10 to enhance MEK1/2 but not Raf-1 activation
following UV irradiation (Fig. 2B and C), combined with the
lack of any apparent effect of Nek10 on the Raf-1/MEK1
association (Fig. 4D), prompted us to further explore the
mechanism(s) by which Nek10 impacts MEK activity. Consid-
ering that Nek10 catalytic activity was required for its effect on
MEK phosphorylation upon UV irradiation (Fig. 6A), we ex-
amined whether Raf-1 or MEK1/2 was a target of direct phos-
phorylation by Nek10 (Fig. 6C). While Flag-Nek10 immuno-
precipitated from HEK293 cells readily autophosphorylated
and phosphorylated the generic serine/threonine kinase sub-
strate histone H3 (Fig. 6B), indicative of its considerable tonic
kinase activity, it failed to phosphorylate both Raf-1 and
MEK1 in vitro (Fig. 6C). Raf-1 and MEK1 were phosphory-
lated by their well-established upstream kinases Pak1 and
Raf-1, respectively, used here as positive controls (Fig. 6C).

FIG. 6. Nek10 catalytic activity indirectly promotes UV-induced MEK1 activity. (A) Nek10 requires catalytic activity to enhance MEK1
catalytic activity. HEK293 cells were transfected with the indicated constructs. Cells were UV irradiated (250 J/m2) or stimulated with EGF (0.1
ng/ml) and harvested 30 min later. Lysates were immunoblotted as indicated. (B) Nek10 catalytic activity is not modulated by UV irradiation.
HEK293 cells were transfected with the indicated constructs. Cells were lysed at the indicated times after UV irradiation (250 J/m2), and Nek10
was immunoprecipitated with M2 Flag agarose. Immunoprecipitates were subjected to an in vitro kinase assay with histone H3 as a substrate. (Top)
Kinase assay mixtures were separated by SDS-PAGE and detected by autoradiography. (Bottom) The results from three independent experiments
were quantified. Histone H3 phosphate incorporation was normalized against whole-cell levels of Flag-Nek10. Error bars represent standard errors
of the means (SEM). (C) Nek10 does not phosphorylate Raf-1 or MEK1 in vitro. HEK293 cells were transfected with wild-type (WT) or
kinase-dead (KD) Flag-Nek10 or V5-Pak1. Flag-Nek10 and V5-Pak1 immunoprecipitates or GST–Raf-1 TA (0.1 �g) were used in in vitro kinase
assays with GST–Raf-1 TA (0.4 �g) (left) or GST-MEK1 (1.0 �g) (right) as a substrate. Kinase assay mixtures were separated by SDS-PAGE, and
phosphorylation was detected by autoradiography.
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Significantly, Nek10 kinase activity was not modulated follow-
ing UV irradiation (Fig. 6B), suggesting that Nek10 catalytic
function indirectly contributes to the activation of MEK1/2 by
UV, likely via autophosphorylation, contributions to an appro-
priate protein conformation, and/or interactions with addi-
tional proteins.

Using two MEK1/2 inhibitors with different modes of action,
we next examined the possible role of autophosphorylation in
MEK1/2 activation following UV irradiation. Interestingly,
U0126, a direct inhibitor of MEK1/2 catalytic activity, impaired
UV- but not EGF-induced MEK1/2 activation loop phosphor-

ylation (Fig. 7A) (2, 9), whereas PD98059, which acts by bind-
ing and sequestering inactive forms of MEK (2), affected ac-
tivation-specific MEK1/2 phosphorylation in response to both
stimuli (Fig. 7A). To further investigate whether this was in-
dicative of a stimulus-specific mode of MEK1 activation or was
the result of a dose-dependent response to U0126, the effect of
U0126 was explored with cells treated with low concentrations
of EGF that led to a level of MEK1 phosphorylation compa-
rable to that produced by UV irradiation. Consistent with a
role of autophosphorylation in UV-induced MEK activation,
even at lower EGF concentrations, UV-induced, but not EGF-

FIG. 7. Nek10 promotes MEK1 autophosphorylation following UV irradiation. (A) UV irradiation stimulates MEK1 autocatalytic activity.
HEK293 cells were treated with U0126 (20 �M) or PD98059 (500 �M) for 1 h prior to UV (250 J/m2) or EGF (1 ng/ml) treatment. Cells were
lysed 30 min later. Lysates were immunoblotted as indicated. (B) UV-stimulated MEK1 phosphorylation is sensitive to inhibition of MEK1/2
catalytic activity. HEK293 cells transfected with HA-MEK1 were treated with UV (250 J/m2) or EGF (0.5 ng/ml) in the presence or absence of
U0126 (20 �M). Cells were lysed 30 min later, and lysates were immunoblotted as indicated. (C) MEK1 requires catalytic activity for activation
loop phosphorylation following UV irradiation. HEK293 cells were transfected with the indicated constructs and treated with UV (250 J/m2) or
EGF (0.1 ng/ml). Cells were lysed 30 min later. HA-MEK1 was immunoprecipitated, and immunoprecipitates were probed with the indicated
antibodies. Whole-cell lysates were run as input controls. (D) MEK1 catalytic activity is required for UV-induced activation loop phosphorylation
in MCF7 and MCF10A cells. Cells were transfected with wild-type or kinase-dead (KD) HA-MEK1. HA-MEK1 was immunoprecipitated from
cells treated with UV (250 J/m2) or EGF (0.1 ng/ml). Immunoprecipitates were separated by SDS-PAGE and immunoblotted with the indicated
antibodies. Whole-cell lysates were run as input controls. Levels of MEK1 phosphorylation were quantified by ImageJ and normalized against
levels of HA-MEK1. Results are expressed relative to levels of pMEK1 in untreated samples. (E) Nek10 promotes U0126-sensitive MEK1
activation following UV irradiation. HEK293 cells were transfected with the indicated constructs and treated with U0126 (20 �M) for 1 h prior
to UV irradiation (250 J/m2). Cells were lysed 30 min following irradiation, and lysates were immunoblotted as indicated.
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induced, MEK1 phosphorylation was sensitive to U0126 (Fig.
7B). Furthermore, the phosphorylation of catalytically inactive
MEK1 (KD) was impaired compared to that of wild-type
MEK1 following UV irradiation but not EGF (Fig. 7C and D).
Similar results were also seen for MCF7 and MCF10A cells
(Fig. 7D). Of note, in HEK293 cells, MEK1 KD phosphoryla-
tion increased following EGF administration, likely due to the
differential engagement of negative feedback loops down-
stream of ERK (5) (see Discussion).

We next assessed the effect of Nek10 on MEK1 phosphory-
lation. While Nek10 expression did not affect EGF-stimulated
MEK1 phosphorylation, it enhanced the UV-induced phos-
phorylation of wild-type but not KD MEK1 (Fig. 7C). Signif-
icantly, Nek10-induced MEK1 phosphorylation was also sen-
sitive to U0126 (Fig. 7E). Taken together, these data reveal a
distinct mechanism of MEK activation following UV irradia-
tion that requires MEK autocatalytic activity. Nek10 specifi-
cally enhances MEK autoactivation in response to UV but
does not promote MEK activation in response to mitogens.

MEK1 autoactivation has been implicated as a noncanonical
means of stimulating ERK1/2 signaling, specifically in the con-
text of cell attachment (24). In rat embryo fibroblasts, PAK1
phosphorylation of MEK1 at S298 led to MEK1 autophos-
phorylation at S217/S222 (24). We examined the requirement
for S298 phosphorylation in UV-induced MEK autophosphor-
ylation using a catalytically inactive, dominant negative mutant
of Pak1 (Pak1 KR). While MEK1 phosphorylation at S298 was
abolished by the expression of Pak1 KR, there was no inhibi-
tion of S217/S222 phosphorylation by PAK1 KR following UV
irradiation, indicating that MEK autoactivation in this context
does not require S298 phosphorylation (Fig. 8A).

The autoactivation of MEK upon UV irradiation raised the
possibility that Raf-1 may be dispensable for the MEK/ERK
response to this stimulus. Nevertheless, MEK1 �270-307,
which does not bind to Raf-1, was not phosphorylated upon
UV irradiation or concomitant Nek10 overexpression (Fig.
8B), indicating that Raf-1 is required for MEK activation fol-
lowing UV irradiation. Interestingly, Raf-1 catalytic activity
was not necessary for this effect, as the ectopic expression of
catalytically inactive Raf-1 (KD) enhanced UV-induced MEK
phosphorylation (Fig. 8C). Significantly, and consistent with a
distinct mechanism of MEK activation in response to mito-
genic stimuli, the expression of Raf-1 KD inhibited MEK ac-
tivation in response to EGF (Fig. 8C). Taken together, these
data suggest that Raf-1 plays a noncatalytic role in MEK au-
toactivation following UV irradiation.

Nek10 participates in the maintenance of the G2/M check-
point following UV irradiation. In response to genotoxic stress
such as ionizing radiation and the intercalating agent etopo-
side, ERK1/2 activation is required for appropriate G2/M ar-
rest (30, 32). While ERK1/2 activation by UV irradiation was
previously noted (19, 26, 27), a role for ERK1/2 signaling in
regulating the G2/M checkpoint following UV irradiation is
unknown. We explored the cell cycle distribution of
HEK293 cells following UV irradiation by propidium iodide
(PI) staining and flow cytometry. Twenty-four hours after
UV irradiation, a 25% increase in the G2/M population
could be detected, indicative of a G2/M checkpoint arrest
(Fig. 9A). The pretreatment of cells with the MEK1/2 in-
hibitor U0126 markedly attenuated the G2/M arrest in

HEK293 cells, indicating that ERK1/2 plays a role in the
response to UV irradiation (Fig. 9A).

ERK1/2 has a well-established role in promoting G1 pro-
gression (reviewed in reference 18). To ensure that the ob-
served effect of U0126 on the G2/M checkpoint was not the
result of G1 arrest, we examined the impact of U0126 on
synchronized cells that were UV irradiated during the S phase.
Briefly, HEK293 cells were synchronized, by mimosine treat-
ment, at the G1/S phase. Six hours after release from mimosine
arrest, cells were UV irradiated and treated with U0126 for
20 h. Importantly, U0126 treatment of nonirradiated cells did

FIG. 8. UV-induced MEK1 autophosphorylation requires Raf-1.
(A) S298 phosphorylation is not required for UV-induced MEK1 au-
toactivation. HEK293 cells were transfected with the indicated con-
structs and treated with UV (250 J/m2) or EGF (1 ng/ml). Cells were
lysed 30 min later. Lysates were immunoblotted as indicated.
(B) Nek10 requires Raf-1 interaction with MEK1 to enhance MEK1
activation. HEK293 cells were transfected with the indicated con-
structs and treated with UV (250 J/m2). Cells were lysed 30 min later.
Lysates were immunoblotted as indicated. (C) Raf-1 enhances UV-
induced MEK1 phosphorylation independent of Raf-1 catalytic activ-
ity. HEK293 cells were transfected with the indicated constructs and
treated with UV (250 J/m2) or EGF (0.5 ng/ml). Cells were lysed 30
min later. Lysates were immunoblotted as indicated.
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not enrich for G1-phase cells (Fig. 9B), demonstrating that this
method can be used to distinguish between the role of ERK
signaling in G1 cell cycle progression and that at the G2/M
checkpoint. Consistent with our previous observations that
ERK signaling also has a role at the G2/M checkpoint, U0126-
treated cells UV irradiated during the S phase displayed a
decreased G2/M population compared to that of control cells
(Fig. 9C).

The ability of Nek10 to promote UV-stimulated ERK1/2
activation prompted us to further investigate its function in the
UV response. The cell cycle distribution of HEK293 cells de-
pleted of Nek10 by esiRNA was profiled under basal condi-

tions or upon UV irradiation. Following UV irradiation, while
the control cells accumulated in G2/M phase, Nek10-depleted
cells were impaired for this response (Fig. 10A and B). Signif-
icantly, a similar response was also seen for the nontrans-
formed human mammary epithelial cell line MCF10A (Fig.
10C). Nevertheless, Nek10 depletion did not significantly affect
the survival of any of the three tested cell lines (Fig. 10D).

Nek10-depleted cells also displayed an increased proportion
of cells in mitosis, as measured by staining for a mitotic marker,
the serine 10-phosphorylated histone H3 (pS10 H3). This was
most apparent within short time points after UV irradiation (5
h and 10 h) and less prominent at 20 h (Fig. 10F and G). This
elevation in numbers of mitotic cells was not due to a defect in
normal cell cycle progression, as the depletion of Nek10 led to
a small decrease in numbers of mitotic cells under nonirradi-
ated conditions (Fig. 10E). To capture all cells able to escape
the G2/M checkpoint, we treated UV-irradiated cells with no-
codazole, a mitotic inhibitor. Interestingly, 20 h after irradia-
tion, there was a significant increase in the proportion of mi-
totic cells depleted for Nek10, which is further indicative of a
continuous defect in the G2/M arrest upon the loss of Nek10
(Fig. 10E and F). Significantly, esiNek10#2, which displayed
greater potency in Nek10 knockdown than esiNek10#3 (Fig.
3A), led to a more severe G2/M arrest defect (Fig. 10B and
10G), consistent with a dose-dependent effect of the Nek10
knockdown on the UV-induced G2/M arrest.

DISCUSSION

In this study we demonstrate a role for a novel member of
the Nek family, Nek10, in promoting MEK/ERK activation
and G2/M arrest in response to UV irradiation. Our results
indicate that Nek10 is a stimulus-specific modulator of ERK1/2
signaling, as its expression enhanced MEK and ERK activation
in response to UV irradiation but not to mitogenic stimuli such
as EGF (Fig. 2A). Consistent with this, Nek10 depletion led to
impaired MEK1/2 and/or ERK1/2 activation in response to
UV irradiation but not to EGF stimulation (Fig. 3B and D).
Our results indicate that the specificity of the ERK1/2 signaling
response to UV can be attributed to the ability of Nek10 to
promote a noncanonical mechanism of MEK activation follow-
ing UV irradiation (Fig. 7E). Interestingly, this mechanism
requires MEK catalytic activity (Fig. 7A, B, and C) and Raf-1
binding but not its kinase activity (Fig. 8B and C).

ERK1/2 signaling has traditionally been associated with mi-
togenic stimulation and the regulation of cell proliferation but
is also activated by a diverse range of other stimuli, including
cytokines and various stresses, such as UV and ionizing radi-
ation as well as hypoxia (21, 27, 30). One of the means of
achieving control in ERK1/2 signaling is the differential inter-
action of ERK1/2 cascade components with various scaffolding
proteins (reviewed in reference 13). These interactions have
been found to modulate the stimulus specificity, amplitude,
and duration of pathway activation as well as to impact sub-
cellular localization, access to substrates, and cellular out-
come (4).

The molecular mechanism by which Nek10 conveys specific-
ity to ERK signaling in the context of UV irradiation remains
to be fully elucidated. Nevertheless, Nek10 promotes MEK
autoactivation in response to UV but not following EGF stim-

FIG. 9. ERK1/2 activity regulates the UV-induced G2/M check-
point. (A) ERK1/2 regulates G2/M arrest in UV-irradiated cells.
HEK293 cells were treated with U0126 (10 �M) starting 1 h prior to
UV irradiation (20 J/m2) and harvested 24 h following irradiation.
DNA content was measured by propidium iodide staining. Shown are
results from three independent experiments. Error bars represent
SEM. *, P � 0.05. (B) Effect of U0126 on the G1 population in
synchronized cells. HEK293 cells were synchronized by 24 h of treat-
ment with mimosine (1 mM), washed, and released into fresh medium
without mimosine for 6 h. Cells were treated with U0126 (10 �M) and
harvested 20 h later. The DNA content was measured by propidium
iodide staining. Shown are results from three independent experi-
ments. Error bars represent SEM. (C) ERK1/2 has a role in G2/M
checkpoint control. HEK293 cells were synchronized by 24 h of treat-
ment with mimosine (1 mM), washed, and released into fresh medium
without mimosine for 6 h. Cells were UV irradiated (20 J/m2), treated
with U0126 (10 �M), and harvested 20 h later. The DNA content was
measured by propidium iodide staining. Shown are results from three
independent experiments. The percentage of cells in G2/M phase is
expressed relative to that of nonirradiated samples. Error bars repre-
sent SEM. **, P � 0.005.
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ulation (Fig. 7C and E), suggesting a mechanism of MEK
regulation distinct from the canonical Ras/Raf/MEK cascade.
We demonstrated a role for MEK autoactivation in response
to UV irradiation by uncovering a sensitivity of MEK phos-

phorylation upon this insult to the inhibition of MEK catalytic
activity, either by U0126 treatment or by the expression of
MEK KD (Fig. 7B and C). Conversely, MEK catalytic activity
was not a requisite for MEK phosphorylation following EGF

FIG. 10. Nek10 plays a role in maintenance of the G2/M checkpoint following UV irradiation. (A) Knockdown of Nek10 decreases the G2/M
population in UV-irradiated cells. HEK293 cells were transfected with esiRNA. Cells were treated with UV (20 J/m2) and harvested 24 h later, and their
DNA contents were measured by propidium iodide staining. The proportion of cells in G2/M phase was quantified. Representative images are shown.
(B) Quantitation of G2/M-phase cells in Nek10 knockdown cells from three independent experiments. The percentage of cells in G2/M phase is expressed
relative to nonirradiated samples. Error bars represent SEM. *, P � 0.05. (C) Quantitation of G2/M-phase cells in Nek10-depleted MCF7 and MCF10A
cells. The experiment was performed as described above for A. Shown are the results from three independent experiments. Error bars represent SEM.
**, P � 0.005. (D) Cell survival of Nek10-depleted cells. Cells transfected with esiRNA were gathered 20 h after UV irradiation (20 J/m2), and cell cycle
profiles were analyzed by PI staining. Cells appearing as sub-G1-phase cells were scored as apoptotic. Results shown are from three independent
experiments. The percentage of sub-G1 cells is expressed relative to nonirradiated samples. Error bars represent SEM. (E) Nek10-depleted cells progress
through mitosis after DNA damage. HEK293 cells were transfected with esiRNA. Cells were UV irradiated (20 J/m2) and treated with nocodazole (50
ng/ml) 1 h after UV irradiation. Cells were gathered 20 h after UV irradiation, and the percentage of mitotic cells was determined by dual staining with
propidium iodide (DNA) and anti-pSer10-H3 (mitotic cells). Representative images are shown. (F) Quantitation of mitotic cells in UV-irradiated
esiRNA-transfected cells from three independent experiments. The percentage of mitotic cells is expressed relative to nonirradiated samples. Error bars
represent SEM. **, P � 0.005. (G) Depletion of Nek10 impairs activation of the G2/M checkpoint. HEK293 cells were transfected with esiRNA. Cells
were gathered at the indicated time points after UV irradiation (20 J/m2) and processed as described above for panel E. Shown are the results from three
independent experiments. The percentage of mitotic cells is expressed relative to nonirradiated samples. Error bars represent SEM. *, P � 0.05; **, P �
0.005.
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treatment (Fig. 7B and C). Interestingly, while MEK KD phos-
phorylation was impaired following UV irradiation, it was en-
hanced in response to EGF stimulation (Fig. 7C). Considering
that MEK1 and MEK2 are subject to ERK-dependent nega-
tive feedback regulation, it is likely that the ectopic expression
of MEK1 KD prevented the activation of ERK and the en-
gagement of the feedback loop, thus leading to an enhanced/
prolonged phosphorylation of MEK1 KD (5). Taken together,
these observations highlight the fact that the molecular mech-
anisms of MEK activation following UV irradiation and EGF
stimulation differ. While MEK autoactivation appears to play a
dominant role in UV-induced MEK/ERK activation, our data
do not exclude the possibility that additional UV-induced reg-
ulatory inputs into MEK exist, including phosphatases and
yet-to-be-discovered MEK protein-protein interactions.

Significantly, the MEK response to UV irradiation was in-
dependent of MEK S298 phosphorylation (Fig. 8A), which was
previously implicated in MEK autoactivation in the context of
cell adhesion (24). Our data are consistent with the formation
of a MEK autoactivation-competent complex consisting of
Nek10, Raf-1, and MEK. Interestingly, while the association of
Nek10 with Raf-1 and MEK was needed for enhanced MEK1
activation in response to UV irradiation (Fig. 8B), the forma-
tion of the ternary complex was not sensitive to UV irradiation
(Fig. 4E). Furthermore, the Raf-1 protein, but not its catalytic
activity, was required for MEK1 activation following UV irra-
diation (Fig. 8C). The ability of Raf-1 to bridge the association
between Nek10 and MEK (Fig. 4C) points toward a scaffold-
ing, noncatalytic role for Raf-1 in the formation of the MEK
autoactivation complex.

The fact that signaling by the Nek10/Raf/MEK module de-
pends on MEK autocatalysis points toward the existence of
distinct spatial and temporal controls for MEK activation in
response to specific stimuli. In the case of UV irradiation,
Nek10 participation in this complex may promote associations
with additional regulators and facilitate a permissive change in
the MEK conformation leading to its autoactivation and/or
govern access to specific substrates. The uncoupling of MEK
activation from receptor tyrosine kinases, Ras, and their other
effectors allows for the discrete control of MEK/ERK signaling
targets, leading to specific outcomes, such as the engagement
of the G2/M checkpoint in response to UV irradiation (Fig. 9A
and 10B).

ERK signaling was previously implicated in the regulation of
cell cycle checkpoints in response to ionizing radiation and
etoposide in MCF-7 and NIH 3T3 cells, respectively (30, 32,
33). Our results revealed a role for ERK1/2 activation in the
engagement of the G2/M checkpoint following UV irradiation
of HEK293 cells (Fig. 9A). A similar phenotype was also ob-
served for UV-irradiated cells depleted of Nek10 by esiRNA
(Fig. 10B, F, and G). Moreover, similar to what was previously
reported for Nek11, the depletion of Nek10 led to a small
decrease in numbers of mitotic cells under nonirradiated con-
ditions (Fig. 10E), indicating that Nek10 may have additional
roles in the control of normal cell cycle progression (17).
Taken together, our results suggest that Nek10-mediated
ERK1/2 activation participates in UV-induced G2/M arrest.
Nevertheless, this does not exclude the possibility that there is
an additional defect in DNA repair that may contribute to our
observations and may be the subject of future studies.

A possible association of Nek10 function and cancer was
recently uncovered by a comprehensive genome-wide associa-
tion study (GWAS) involving over 37,000 breast cancer sam-
ples and over 40,000 controls, which identified a strong breast
cancer susceptibility locus within chromosome 3p24 containing
only two genes, Nek10 and SLC4A7 (solute carrier family 4,
sodium bicarbonate transporter, member 7) (1). Moreover,
cancer genome sequencing projects have also reported Nek10
mutations in several human cancers (8, 11). Nek10 was one of
only 21 protein kinases in the whole kinome (518 genes) that
displayed multiple nonsynonymous somatic mutations within a
group of 26 primary lung neoplasms and seven lung cancer cell
lines. Remarkably, Nek10 mutations were found with the same
frequency (4/33) as the mutations for BRAF and STK11/
LKB1, kinases previously implicated in the etiology of lung
cancer (8). While Nek10 somatic mutations map to various
regions of the protein (R878M in large-cell lung carcinoma,
P1115L in lung neuroendocrine carcinoma, A66K in ovarian
mucinous carcinoma, and E379K in a metastatic melanoma
cell line, etc.), their impact on the integrity of Nek10 proteins
is unknown. It would be interesting to determine how these
mutations affect the function of Nek10 in the engagement of
the G2/M checkpoint in response to genotoxic stress and pro-
vide further insight into the role of Nek10 in tumorigenesis.
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