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Accumulating evidence supports a role for prolactin (PRL) in
the development and progression of human breast cancer.
Although PRL is an established chemoattractant for breast can-
cer cells, the precise molecular mechanisms of how PRL regu-
lates breast cancer cell motility and invasion are not fully under-
stood. PRL activates the serine/threonine kinase NEK3, which
was reported to enhance breast cancer cell migration, invasion,
and the actin cytoskeletal reorganization necessary for these pro-
cesses. However, the specific mechanisms of NEK3 activation in
response to PRL signaling have not been defined. In this report,
a novel PRL-inducible regulatory phosphorylation site within
the activation segment of NEK3, threonine 165 (Thr-165), was
identified. Phosphorylation at NEK3 Thr-165 was found to be
dependent on activation of the extracellular signal-regulated
kinase 1/2 (ERK1/2) signaling pathway using both pharmaco-
logical inhibition and siRNA-mediated knockdown approaches.
Strikingly, inhibition of phosphorylation at NEK3 Thr-165 by
expression of a phospho-deficient mutant (NEK3-T165V)
resulted in increased focal adhesion size, formation of zyxin-
positive focal adhesions, and reorganization of the actin cyto-
skeleton into stress fibers. Concordantly, NEK3-T165V cells
exhibited migratory defects. Together, these data support a
modulatory role for phosphorylation at NEK3 Thr-165 in focal
adhesion maturation and/or turnover to promote breast cancer
cell migration.

The prolactin receptor (PRLR),3 a member of the cytokine
receptor superfamily, is overexpressed in the majority of

human breast cancers (1–3). The polypeptide hormone prolac-
tin (PRL) activates its cognate receptor and induces rapid acti-
vation of proximal tyrosine kinases, such as Janus kinase 2
(JAK2) and SRC family kinases, leading to transphosphoryla-
tion of specific tyrosine residues on the tail of the receptor (4).
Distinct docking proteins are recruited to the receptor and pro-
vide links to activating various signaling pathways, including
signal transducer and activator of transcription (STATs), RAS/
MAPK, and phosphatidylinositol 3-kinase (PI3K)/AKT (5–10).
PRL/PRLR signaling contributes to the growth, survival, motil-
ity, and invasion of human breast cancer cells. PRL has been
shown to act as a chemoattractant for breast cancer cells,
accompanied by reorganization of the cytoskeleton (11, 12).
Furthermore, epidemiological studies indicate that women
with high levels of circulating PRL are at an increased risk for
developing metastatic breast cancer (13–16). Additionally,
knockdown of the long isoform of the PRLR in orthotopic mod-
els of breast cancer led to a significant reduction in metastatic
spread (17). However, the molecular mechanisms by which
PRL/PRLR signaling contributes to the invasive breast cancer
cellular phenotype are not fully understood.

NEK3 (never in mitosis gene A related kinase 3) belongs to
the NEK family of serine/threonine (Ser/Thr) protein kinases,
which is composed of 11 mammalian family members (NEK1–
NEK11) (18 –20). Compared with other NEK family members,
the function of NEK3 remains largely uncharacterized. NEK3
contains a conserved N-terminal catalytic kinase domain (res-
idues 4 –257) and two predicted PEST (proline (P)-, glutamic
acid (E)-, serine (S)- and threonine (T)-rich) motifs (residues
443– 460; 469 – 495), a domain implicated in regulating both
protein stability and protein-protein interactions (21). Previous
reports from our laboratory have implicated NEK3 as an impor-
tant regulator of cell migration. NEK3 is required for the PRL-
induced actin cytoskeletal reorganization, which is necessary
for directed cell migration to occur. Members of the RHO fam-
ily of small GTPases, such as RAC, RHO, and CDC42 proteins,
are essential regulators of cytoskeleton dynamics (22, 23). Our
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laboratory previously delineated a signaling pathway linking
PRL-stimulated activation of NEK3 to downstream activation
of the RHO GTPase RAC1. It is currently thought that NEK3
modulates phosphorylation of the guanine nucleotide ex-
change factor (GEF) VAV2 and/or phosphorylation of the focal
adhesion scaffolding protein paxillin, leading to downstream
activation of RAC1 (12, 24). Although the important role of
NEK3 in the regulation of PRL-stimulated cell migration has
been documented, how NEK3 itself is regulated remains
unknown.

PRL/PRLR signaling stimulates the catalytic activity of
NEK3; however, the molecular mechanisms of NEK3 activation
remain to be elucidated. Many kinases, including the NEK fam-
ily of protein kinases, are positively regulated by phosphoryla-
tion in the activation loop segment. However, regulation of
NEK3 activation by phosphorylation has not been examined. In
this study, the phosphorylation of NEK3 in response to PRL
stimulation and how it contributes to its function in breast can-
cer cells was investigated. Through site-directed mutagenesis
of residues within the activation segment of NEK3, threonine
residue 165 (Thr-165) was identified as a major site that regu-
lates the activity and function of NEK3. In addition to being a
site of autophosphorylation in vitro, phosphorylation of NEK3
Thr-165 was found to be dependent on the activation of the
MEK1-ERK1/2 signaling pathway in response to PRL stimula-
tion in vivo. Importantly, phosphorylation of NEK3 Thr-165
was found to contribute to its regulation of breast cancer cell
migration, focal adhesion remodeling, and actin cytoskeletal
rearrangement. These results provide novel mechanistic
insight into the role of NEK3 kinase in promoting an invasive
breast cancer phenotype.

Results

Identification of NEK3 Autophosphorylation Activity in
Vitro—At present, the regulation of NEK3 activation and cellu-
lar function is incompletely understood. Autophosphorylation
is an important regulatory mechanism for kinase activation,
and it generally results in conformational changes necessary for
an active kinase. Autophosphorylation of serine/threonine res-
idues within the activation segment of other NEK family mem-
bers (25–28) has been identified as having a major effect on
kinase activation. These observations prompted us to investi-
gate the role of autophosphorylation of activation loop residues
as a potentially important regulatory mechanism of NEK3
kinase activation. To begin, in vitro translated full-length
human wild-type NEK3 containing an N-terminal Myc epitope
tag (Myc-WT NEK3) was assessed for its ability to autophos-
phorylate in vitro. Purified Myc-WT NEK3 proteins were incu-
bated in the presence of Mn2� and nonradioactive ATP in vitro
and analyzed for phosphorylation by Western blotting analysis
using �-phosphothreonine (Thr(P)) antibodies. A robust linear
time-dependent increase in threonine phosphorylation was
detected at the predicted molecular mass of NEK3, �58 kDa
(Fig. 1, A and B).

To test whether this phosphorylation required the catalytic
activity of NEK3, two putative kinase-inactive NEK3 mutants
were generated. To this end, key catalytic residues within the
kinase domain of NEK3 were mutated by site-directed

mutagenesis (D145A and K33R/D127A), which were predicted
to render the protein kinase-inactive based upon homology to
mouse NEK3 (29, 30) or other human NEK kinases (31, 32).
Kinase-inactive NEK3 mutants were then subjected to in vitro
autophosphorylation assays (Fig. 1C). In contrast to wild-type
NEK3, phosphorylation was nearly eliminated for both NEK3-
D145A and NEK3-K33R/D127A mutants, with reductions of
87.7 and 82.5%, respectively (Fig. 1D). Collectively, these data
identify NEK3 as a phosphoprotein and suggest that NEK3 is
capable of autophosphorylation in vitro.

Threonine 165 Is Required for NEK3 Autophosphorylation in
Vitro—One of the major mechanisms important in the regula-
tion of protein kinase activation is phosphorylation within the
activation segment (defined as the region spanning two highly
conserved tripeptide motifs, DEF at the N terminus and APE at
the C terminus) (33, 34). Four putative Ser/Thr phosphoryla-
tion sites (Ser-148, Ser-153, Thr-161, and Thr-165) were iden-
tified within the activation segment of NEK3 (residues 145–
172) that could potentially contribute to regulation of its
activation. Notably, both the Thr-161 and Thr-165 sites are
highly conserved across all vertebrate species examined (Fig.
1E). In addition, these sites are conserved in other human NEK
family members (Fig. 1E), indicating a potentially important
regulatory role for these two threonine residues. Therefore, it is
not surprising that homologous serine and threonine residues
within this region have been shown to be critically important
sites of autophosphorylation for other NEK kinases (26, 35). To
this end, in vitro autophosphorylation assays were utilized to
examine the phosphorylation status of these four candidate res-
idues of NEK3 (Ser-148, Ser-153, Thr-161, and Thr-165). Acti-
vation segment phospho-deficient mutants were generated by
individual mutation of the four candidate Ser/Thr residues
within full-length NEK3 to either non-phosphorylatable ala-
nine or valine residues (S148A, S153A, T161V, and T165V) and
subjected to in vitro autophosphorylation assays (Fig. 1F). Two
of the mutants (T161V and S148A) displayed moderately
reduced autophosphorylation compared with wild-type NEK3,
reflected by an approximate 60% reduction in phosphorylated
NEK3 on phosphothreonine residues (Fig. 1G). Phosphoryla-
tion of the S153A mutant was indistinguishable from wild-type
NEK3 protein (Fig. 1G), indicating that it is unlikely a signifi-
cant site of NEK3 autophosphorylation in vitro. This is in strik-
ing contrast to mutation of Thr-165, which was nearly devoid of
autophosphorylation and displayed equal phosphorylation lev-
els as the kinase-inactive NEK3 mutant (D145A) used as a con-
trol (Fig. 1G). Additional NEK3 Thr-165 mutants were created
by either substitution with a non-phosphorylatable alanine res-
idue (NEK3-T165A) or to a highly conserved serine residue
(NEK3-T165S). Both mutants displayed equivalent levels of
autophosphorylation as the NEK3-T165V mutant (data not
shown), indicating that the autophosphorylation defects were
not specific to mutation to a valine residue. To further investi-
gate the significance of Thr-165 on the enzymatic activity of
NEK3, a putative phospho-mimetic mutant was constructed by
substitution of the Thr-165 residue with glutamic acid (NEK3-
T165E). However, as shown in Fig. 1F, NEK3-T165E was unable
to rescue NEK3 autophosphorylation activity, and instead dis-
played equivalent phosphorylation as the phospho-deficient
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NEK3-T165V mutant (Fig. 1G). This result indicated that sub-
stitution at the Thr-165 site with a negatively charged amino
acid was unable to compensate for loss of phosphorylation at
Thr-165. Importantly, it has been previously shown that muta-
tion to glutamic acid does not routinely function as a phosphor-
ylation mimic and is context-specific (36, 37). Collectively,
these results suggest that Thr-165 is essential for the activation
of NEK3 and that there is a stringent requirement for a threo-
nine residue at position 165.

These data demonstrated that NEK3 can autophosphorylate
on threonine residues in vitro and that Thr-165 is a major reg-
ulatory site. However, the consequences of NEK3 autophos-
phorylation remained unclear. To determine the functional
consequences of NEK3 autophosphorylation and to assess
whether Thr-165 could play a role in NEK3 activation, in vitro
kinase assays were performed with in vitro translated NEK3
(wild-type and phospho-mutants), and NEK3 activation was
measured by monitoring substrate phosphorylation by West-
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ern blotting. As there are presently no endogenous NEK3 direct
substrates reported in the literature, dephosphorylated casein
was used as an exogenous substrate in the reaction. Casein had
been previously reported as a suitable substrate for NEK3, as
well as other NEK family members (24, 25). In agreement, wild-
type NEK3 showed robust activity toward phosphorylating
casein, although, as expected, kinase-inactive NEK3 (NEK3-
D145A) was unable to phosphorylate casein in vitro. Mutation
of the Thr-161 site (T161V) resulted in a loss of 65% of kinase
activity. Autophosphorylation at Thr-165 appears to be abso-
lutely critical for the activity of NEK3, as mutation of this site
Thr-165 (T165V and T165E) resulted in a loss of 97% of kinase
activity with respect to its ability to phosphorylate casein as an
exogenous substrate, equivalent to kinase-inactive NEK3 (Fig.
1, H and I). These results demonstrated that NEK3 autophos-
phorylation correlates with its activity and suggests that NEK3
requires Thr-165, and to a lesser extent Thr-161, for its
activation.

Development of a Novel Antibody That Recognizes NEK3 Thr-
165 Phosphorylation—These data implicated Thr-165 as a
major regulatory site within the activation segment of NEK3
and was therefore chosen for further detailed study. However, it
was uncertain whether this residue could be playing a structural
role necessary for NEK3 activation or whether it could be cat-
alytically involved in the autophosphorylation of an alternative
residue without becoming phosphorylated itself. Indeed, NEK3
Thr-165 is located within the highly conserved GT motif within
the P � 1 loop of the predicted activation segment of NEK3, a
region previously shown to be structurally important for kinase
activation (34). Therefore, to address whether Thr-165 itself

was a target for autophosphorylation, a novel rabbit polyclonal
antibody was generated against a peptide comprised of residues
160 –170 of human NEK3 (160CTYVG(pT)PYYVP170) contain-
ing the phosphorylated Thr-165 residue (p-NEK3 (T165); see
under “Experimental Procedures”).

First, the specificity of this antibody to detect NEK3 phos-
phorylated at Thr-165 was evaluated. To confirm that the signal
detected by the p-NEK3 (T165) antibody was specific to the
phosphorylated form of NEK3, autophosphorylated reaction
products of Myc-WT NEK3 were treated with �-protein phos-
phatase (�-PPase) to globally remove phosphate groups. As
shown in Fig. 2A, the p-NEK3 (T165) antibody detected robust
phosphorylation at NEK3 Thr-165 when allowed to autophos-
phorylate in the presence of nonradioactive ATP (Fig. 2A,
2nd lane). Treatment with �-phosphatase completely inhib-
ited detection of NEK3 phosphorylated at Thr-165 (Fig. 2A,
lane 4), whereas total NEK3 protein levels (as detected by the
anti-Myc antibody) remained unchanged. As a control, par-
allel blots were incubated with anti-phosphothreonine anti-
bodies to confirm that �-phosphatase treatment removed all
phosphorylated threonine residues (Fig. 2A). Quantification
of these results showed that �-phosphatase treatment
removed 97% of the antibody signal (Fig. 2B), suggesting that
the p-NEK3 (T165) antibody is highly specific for phosphor-
ylated residues. To further assess the specificity of the
p-NEK3 (T165) antibody, peptide competition studies were
performed. The signal detected by the p-NEK3 (T165)
antibody on autophosphorylated reaction products was
completely inhibited by the immunizing phosphopeptide
(NEK3 pT165; 161TYVG(pT)PYYVP170), but not with equal

FIGURE 1. Autophosphorylation at Thr-165 is required for NEK3 kinase activity in vitro. A and B, immunoblot analysis (A) and quantification (B) of the
time-dependent increase in threonine phosphorylation of wild-type NEK3 in vitro. Full-length wild-type NEK3 containing a C-terminal Myc affinity tag (Myc-WT
NEK3) was translated in vitro and subjected to in vitro autophosphorylation assays in the presence of nonradioactive ATP for the indicated time points. NEK3
protein phosphorylation was detected by Western blotting analysis with �-phosphothreonine antibodies (p-Thr); the Western blot with �-Myc antibodies
showed equal expression of NEK3 protein. NEK3 phosphorylation was quantified by densitometric analysis of the phosphothreonine signal normalized to the
total NEK3 protein levels (detected by the �-Myc antibody) and was plotted over the incubation times of the autophosphorylation reaction; each time point is
graphed as the mean � S.E. of three independent experiments. Data are presented relative to the 60-min time point, which is set as 100%. The solid line shows
the linear fit of the data (R2 � 0.8393). Western blots are representative of three independent experiments. C and D, NEK3 autophosphorylation requires an
intact kinase domain. Wild-type Myc-NEK3 (WT) or kinase-inactive NEK3 mutants (D145A, K33R/D127A) were in vitro translated and purified by immunopre-
cipitation with �-Myc antibodies. In vitro autophosphorylation assays were performed for 45 min and analyzed by Western blotting analysis with �-phospho-
threonine antibodies; Western blotting analysis with �-Myc antibodies showed equal protein expression of NEK3 constructs. NEK3 autophosphorylation was
quantified by densitometric analysis of the phosphothreonine signal normalized to the total NEK3 protein levels (detected by the �-Myc antibody) and
presented as the mean � S.E. of three independent experiments. Data are presented relative to WT NEK3, which is set as 100%. ***, p � 0.001 compared with
WT NEK3; ANOVA was followed by Bonferroni’s multiple comparison test. Western blots are representative of three independent experiments. E, schematic
representation of the predicted domain structures of human NEK3 protein. NEK3 is composed of a kinase domain (residues 4 –257) and two predicted PEST
motifs (residues 443– 460; 469 – 495). Potential serine/threonine (Ser/Thr) sites of autophosphorylation within the activation segment (residues 145–172) are
highlighted in red (Ser-148, Ser-153A, Thr-161, and Thr-165). The amino acid sequence of the activation segment of NEK3 was aligned among species (top) and
aligned with the 11 human NEK kinase family members (bottom). Sequences were aligned using T-Coffee and displayed with Boxshade. Amino acids shaded
in black indicate complete conservation; gray indicates conservation of similar amino acids; and dash indicates a missing amino acid. F, NEK3 Thr-165 is required
for autophosphorylation activity in vitro. Purified in vitro translated Myc-NEK3 wild-type (WT), kinase-inactive NEK3 (D145A), or indicated NEK3 activation loop
mutants (T161V, T165V, T165E, S148A, and S153A) were used to perform in vitro autophosphorylation assays for 45 min in the presence of nonradioactive ATP.
NEK3 protein phosphorylation was determined by immunoblotting with �-phosphothreonine antibodies (p-Thr); Western blotting analysis with �-Myc
antibodies showed equal protein expression of NEK3 constructs. Western blots are representative of three (left panel) or four (right panel) independent
experiments. G, quantification of the autophosphorylation level of the indicated NEK3 mutants relative to wild-type NEK3 (WT) presented as the mean � S.E.
of three (D145A, T161V, T165V, and T165E) or four (S148A and S153A) independent experiments; Western blot images for NEK3 threonine mutants (left panel)
and serine mutants (right panel) represent independent membranes (delineated by black outlines) where mutant autophosphorylation activity was calculated
relative to an internal WT NEK3 control. ***, p � 0.001, n.s., p � 0.05 compared with WT NEK3 (indicated in figure); T161V versus T165V, p � 0.001; D145A versus
T165V, n.s., T165V versus T165E, n.s.; ANOVA was followed by Bonferroni’s multiple comparison test. H, NEK3 Thr-165 is required for kinase activation. An in vitro
kinase assay was performed using purified Myc-NEK3 wild-type (WT), kinase-inactive NEK3 (D145A) or NEK3 threonine phospho-mutants (T161V, T165V, and
T165E) in the presence of nonradioactive ATP with dephosphorylated casein as a substrate for the reaction. Autophosphorylation of NEK3 and trans-phos-
phorylation of casein were detected by immunoblotting with �-phosphothreonine antibodies (p-Thr). A parallel gel was stained with Coomassie to determine
that an equal amount of casein and NEK3 was present in each reaction. Western blots are representative of three independent experiments. I, NEK3 kinase
activity was quantified by densitometric analysis of the phosphothreonine casein signal normalized to the total amount of casein in each reaction and
presented as the mean � S.E. of three independent experiments. Data are presented relative to WT NEK3, which is set as 100%. WT versus D145A, p � 0.001; WT
versus T161V, p � 0.001 (indicated in figure); WT versus T165V, p � 0.001; T161V versus T165V, p � 0.001 (indicated in figure); D145A versus T165V, n.s; T165V
versus T165E, n.s.; ***, p � 0.001, n.s. p � 0.05; ANOVA was followed by Bonferroni’s multiple comparison test.
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amounts of the corresponding non-phosphorylated peptide
(NEK3 T165 NP; 161TYVGTPYYVP170) (Fig. 2, C and D).
Given the proximity of the Thr-165 site to Thr-161, the
p-NEK3 (T165) antibody was evaluated to determine
whether it would cross-react with this nearby site. Pre-incu-
bation with a phosphorylated peptide to the Thr-161 site
(NEK3 pT161; 158FAC(pT)YVGTPY167), resulted in no
change in the signal detected by the p-NEK3 (T165) antibody
(Fig. 2, C and D). Taken together, these results indicate that
the rabbit polyclonal p-NEK3 (T165) antibody specifically
recognizes NEK3 when phosphorylated at residue Thr-165.

NEK3 Is Phosphorylated at Residue Thr-165 within Its Acti-
vation Segment—To ascertain whether Thr-165 was indeed a
site of NEK3 autophosphorylation, the reaction product from
autophosphorylated wild-type NEK3 and kinase-inactive
NEK3 mutants (D145A and K33R/D127A) was analyzed by

Western blotting using the p-NEK3 (T165) antibody. Impor-
tantly, these experiments revealed that NEK3 autophosphory-
lation at Thr-165 was markedly inhibited for both kinase-
inactive NEK3 mutants (Fig. 2, E and F), indicating that
phosphorylation at the Thr-165 site is strictly dependent on the
kinase activity of NEK3 in vitro. To explore the possibility that
phosphorylation at Thr-165 was dependent on the Thr-161
site, the NEK3-T161V mutant was assessed for its ability to
autophosphorylate at Thr-165. As shown in Fig. 2G, NEK3-
T161V retained phosphorylation at Thr-165; however, it was
reduced by 52.0% compared with wild-type NEK3 (Fig. 2H).
These results suggest that the Thr-161 site is not required for
autophosphorylation to occur at Thr-165, but it may play a
modulatory role. As expected, the T165V mutant used as a con-
trol showed no significant phosphorylation detected by the
p-NEK3 (T165) antibody. Collectively, these results demon-

NEK3 Thr-165 Phosphorylation Regulates Cell Migration

21392 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 291 • NUMBER 41 • OCTOBER 7, 2016



strate a key role for Thr-165 regulating NEK3 autophosphory-
lation in vitro.

Activation of the ERK1/2 Pathway Regulates Phosphorylation
of NEK3 Thr-165—To gain insight into the molecular mecha-
nisms regulating NEK3 activation in vivo, the contribution
of PRL-stimulated phosphorylation of NEK3 at Thr-165 was
examined. Collectively, the above data demonstrated that
NEK3 Thr-165 is a major autophosphorylation site in vitro.
However, it was unclear whether phosphorylation at residue
Thr-165 was dependent on the catalytic activity of NEK3 in
vivo. To this end, NEK3 phosphorylation at Thr-165 was exam-
ined directly by Western blotting analysis following PRL stim-
ulation of MCF-7 cells expressing wild-type NEK3 protein
(V5-WT NEK3) or kinase-inactive NEK3 protein (V5-NEK3-
D145A). Upon PRL stimulation, phosphorylation at Thr-165
NEK3 was increased to relatively equivalent levels for both
wild-type and kinase-inactive NEK3 proteins (Fig. 3, A and B).
Surprisingly, these data demonstrate that the catalytic activity
of NEK3 is not required for phosphorylation at Thr-165 in
response to PRL stimulation in vivo and suggest that mecha-
nisms other than autophosphorylation may additionally con-
tribute to activation in vivo.

Thus, this finding suggested that phosphorylation of NEK3 at
Thr-165 may be mediated by an upstream kinase in vivo. To
identify potential upstream kinase(s), a non-biased bioinfor-
matics approach was employed using the kinase prediction
software, Scansite 2.0 (38). Extracellular signal-regulated pro-
tein kinase-1 and -2 (ERK1/2) were identified as likely candi-
dates that could target NEK3 Thr-165. ERK1/2 generally
phosphorylate Ser/Thr residues that lie within the Xaa-(Ser/
Thr)-Pro (X(S/T)P) consensus motif (39). Importantly, the res-
idues surrounding the NEK3 Thr-165 site (164GTP166) fall
within this ERK1/2 consensus motif. Activation of ERK1/2
occurs through dual-phosphorylation of threonine and tyro-
sine residues by mitogen-activated protein kinase (MAPK)
kinase (MEK1/2 (40)) (ERK1, Thr-202/Tyr-187; ERK2, Thr-

185/Tyr-187). To begin to investigate the possible contribution
of ERK1/2-mediated signaling on NEK3 phosphorylation at
Thr-165, MCF-7 cells stably expressing wild-type NEK3 pro-
tein (V5-WT NEK3) or kinase-inactive NEK3 protein (V5-
NEK3-D145A) were pre-treated with the MEK inhibitor,
U0126, to inhibit ERK activation in response to PRL stimula-
tion. Western blotting analysis revealed a dramatic decrease in
the phosphorylation at NEK3 Thr-165 in both wild-type and
kinase-inactive NEK3 cells (Fig. 3C).

To further explore whether ERK1/2 could be responsible for
mediating phosphorylation at NEK3 Thr-165, NEK3 was
assayed for its ability to physically associate with ERK1/2 in vivo
by co-immunoprecipitation experiments in HEK293T cells.
Immunoprecipitation of exogenous V5-WT NEK3 with anti-V5
antibodies demonstrated that endogenous ERK1/2 readily
associated with NEK3 (Fig. 3D, 2nd lane), whereas minimal
interaction was detected using an isotype control antibody (Fig.
3D, 1st lane). Quantification revealed an 8-fold increase in the
association of ERK1/2 with NEK3 compared with the IgG neg-
ative control (Fig. 3E). These data identified a novel, specific
interaction between NEK3 and ERK1/2 in vivo.

To substantiate these findings, a constitutively active form of
MEK1 (CA-MEK1) was expressed in HEK293T cells to activate
endogenous ERK1/2. Co-expression of CA-MEK1 led to a
prominent increase in phosphorylation at NEK3 Thr-165 (Fig.
3, F and G). Treatment of the NEK3 immunocomplexes with
�-protein phosphatase abolished the MEK1-induced phosphor-
ylation at NEK3 Thr-165, which confirmed that the observed
increase in signal detected with the phospho-specific antibody
was the consequence of phosphorylation (Fig. 3, F and G). Acti-
vation of the MEK1-ERK1/2 pathway was confirmed by
increased phosphorylation of ERK1/2 at Thr-202/Tyr-204 (Fig.
3F). Furthermore, CA-MEK1 was also capable of inducing phos-
phorylation at Thr-165 of kinase-inactive NEK3 (D145A),
which indicated that the phosphorylation observed was due to
the MEK1-ERK1/2 pathway and was independent of the cata-

FIGURE 2. Identification of Thr-165 as a novel NEK3 autophosphorylation site in vitro. A and B, p-NEK3 (T165) antibody is phosphospecific. In vitro
translated Myc-WT NEK3 was immunopurified, and an in vitro autophosphorylation assay was performed in the presence or absence of nonradioactive ATP.
Subsequently, immunoprecipitates were subjected to �-PPase treatment and separated by SDS-PAGE, and phosphorylation was detected by immunoblotting
with �-p-NEK3 (T165) antibodies (top) or �-phosphothreonine antibodies (bottom). Graphs show relative densitometric quantification of Western blot band
intensities for the ratio of p-NEK3 (T165) (left panel) and total NEK3 threonine phosphorylation (right panel) normalized to total NEK3 protein levels detected
with the �-Myc antibody. ***, p � 0.001; ANOVA was followed by Bonferroni’s multiple comparison test. Western blots are representative of two independent
experiments. C and D, Western blotting analysis of Myc-WT NEK3 autophosphorylation reactions using the p-NEK3 (T165) antibody in the presence of peptide
competition. The p-NEK3 (T165) antibody was pre-blocked by incubation with 4 �g/ml of the following peptides for 30 min at 4 °C: NEK3 T165 NP, TYVGTPYYVP;
NEK3 pT161, FAC(pT)YVGTPY; NEK3 pT165, TYVG(pT)PYYVP, and incubation without peptide was used as a control. (pT) indicates the phosphorylated residue;
NP, indicates non-phosphorylated; graphs show relative densitometric quantification of Western blot band intensities for the ratio of p-NEK3 (T165) normalized
to total NEK3 levels detected with the �-Myc antibody. Values are presented relative to the no peptide control, which is set as 100%. ***, p � 0.001; n.s., p � 0.05
compared with the no peptide control; ANOVA was followed by Bonferroni’s multiple comparison test. Western blots are representative of three independent
experiments. E and F, phosphorylation of NEK3 Thr-165 is dependent on its catalytic activity in vitro. Wild-type Myc-NEK3 (WT) or kinase-inactive NEK3 mutants
(D145A, K33R/D127A) were in vitro translated and purified by immunoprecipitation with �-Myc antibodies. In vitro autophosphorylation assays were per-
formed for 45 min, and NEK3 phosphorylation was analyzed by Western blot using �-p-NEK3 (T165) antibodies. Immunoblotting with �-Myc antibodies
showed similar protein levels of the NEK3 constructs. NEK3 autophosphorylation was quantified by densitometric analysis of the p-NEK3 (T165) signal
normalized to the total NEK3 protein levels (detected by the �-Myc antibody) and presented as the mean � S.E. of three independent experiments. Data are
presented relative to WT NEK3, which is set as 100%. ***, p � 0.001 compared with WT NEK3; ANOVA was followed by Bonferroni’s multiple comparison test.
Western blots are representative of three independent experiments. G and H, NEK3 autophosphorylation at Thr-165 in vitro is dependent on Thr-161. An in vitro
autophosphorylation assay (45 min) was performed using V5-NEK3 (wild-type and mutants) immunoprecipitates from stable MCF-7 cells. NEK3 protein
phosphorylation was analyzed by Western blot using �-pT165-NEK3 antibodies; equal protein levels of immunoprecipitates were confirmed by blotting with
�-V5 antibodies. Whole cell lysates (WCL) were probed with �-NEK3 antibodies to confirm equal expression of NEK3 constructs; tubulin was used as a loading
control. The black line indicates non-adjacent lanes on the same gel. The graph shows quantification of NEK3 autophosphorylation of the NEK3 threonine
phospho-mutants relative to wild-type NEK3 presented as the mean � S.E. of three independent experiments; differences between groups were determined
by one-way ANOVA was followed by Bonferroni’s multiple comparison test; WT versus D145A, p � 0.001; WT versus T161V, p � 0.001 (indicated in figure); WT
versus T165V, p � 0.001; T161V versus T165V, p � 0.01 (indicated in figure); D145A versus T165V, n.s., ***, p � 0.001; **, p � 0.01; n.s, p � 0.05. Western blots are
representative of three independent experiments.
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lytic activity of NEK3 (Fig. 3, H and I). Taking into account that
ERK1/2 are the only described substrates of MEK1 to date (41,
42), these results implicate activation of the ERK1/2 pathway as
being necessary for phosphorylation of Thr-165 within the acti-
vation segment of NEK3 in vivo.

Prolactin is a known activator of the MEK1-ERK1/2 pathway
(7–9, 43– 45). Therefore, it was examined whether the activa-
tion of ERK1/2 in response to PRL stimulation influenced phos-
phorylation of endogenous NEK3 at Thr-165. Quiescent T-47D
breast cancer cells were stimulated with PRL for various time
points, and phosphorylation of endogenous NEK3 at Thr-165
was examined by Western blotting analysis using p-NEK3
(T165) antibodies (Fig. 4A). Phosphorylation at NEK3 Thr-165
was minimally detected in quiescent T-47D cells, but it signifi-
cantly increased following PRL treatment (Fig. 4, A and B) with
peak phosphorylation occurring at 15–30 min of PRL treat-
ment. Pre-treatment of cells with U0126 to inhibit the PRL-
induced activation of MEK1-ERK1/2 signaling resulted in a

marked decrease in phosphorylation at NEK3 Thr-165, and
when quantified it was revealed to be �70% reduced (Fig. 4B).
Similar results were obtained with MCF-7 cells, indicating that
these observations are not restricted to a single cell line (Fig. 4,
C and D). Notably, phosphorylation at NEK3 Thr-165 corre-
lates with the activation of ERK1/2 observed in response to PRL
stimulation (Fig. 4, A and C).

Importantly, it has been previously reported that U0126 can
also inhibit the MEK5-ERK5 signaling pathway (46, 47), which
can also be activated in response to PRL in breast cancer cell
lines (48). Therefore, to further validate these findings, T-47D
cells stably expressing V5-WT NEK3 were transfected with
small interfering RNA (siRNA) to specifically silence gene
expression of ERK1/2 or a non-targeting control siRNA. The
effectiveness of siRNA-mediated gene silencing of ERK1/2 was
confirmed by Western blotting analysis and was found to be
�60% reduced (Fig. 4, E and F). Reduction of ERK1/2 expres-
sion resulted in a marked inhibition of NEK3 phosphorylation
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at Thr-165 in response to PRL stimulation (Fig. 4, E and F).
Taken together, these results strongly suggest that the activa-
tion of the ERK1/2 pathway in response to PRL stimulation is
responsible for phosphorylation of NEK3 at Thr-165 in vivo.

Phosphorylation at NEK3 Thr-165 Leads to Altered Focal
Adhesion Morphology and Regulates Cell Motility—We next
sought to determine the biological significance of phosphory-
lation at NEK3 Thr-165. It was previously reported that NEK3
contributes to cell migration and invasion of breast cancer cells
in vitro (12); however, the molecular mechanisms remain to be
elucidated. Cell migration and invasion are critical biological
processes that are the first necessary steps in the metastatic
cascade. In order for efficient cell migration to occur, the
assembly and disassembly of focal adhesions must be tightly
regulated. Given that NEK3 had been previously shown to
interact with the focal adhesion adaptor protein, paxillin (12), it
was hypothesized that NEK3 may be regulating cell migration
and invasion, at least in part, through control of focal adhesion
dynamics. Importantly, previous published reports demon-
strated a key role for ERK1/2 in the regulation of focal adhesion
maturation and turnover (49, 50). Thus, it was determined what
effect pharmacological inhibition of ERK1/2 activation by the
MEK inhibitor, U0126, had on focal adhesion morphology.
MCF-7 cells stably expressing V5-WT NEK3 were pre-treated
with U0126, stimulated with PRL, and immunostained for PXN
phosphorylated at tyrosine 118 (p-PXN) to visualize the focal
adhesion complex (Fig. 5A). Quantification of FA morphology
indicated that U0126 treatment resulted in a significant
increase in the average area of individual focal adhesions (Fig.
5B). In addition, the percentage of cell area covered by focal
adhesion complexes was significantly increased by U0126 treat-
ment compared with cells treated with DMSO vehicle control
(Fig. 5C). This increase could be attributed to de novo formation
of focal adhesions; however, the number of focal adhesions nor-

malized to cell area was found to be relatively equivalent
between vehicle-treated and U0126-treated cells (data not
shown). Therefore, these data suggest that inhibition of ERK1/2
signaling may regulate focal adhesion morphology by promot-
ing maturation of existing focal adhesion complexes and/or
inhibiting focal adhesion disassembly, which is in concordance
with previously published reports (50 –52). We therefore
hypothesized that ERK1/2-mediated phosphorylation at NEK3
Thr-165 may be required for its role in regulating the focal
adhesion complex.

To this end, endogenous NEK3 was depleted from MCF-7
cells by retroviral infection of a short hairpin RNA (shRNA)
vector targeted to the cDNA of NEK3, which resulted in a
marked decrease in NEK3 expression as determined by West-
ern blotting analysis (Fig. 5, D and E). Following PRL stimula-
tion, stable MCF-7 knockdown cells were fixed and stained for
PXN phosphorylated at tyrosine 118 (p-PXN), to mark the focal
adhesion complex. Cells with silenced NEK3 expression exhib-
ited altered focal adhesion morphology, with focal adhesions that
appeared significantly longer (Fig. 5F). Quantification of focal
adhesions revealed that there was a 70% increase in the average FA
size, as well as a 4-fold increase in the percentage of cell area occu-
pied by focal adhesions in the shNEK3 cells compared with control
cells (Fig. 5, G and H). Importantly, no differences in p-PXN or
total PXN protein levels between MCF-7 cells expressing shNEK3
and empty vector or scrambled control cells were detected by
Western blotting analysis (data not shown).

Small adhesion structures, known as focal complexes, can
either rapidly turn over or mature into larger long-lived focal
adhesions. Continuous turnover/disassembly of focal adhe-
sions is critical for rapid cell migration to occur, and it has been
shown that large stable focal adhesions tend to inhibit cell
migration (53). Importantly, depletion of NEK3 significantly
reduced cell migration of MCF-7 breast cancer cells (Fig. 5, I

FIGURE 3. MEK1/2-ERK1/2 signaling promotes NEK3 Thr-165 phosphorylation in vivo. A and B, PRL stimulates phosphorylation of kinase-inactive NEK3 at
Thr-165 in breast cancer cells in vivo. Serum-starved MCF-7 cells stably expressing wild-type NEK3 (WT) or kinase-inactive NEK3 (D145A) were stimulated with
PRL (250 ng/ml) for the indicated times and subjected to immunoblot analysis using �-p-NEK3 (T165) antibodies; �-V5 antibodies detected total NEK3
expression levels. Detection of phosphorylated ERK1/2 with �-p-ERK1/2 (T202/Y204) antibodies showed relatively equivalent activation of PRL-induced
downstream signaling. Tubulin was used as a protein loading control. The graph shows the relative densitometric quantification of Western blot band
intensities for the ratio of p-NEK3 (T165) normalized to total NEK3 levels detected with the �-V5 antibody. No significant difference in phosphorylation at NEK3
Thr-165 between WT and kinase-inactive NEK3 was found, n.s.. p � 0.05; two-way ANOVA was followed by Bonferroni’s multiple comparison test. Western blot
images are representative of three independent experiments. C, pharmacological inhibition of MEK1/2-ERK1/2 signaling inhibits phosphorylation at p-NEK3
(T165). Serum-starved MCF-7 cells stably expressing wild-type NEK3 (WT) or kinase-inactive NEK3 (D145A) were left untreated or were pre-treated with the MEK
inhibitor, U0126, for 2 h. Cells were stimulated with PRL (250 ng/ml) for 15 min and V5-NEK3 proteins were isolated from whole cell lysates by immunopre-
cipitation. Immunocomplexes were probed with �-p-NEK3 (T165) antibodies; �-V5 antibodies detected total NEK3 expression levels. Detection of phosphor-
ylated ERK1/2 with �-p-ERK1/2 (T202/Y204) antibodies showed inhibition of the compound’s target. Tubulin was used as a protein loading control. A repre-
sentative Western blot is shown. D and E, exogenous NEK3 associates with endogenous ERK1/2. Cell lysates from HEK293T cells expressing wild-type V5-NEK3
were immunoprecipitated (IP) with �-V5 antibodies (or IgG isotype control antibodies), followed by immunoblotting with antibodies against total ERK1/2 (to
detect binding of endogenous ERK1/2) or anti-V5 (to confirm immunoprecipitation of NEK3). The graph shows the densitometric quantification of the band
intensity of ERK1/2 co-immunoprecipitated with WT NEK3 (or IgG negative control) normalized to the input levels of ERK1/2 present in the whole cell lysate; *,
p � 0.05; Student’s t test. Western blot images are representative of three independent experiments. F and G, CA-MEK1 increases NEK3 Thr-165 phosphory-
lation. Cell lysates were prepared from HEK293T cells co-transfected with expression vectors for V5-WT NEK3 and constitutively active MEK1 (CA-MEK1;
S218D/S222D), as indicated. Immunoprecipitated V5-WT NEK3 was incubated with �-PPase in vitro prior to Western blotting analysis with p-NEK3 (T165)
antibodies; �-V5 antibodies detected total NEK3 expression levels. WCL were immunoblotted with antibodies directed against �-MEK1 (to detect CA-MEK1)
and �-p-ERK1/2 (T202/Y204) (to show MEK1 downstream activation); �-tubulin was used as a protein loading control. The graph shows the relative densito-
metric quantification of Western blot band intensities for the ratio of p-NEK3 (T165) normalized to total NEK3 levels detected with the �-V5 antibody. *, p � 0.05;
ANOVA was followed by Tukey’s multiple comparison test. Western blots are representative of three independent experiments. H and I, NEK3 catalytic activity
is dispensable for phosphorylation at Thr-165 in response to CA-MEK1. Cell lysates were prepared from HEK293T cells co-transfected with expression vectors
for either V5-NEK3 wild-type (WT) or kinase-inactive NEK3 (D145A) and constitutively active MEK1 (CA-MEK1; S218D/S222D), as indicated. V5-NEK3 constructs
were immunoprecipitated (IP) with �-V5 antibodies, and NEK3 phosphorylation was examined by Western blotting with �-p-NEK3 (T165) antibodies; �-V5
antibodies detected similar expression levels of the NEK3 constructs. WCLs were immunoblotted with antibodies directed against �-MEK1 (to detect CA-MEK1)
and �-pERK1/2 (T202/Y204) (to show MEK1 downstream activation). �-Tubulin was used as a loading control. The graph shows the relative densitometric
quantification of Western blot band intensities for the ratio of p-NEK3 (T165) normalized to total NEK3 levels detected with the �-V5 antibody. *, p � 0.05, n.s.
p � 0.05; ANOVA was followed by Tukey’s multiple comparison test. Western blots are representative of four independent experiments.
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and J). Expression of NEK3 cDNA engineered to contain syn-
onymous mutations in the shNEK3-targeting sequence (WT
Rescue) was able to partially rescue the cell motility defect
caused by knockdown of NEK3 (Fig. 5, I and J). However,
expression of a rescue construct that contained an additional
phospho-deficient mutation at Thr-165 (T165V Rescue)

remained inhibited to a similar level as the shNEK3 cells (Fig. 5,
I and J). The protein expression level of the WT and T165V
rescue constructs was verified to be relatively equivalent by
Western blotting analysis (Fig. 5K). These data suggest that
NEK3 plays a role in the regulation of the focal adhesion com-
plex and is required for efficient cell migration.

FIGURE 4. Activation of the PRL-MEK1/2-ERK1/2 signaling pathway in breast cancer cells increases NEK3 Thr-165 phosphorylation. A–D, PRL-induced
phosphorylation of endogenous NEK3 at Thr-165 is sensitive to U0126 treatment. Serum-starved T-47D (A and B) and MCF-7 (C and D) cells were pre-treated
with either dimethyl sulfoxide (DMSO) control (Vehicle) or U0126 (40 �M) for 2 h and were subsequently stimulated with PRL (250 ng/ml) for the indicated times.
Western blotting analysis of endogenous NEK3 phosphorylated at Thr-165 was performed using �-p-NEK3 (T165) antibodies. Lysates were subsequently
blotted with �-p-ERK1/2 (T202/Y204) antibodies to confirm inhibition of compound target. Expression of total ERK1/2 served as a protein loading control.
Graphs show relative densitometric quantification of Western blot band intensities for the ratio of p-NEK3 (T165) normalized to total NEK3 levels (left panels)
and the ratio of p-ERK1/2 (T202/Y204) normalized to total ERK levels (right panels). *, p � 0.05; **, p � 0.01; ***, p � 0.001; ANOVA was followed by Bonferroni’s
multiple comparison test. Western blot images are representative of three independent experiments. E and F, PRL-induced NEK3 phosphorylation at Thr-165
is attenuated after knockdown of ERK1/2 in T-47D cells. T-47D cells stably expressing V5-WT NEK3 were transfected with 50 nM control siRNA (CTRL) or ERK1/2
siRNA and incubated for 24 h prior to serum-starvation for 24 h. Cells were stimulated with PRL (250 ng/ml) for the times as indicated. Lysates were immuno-
blotted with �-p-NEK3 (T165) antibodies; �-tERK1/2 antibodies were used to confirm knockdown. Tubulin was used as a protein loading control. Graphs show
relative densitometric quantification of Western blot band intensities for the ratio of p-NEK3 (T165) normalized to total NEK3 levels (F, left panel) and the level
of total ERK1/2 expression normalized to tubulin (F, right panel). *, p � 0.05; ANOVA was followed by Bonferroni’s multiple comparison test. Western blot images
are representative of two independent experiments.
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To further dissect the role of NEK3 Thr-165 phosphorylation
in the regulation of focal adhesion morphology and cell migra-
tion, MCF-7 cells were infected with lentiviruses expressing
wild-type and phospho-mutant forms of V5-NEK3 (WT,
D145A, T161V, and T165V) or GFP as a control. Relatively
equivalent expression levels of WT and mutant NEK3 proteins
were detected in the stable MCF-7 cells by RT-PCR analysis as
well as by Western blotting of cell lysates with an anti-NEK3
antibody (Fig. 6A). To evaluate the role of NEK3 phosphoryla-
tion at Thr-165 on breast cancer cell migration, stable MCF-7
cells stably expressing V5-WT NEK3 or the phospho-mutant
forms of NEK3 were assayed for motility by scratch wound-
closure assay. Compared with the MCF-7-GFP control cells,
overexpression of the WT NEK3 or the NEK3-T161V mutant
did not result in any significant changes to cell motility (Fig. 6B).
In contrast, the NEK3-T165V mutant significantly inhibited
cell motility by 40% compared with cells expressing WT NEK3,
and they functioned equivalent to kinase-inactive NEK3-D145A
(Fig. 6, B and C). Importantly, NEK3-T165V was also found to
inhibit wound closure when these experiments were performed in
the presence of mitomycin-C, an inhibitor of DNA synthesis (data
not shown), suggesting that the impairment in the ability to close
the wound was likely not attributable to differences in cell prolif-
eration. Thus, NEK3 regulates breast cancer cell migration and is
dependent on phosphorylation at Thr-165.

Next, actin filaments and focal adhesions were visualized by
indirect immunofluorescent confocal microscopy in the stable
MCF-7 cells expressing WT NEK3, NEK3-T161V, or NEK3-
T165V using phalloidin and PXN phosphorylated at Tyr-118
(p-PXN), respectively. The localization of exogenous NEK3
proteins were visualized by staining PRL-stimulated MCF-7
cells with �-V5 antibodies (red) and was found to be predomi-
nantly cytoplasmic (Fig. 6D), which is consistent with previ-

ously published reports in both fibroblasts (29) and neurons
(30). No differences in NEK3 localization were observed
between wild-type NEK3 and the phospho-mutants (NEK3-
T161V or NEK3-T165V), which all showed enriched staining at
the cell periphery and strong co-localization with actin in mem-
brane ruffles (Fig. 6D). Expression of NEK-T165V in MCF-7
cells resulted in a dramatic change to the actin cytoskeleton and
induced a robust increase in actin stress fibers (Fig. 6D). Actin
stress fibers are often associated with mature focal adhesion struc-
tures. Therefore, to determine whether phosphorylation of NEK3
at Thr-165 plays a role in focal adhesion maturation, we analyzed
focal adhesion size by confocal microscopy in MCF-7 cells
expressing the various NEK3 constructs. Expression of NEK3-
T165V promoted the formation of larger, more intensely stained
focal adhesions compared with cells expressing wild-type NEK3
(Fig. 6, E and F). Importantly, Western blotting analysis deter-
mined that the total protein levels of PXN phosphorylated at Tyr-
118 and total PXN remained relatively equivalent among the
stable NEK3 MCF-7 cells (data not shown).

Focal adhesion structures were also assessed by confocal
microscopy, using another protein marker, zyxin. Zyxin, an
�-actinin and stress fiber binding protein, is present in mature
focal adhesions but is typically absent from small focal com-
plexes (54). Few zyxin-positive adhesions were detected in
parental control, wild-type NEK3, or NEK3-T161V cells, indi-
cating the likely presence of focal complexes (Fig. 6, G and I). In
marked contrast, zyxin-positive adhesions were increased by
70% in cells expressing NEK3-T165V compared with WT
NEK3 cells under PRL-stimulated conditions (Fig. 6I). Size,
another marker of focal adhesion maturity, was �40% greater
in NEK3-T165V cells compared with wild-type NEK3 cells (Fig.
6H). Importantly, Western blotting analysis determined that
the total protein levels of zyxin remain unchanged (data not

FIGURE 5. NEK3 depletion in breast cancer cells leads to altered focal adhesion morphology and inhibits cell motility. A, pharmacological inhibition of
MEK1/2-ERK1/2-mediated signaling induces changes to focal adhesion morphology. Stable MCF-7 cells expressing V5-WT NEK3 were pre-treated with DMSO
vehicle control (Vehicle) or U0126 (10 �M) for 48 h and were subsequently stimulated with PRL (500 ng/ml) for 15 min. Cells were processed for indirect
immunofluorescence using �-V5 antibodies to detect exogenous NEK3 (red), FITC-phalloidin to visualize F-actin (green), �-phospho-PXN (Tyr-118) antibodies
to visualize focal adhesions (magenta), and DAPI to visualize the nucleus (blue). Cells were imaged using confocal microscopy. Scale bar, 10 �M. B and C,
quantification of FA parameters obtained in A using antibodies directed against p-PXN to mark the focal adhesion complex. Individual FA area (B) and total FA
area per cell normalized to cell area (C) are presented as the mean � S.E. of two independent experiments (where each experiment analyzed 10 –23 cells and
80 –937 focal adhesions per condition). C, data are presented as the fold change relative to vehicle control cells. *, p � 0.05 compared with vehicle control;
Student’s t test. D and E, knockdown of endogenous NEK3 in MCF-7 cells. Immunoblot analysis (D) and quantification (E) of NEK3 protein levels in MCF-7 cells
stably infected with shRNA vectors targeted to NEK3 (shNEK3), scrambled non-targeting negative control (SC), or EV negative control. Whole cell lysates were
probed with NEK3 antibodies and tubulin served as a protein loading control. The graph shows the ratio of the signal intensities of NEK3 normalized to tubulin.
E, values are presented relative to the empty vector control, which is set as 100%. Data are the mean � S.E. of four independent experiments. *, p � 0.05
compared with empty vector and scrambled controls; ANOVA was followed by Tukey’s multiple comparison test. Western blots are representative of four
independent experiments. F, stable MCF-7 cells expressing EV control, scrambled non-targeting control (SC), or shRNA targeted to NEK3 (shNEK3) were treated
with PRL (500 ng/ml) for 15 min, fixed, and stained for indirect immunofluorescence using �-NEK3 antibodies to detect endogenous NEK3 (red), FITC-phalloidin
to visualize F-actin (green), �-phospho-PXN (Tyr-118) antibodies to visualize focal adhesions (magenta), and DAPI to visualize the nucleus (blue). Cells were
imaged using confocal microscopy. Scale bar, 10 �M. G and H, quantification of FA parameters obtained in F using phospho-PXN to mark the FA complex.
Individual FA area (G) and total FA area per cell normalized to cell area (H) are presented as the mean � S.E. of two independent experiments (where each
experiment analyzed 5–21 cells and 115– 650 focal adhesions per condition). *, p � 0.05; **, p � 0.01 compared with empty vector and scrambled controls.
ANOVA was followed by Tukey’s multiple comparison test. I, cell migration was evaluated by wound healing assay of NEK3 depleted cells. Confluent mono-
layers of stable MCF-7 cells expressing empty vector control (EV), scrambled non-targeting control (SC), or shRNA targeted to NEK3 (shNEK3) were scratched
with a sterile pipette tip and allowed to migrate for 48 h. NEK3 expression was rescued by transfection of the stable shNEK3 cells with NEK3 cDNA engineered
to contain five synonymous mutations in the shNEK3 target sequence (WT-Rescue or T165V-Rescue) with empty vector control (VC). Representative phase-
contrast images captured at 0 and 48 h after wounding are shown. The solid yellow line indicates the wound edge. J, distance the cells migrated after 48 h
relative to the initial wound (0 h) was measured with ImageJ software (National Institutes of Health). Data are presented as the mean � S.E. of three
independent experiments (where each group had at least three technical replicates per experiment). Data are presented relative to the empty vector control,
which is set as 100%. *, p � 0.05 compared with scrambled control (shown in figure); SC versus WT Rescue, n.s., p � 0.05; ANOVA was followed by Bonferroni’s
multiple comparison test. K, confirmation of NEK3 rescue constructs expression in MCF-7 shNEK3 cells. MCF-7 cells that were stably transduced with shNEK3
were transfected with NEK3 rescue constructs where NEK3 cDNA was engineered to contain five synonymous mutations in the shNEK3 target sequence
(WT-Rescue), a NEK3 rescue construct additionally containing the T165V mutation (T165V Rescue), or the vector control (VC). The expression of the NEK3 rescue
constructs (WT Rescue and T165V Rescue) was detected by immunoblot analysis using a NEK3 antibody to show the resistance of the constructs to NEK3 shRNA.
Tubulin served as a protein loading control. Western blots are representative of two independent experiments.
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shown) among the stable NEK3 MCF-7 cells. Collectively, these
data raise the exciting possibility that PRL-MEK1-ERK1/2 tar-
geted phosphorylation at NEK3 Thr-165 plays a critical role in
focal adhesion maturation and/or focal adhesion turnover,
thereby regulating breast cancer cell migration.

Discussion

In this report, we investigated how activation segment phos-
phorylation contributes to the activation and function of NEK3

in vitro, as well as in breast cancer cells in vivo. Phosphorylation
within the kinase activation segment, either by autophosphor-
ylation or phosphorylation by an upstream kinase, is an impor-
tant regulatory mechanism for kinase activation; however,
there is presently little known about how phosphorylation reg-
ulates the activation of NEK3. Site-directed mutagenesis of Ser/
Thr residues (Ser-148, Ser-153, Thr-161, and Thr-165) within
the NEK3 activation segment identified NEK3 Thr-165 as a
major site of autophosphorylation in vitro (Figs. 1, F and G, and
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2, E and F), as well as being required for its catalytic activity in
vitro (Fig. 1, H and I). To our knowledge, this is the first in vitro
autophosphorylation site described for NEK3. The proximity of
the Thr-161 and the Thr-165 sites raises the possibility that
phosphorylation at these residues could be coordinately regu-
lated. Indeed, we found that replacement of Thr-161 with a
non-phosphorylatable valine residue (T161V) resulted in a
moderate reduction of phosphorylation at Thr-165 (Fig. 2, G
and H). This leads to several possible scenarios, including that
phosphorylation at NEK3 Thr-161 may serve as a priming event
that is required for maximal phosphorylation at Thr-165. How-
ever, it does not exclude the possibility that replacement of the
Thr-161 site with a valine residue could alter the structure of
the NEK3 activation loop, rendering it more accessible for
autophosphorylation at Thr-165. Generation of a phosphospe-
cific antibody specific for phosphorylation at the Thr-161 site
would allow for future studies dissecting the potential interplay
between these two sites in the phosphoregulation of NEK3 acti-
vation. Interestingly, the residues surrounding residue Thr-161
of NEK3 fit the very loose phosphorylation consensus se-
quence of the NEK founding member, NIMA (F/L)XX(S/T)
(158FACT161) (55), lending support to the notion that phosphor-
ylation at this site could have the potential to be an autocatalytic
event. Furthermore, crystal structure analysis where NEK3 is
phosphorylated on residues Thr-161 and/or Thr-165 will clar-
ify the mechanism of how phosphorylation at these site(s) reg-
ulates NEK3 activation.

Both the Thr-161 and the Thr-165 sites are highly conserved
among NEK family members (Fig. 1E), and several studies have
examined how phosphorylation at corresponding sites within
the activation segment contributes to the activation of other
NEK family members. NEK3 Thr-161 aligns with the corre-
sponding Thr-175 on NEK2 kinase, Ser-206 on NEK6 kinase
and Ser-195 on NEK7 kinase. Previous work has demonstrated
that phosphorylation of each of these residues is important in
regulating the activation of each of the respective NEK kinases
(26, 35). This is in contrast to our results, which instead dem-
onstrated a key regulatory role for phosphorylation at the NEK3
Thr-165 site, revealing a unique difference in the regulation of
NEK3 activation compared with its family members. NEK3 Ser-

148 and Ser-153 are much less conserved among NEK family
members (Fig. 1E), and individual mutation of these serine res-
idues resulted in either a modest reduction or equivalent level
of autophosphorylation compared with wild-type NEK3,
respectively (Fig. 1, F and G). This suggests that these serine
residues are unlikely to function as regulatory autophosphory-
lation sites in vitro and were therefore not included for further
analysis in this study. However, it is reasonable to postulate that
additional regulatory phosphorylation sites, both within the
N-terminal kinase domain as well as in the C-terminal non-
enzymatic region of the protein, remain to be identified.

Our previous data demonstrated that PRL stimulates the cat-
alytic activity of NEK3 (24); however, the mechanism was not
identified. In this report, it was demonstrated that endogenous
NEK3 is phosphorylated at Thr-165 in response to PRL stimu-
lation in breast cancer cells (Fig. 4, A–D). The kinetics of NEK3
phosphorylation in breast cancer cell lines stimulated with PRL
occurs within 15–30 min (Fig. 4, A–F). However, NEK3
autophosphorylation in vitro is slower, with maximum auto-
phosphorylation occurring between 45– 60 min (Fig. 1, A and
B). These observations suggested that additional mechanisms
might exist in vivo that could contribute to more rapid phos-
phorylation and activation of NEK3. In addition, it was
observed that the catalytic activity of NEK3 was dispensable for
phosphorylation at NEK3 Thr-165 in cells, as the kinase-inac-
tive D145A mutant was phosphorylated to a similar level as WT
NEK3 in response to PRL stimulation (Fig. 3, A and B). There-
fore, the possibility that phosphorylation at NEK3 Thr-165
could be targeted by an independent upstream kinase was
examined. Our data revealed that NEK3 Thr-165 represents a
potential novel ERK1/2-mediated phosphorylation site. This
was supported by data showing that inhibition of ERK1/2 acti-
vation in breast cancer cells, both by pharmacological inhibi-
tion and ERK1/2-specific siRNA, resulted in significant atten-
uation of phosphorylation at NEK3 Thr-165 (Fig. 4). This is the
first report of any specific kinase contributing to the phosphor-
ylation of NEK3. Moreover, a novel interaction between NEK3
and ERK1/2 was demonstrated using co-immunoprecipitation
approaches (Fig. 3D). This suggested the possibility that
ERK1/2 may directly phosphorylate NEK3 at Thr-165, addi-

FIGURE 6. Phosphorylation at NEK3 Thr-165 modulates focal adhesion morphology to regulate breast cancer cell migration. A, analysis of NEK3 mRNA
and protein levels in MCF-7 cells expressing NEK3 cDNA. MCF-7 cells were transduced with NEK3 cDNA (wild-type and phospho-mutants) by lentiviral infection.
Total RNA and whole cell lysates were isolated from cells and subjected to RT-PCR (left panel) or immunoblot analysis (right panel). GAPDH and tubulin served
as loading controls, respectively. bp, indicates base pairs. Data are representative of two independent experiments. B, cell migration evaluated by wound
healing assay. Confluent monolayers of stable MCF-7 cells expressing the indicated V5-NEK3 phospho-mutant constructs were scratched with a sterile pipette
tip and allowed to migrate for 48 h. Representative phase-contrast images captured at 0 and 48 h after wounding are shown. The solid yellow line indicates the
wound edge. C, distance the cells migrated after 48 h relative to the initial wound (0 h) was measured with ImageJ software (National Institutes of Health). Data
are presented as the mean � S.E. of three independent experiments (where each group had at least three technical replicates per experiment). Data are
presented relative to the parental GFP control group, which is set as 100%. **, p � 0.01 compared with WT NEK3 (indicated in figure); CTRL versus WT, p � 0.05;
WT versus T161V, p � 0.05; ANOVA was followed by Bonferroni’s multiple comparison test. D, MCF-7 cells expressing V5-NEK3 (wild-type and phospho-
mutants) or parental control cells (CTRL) were stimulated with PRL (500 ng/ml) for 15 min, fixed, and stained for indirect immunofluorescence using �-V5
antibodies to detect exogenous NEK3 (red), FITC-phalloidin to visualize F-actin (green), �-phospho-PXN (Tyr-118) antibodies to visualize focal adhesions
(magenta), and DAPI to visualize the nucleus (blue). Cells were imaged using confocal microscopy. Scale bar, 10 �M. E and F, quantification of FA parameters
obtained in D using phospho-PXN to mark the FA complex. Individual FA area (E) and total FA area per cell normalized to cell area (F) are presented as the
mean � S.E. of two independent experiments (where each experiment analyzed 3–22 cells and 231–1377 focal adhesions per condition). F, data are presented
relative to the parental control, which is arbitrarily set to 1. *, p � 0.05; ***, p � 0.001 compared with WT NEK3; ANOVA was followed by Bonferroni’s multiple
comparison test. G, MCF-7 cells expressing V5-NEK3 (wild-type and phospho-mutants) or parental control cells (CTRL) were treated with 500 ng/ml PRL for 15
min, fixed, and stained for indirect immunofluorescence using �-V5 antibodies to detect exogenous NEK3 (red), FITC-phalloidin to visualize F-actin (green),
�-zyxin antibodies to visualize focal adhesions (magenta), and DAPI to visualize the nucleus (blue). Cells were imaged using confocal microscopy. Scale bar, 10
�M. H and I, quantification of FA parameters obtained in G using �-zyxin antibodies to mark the FA complex. Individual FA area (H) and FA number normalized
to cell area (I) are presented as the mean � S.E. of two independent experiments (where each experiment analyzed 3–24 cells and 4 –1181 focal adhesions per
condition). ***, p � 0.001 compared with WT NEK3; ANOVA was followed by Bonferroni’s multiple comparison test.
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tionally supported by analysis indicating that Thr-165 falls
within an ERK1/2 consensus phosphorylation sequence. Pre-
liminary studies by our laboratory indicate that ERK1/2 may
require additional scaffolding proteins and/or co-factor(s) to
facilitate phosphorylation of NEK3 at Thr-165 in vitro (data not
shown).

The functional consequences of phosphorylation at Thr-165
were examined by expression of the phospho-deficient NEK3
mutant (NEK3-T165V) in MCF-7 breast cancer cells. Our find-
ings demonstrated that expression of NEK3-T165V resulted in
increased focal adhesion area (Fig. 6, D–F), increased presence
of zyxin-positive focal adhesions (Fig. 6, G–I), reorganization of
the actin cytoskeleton into stress fibers (Fig. 6D), with a con-
cordant impairment in cell motility (Fig. 6, B and C). Function-
ally, the dominant-negative effect of the phospho-deficient
NEK3-T165V mutant was recapitulated through knockdown of
endogenous NEK3 expression by shRNA (Fig. 5, F–J) and
through inhibition of the MEK/ERK1/2 signaling pathway (Fig.
5, A–C). Importantly, ERK1/2 have an established role regulat-
ing cell migration in many cell types (56 –59), including breast
cancer cells (60, 61). Collectively, these data suggest that phos-
phorylation at NEK3 Thr-165, likely in response to activation of
ERK1/2 signaling, regulates focal adhesion maturation and/or
disassembly thereby influencing cell migration. There are sev-
eral possibilities as to how NEK3 could regulate disassembly of
the focal adhesion complex. Focal adhesions connect the actin
cytoskeleton of the cell to the extracellular matrix through
integrins, which are known to be key regulators of cell migra-
tion and invasion. Integrins localize to FAs and recruit focal
adhesion proteins such as paxillin, vinculin, and focal adhesion
kinase to trigger the downstream activation of the RHO family
of GTPases (24, 62, 63). Our laboratory previously demon-
strated that there is a PRL-dependent association between the
PRLR and �1 integrin (64), as well as between PRLR and NEK3
(24), with both interactions reaching maximal levels upon 15
min of PRL stimulation. This suggests the possibility that NEK3
could also be in complex with �1 integrin and could regulate its
activation either through direct phosphorylation of its cyto-
plasmic tail or through phosphorylation of �1 integrin-binding
partner(s) of the focal adhesion complex. The phosphorylation
of integrin cytoplasmic tails has been proposed to be an impor-
tant mechanism to regulate the activation and function of
integrins (65), and there is precedence for Ser/Thr kinase-me-
diated phosphorylation of the cytoplasmic tail of �-integrins
resulting in promoting cell migration (66). Furthermore, NEK3
has been shown to regulate the serine phosphorylation of PXN
(12), which has been previously reported to regulate adhe-
sion turnover in migrating cells (67). Therefore, NEK3-me-
diated phosphorylation of PXN and its role in the regulation
of FA turnover merits further study. However, this does not
limit the possibility that NEK3 may additionally interact
with and regulate phosphorylation of other components of
the focal adhesion complex.

The coordinated assembly and disassembly of the focal adhe-
sion complex is crucial to directed cell migration (53, 68). Focal
adhesion dynamics and cell migration are largely controlled by
RHO GTPases (RAC, RHO, and CDC42). RAC and RHO must
be reciprocally activated, either spatially or temporally, in order

for efficient cell migration to occur (22, 69 –71). Collectively,
the phenotype observed in cells expressing NEK3-T165V is
reminiscentofactivationof theRHOpathway.Howmightphos-
phorylation at NEK3 Thr-165 regulate the RHO pathway? Our
work previously identified a regulatory role for wild-type NEK3
promoting the activation of RAC1, with data suggesting that
NEK3 modulates phosphorylation of the guanine nucleotide
exchange factor (GEF), VAV2, leading to activation of RAC1.
RAC and RHO are positively regulated by GEFs that promote
GTP binding and are down-regulated by GTPase-activating
proteins (GAPs) that stimulate the intrinsic GTPase activity of
RAC/RHO. To date, there are �70 GEFs and 80 GAPs that have
been identified for RHO GTPases, which can have antagonistic
effects on the activities of RAC and RHO. Therefore, it is pos-
sible that NEK3 could regulate GEFs and/or GAPs to alter the
balance between RAC and RHO signaling. VAV2 is known to
act as a GEF for both RAC and RHO proteins, so it is also
plausible that NEK3-mediated phosphorylation of VAV2 could
alter its specific localization within the cell or its interaction
with RAC or RHO depending on signaling cues to promote cell
migration. Identification of biologically relevant direct sub-
strates of NEK3 will greatly aid in the dissection of the role of
NEK3 in regulating these processes. Collectively, these data
provide novel mechanistic insight into the role of NEK3 activa-
tion and function in breast cancer cells, and as a targetable
kinase it has potential therapeutic implications in the treatment
of breast cancer.

Experimental Procedures

Reagents—U0126 (1,4-diamino-2,3-dicyano-1,4-bis(2-amino-
phenylthio)butadiene; catalog no. 9903), nonradioactive ATP (cat-
alog no. 9804), and mouse mAb IgG XP isotype controls (catalog
no. 5415) were obtained from Cell Signaling Technology (Danvers,
MA). �-PPase (catalog no. 14-405), protease inhibitor mixture set
III, EDTA-free (catalog no. 539134), and phosphatase inhibitor
mixture set I (catalog no. 524624) were purchased from EMD Mil-
lipore (Billerica, MA). Phosphorylated NEK3 peptides (pT161 and
pT165) were purchased from New England Peptide (Gardner,
MA). Recombinant protein G-agarose beads (catalog no. 15920-
010) and Coomassie SimplyBlue SafeStain (catalog no. LC6060)
were from Life Technologies, Inc. (Carlsbad, CA). Prolactin (PRL)
was gifted by Dr. Anthony Kossiakof (University of Chicago, Chi-
cago, IL). Nonidet P-40 (catalog no. N3500) and Triton X-100 (cat-
alog no. A16046) were from United States Biological (Salem, MA)
and Alfa Aesar (Ward Hill, MA), respectively. Unless otherwise
specified, all chemicals were purchased from Sigma.

Cell Culture and Transfection—T-47D and MCF-7 human
breast cancer cell lines were obtained from the American Type
Culture Collection (ATCC; Manassas, VA) and cultured in Dul-
becco’s modified Eagle’s medium (DMEM; Life Technologies,
Inc.) supplemented with 10% FBS (Sigma), 100 units/ml peni-
cillin/streptomycin (Life Technologies, Inc.), and 1 �g/ml cip-
rofloxacin (Corning Inc.). Human embryonic kidney 293T
(HEK293T) cells were provided by Dr. Debabrata Chakravarti
(Northwestern University, Chicago, IL), and the Phoenix-AM-
PHO retroviral packaging cells were provided by Dr. Jonathan
Licht (Northwestern University, Chicago, IL) and were cul-
tured in DMEM with 10% FBS. All cells were cultured on tissue
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culture-treated polystyrene from Falcon (Corning Inc.) in a
humidified 37 °C incubator containing 5% CO2. For PRL treat-
ment, cells were deprived of serum for 18 –24 h in phenol red-
free medium, followed by addition of PRL to yield a final con-
centration of 250 or 500 ng/ml (indicated in figure legend). For
transfection, a ratio of 2 �g of plasmid DNA was mixed with 5
�l of Lipofectamine LTX reagent (Life Technologies, Inc.) fol-
lowing the manufacturer’s recommendations. Cells were typi-
cally analyzed 48 h post-transfection. Cell lines were regularly
tested to be free from mycoplasma contamination using Myco-
Alert Mycoplasma detection kit (Lonza Inc., Walkersville, MD).

RNA Interference—SignalSilence p44/42 MAPK (ERK1/2)
siRNA (catalog no. 6560) and SignalSilence Non-Targeting
Control siRNA (catalog no. 6568S) were purchased from Cell
Signaling Technology. MCF-7 breast cancer cells were trans-
fected with the siRNA at a final concentration of 50 nM using
RNAiMax (Life Technologies, Inc.) following the manufactu-
rer’s protocol. Transfected cells were analyzed 60 –72 h post-
transfection. For NEK3 knockdown, pRFP-C-RS HuSH 29-mer
constructs containing NEK3 shRNA (shNEK3) (catalog no.
TF320430/FI378940; CTCTCCAATCCGATGGCATTTGC-
TTGTAC), empty vector (EV) (catalog no. TR30014), and
scrambled (SC) non-targeting control (catalog no. TR30015;
GCACTACCAGAGCTAACTCAGATAGTACT) were pur-
chased from Origene (Rockville, MD).

Constructs and Viruses—Full-length human NEK3 cDNA
(accession catalog no. BC019916) was PCR-amplified using
Platinum Taq High Fidelity DNA polymerase (Life Technolo-
gies, Inc.) from cDNA purchased from Open Biosystems Inc.
(Clone ID, 5000918; Lafayette, CO) using the following primers
(For, 5�-GGGGTACCGAGCCACCATGGATGACTACATG-
GTC-3�, and Rev, 5�-AATTTGCGGCCGCCATCTGTCG-
CACAGGCCTTG-3�). NEK3 cDNA was cloned into the
pcDNA3.1/myc-His A vector (Life Technologies, Inc.) contain-
ing C-terminal myc and His6 epitope tags using KpnI and NotI
restriction enzyme sites. NEK3 mutants (D145A, K33R/D127A,
T161V, T165V, T165A, T165S, T165E, S148A, and S153A)

were constructed using the QuickChange Lightning site-
directed mutagenesis kit (Agilent Technologies Inc., Santa
Clara, CA) following the manufacturer’s protocol. To generate
shRNA-resistant cDNA, five silent point mutations were intro-
duced into the shRNA-targeting sequence of the wild-type
NEK3 cDNA using site-directed mutagenesis. pENTR1A-
MEK1 (W1) was a gift from Dr. Paul Khavari (Addgene catalog
no. 21208; Cambridge, MA), and site-directed mutagenesis was
performed to substitute residues Ser-218 and Ser-222 with
aspartic acid residues (S218D/S222D) to obtain a constitutively
active form of MEK1 (CA-MEK1) (72, 73). pENTR1A-MEK1
S218D/S222D was recombined into the pLenti CMV/TO GFP-
Zeo DEST lentiviral destination vector using Gateway LR Clo-
nase II enzyme mix (Life Technologies, Inc.) according to the
manufacturer’s protocol. pLenti CMV/TO GFP-Zeo DEST was
a gift from Dr. Eric Campeau (Addgene; plasmid catalog no.
719-1 (74)). Primer sequences used for site-directed mutagen-
esis are listed in Table 1. All mutations were confirmed by tra-
ditional DNA sequencing at the Genomics Core Facility
(Northwestern University, Chicago, IL).

Similarly, PCR-amplified full-length NEK3 cDNA was
cloned into the pENTR4-V5 (w71-3) vector containing an
N-terminal V5 epitope tag using KpnI and NotI restriction
enzyme sites to generate entry clones. pENTR4-V5 (w71-3) was
a gift from Dr. Eric Campeau (Addgene; plasmid catalog no.
17425 (74)). NEK3 mutants were constructed using the Quick-
Change Lightning site-directed mutagenesis kit (D145A,
T161V, and T165V) following the manufacturer’s protocol.
pENTR4-V5-NEK3 entry clones were recombined into the
pLenti CMV/Puro DEST lentiviral destination vector using
Gateway LR Clonase II enzyme mix (Life Technologies, Inc.)
according to the manufacturer’s protocol. pLenti CMV/Puro
DEST was a gift from Dr. Eric Campeau (Addgene; plasmid
catalog no. 17452 (74)). pLenti CMV/V5-NEK3 plasmids were
co-transfected into HEK293T cells with ViraPower lentiviral
packaging mix (Life Technologies, Inc.) using Lipofectamine
LTX (Life Technologies, Inc.). Supernatants containing NEK3

TABLE 1
List of primers for site-directed mutagenesis

Primer name Sequence (5�–3�)

MEK1 S218D/S222D Forward AGCTCATCGACGACATGGCCAACGACTTCGTGGGCACAAG
Reverse CTTGTGCCCACGAAGTCGTTGGCCATGTCGTCGATGAGCTGCCC

NEK3 D145A Forward AAAAGTGAAATTGGGAGCCTTTGGATCTGCCCGTC
Reverse GACGGGCAGATCCAAAGGCTCCCAATTTCACTTTT

NEK3 K33R Forward CAGTAATCAGATGTTTGCCATGCGAGAAATAAGGCTTCCCAAGTCT
Reverse AGACTTGGGAAGCCTTATTTCTCGCATGGCAAACATCTGATTACTG

NEK3 D127A Forward GAAACGTGTGCTACACAGAGCTATCAAGTCCAAGAATATCT
Reverse AGATATTCTTGGACTTGATAGCTCTGTGTAGCACACGTTTC

NEK3 S148A Forward ATTGGGAGACTTTGGAGCTGCCCGTCTTCTCTC
Reverse GAGAGAAGACGGGCAGCTCCAAAGTCTCCCAAT

NEK3 S153A Forward CTGCCCGTCTTCTCGCCAATCCGATGGCA
Reverse TGCCATCGGATTGGCGAGAAGACGGGCAG

NEK3 T161V Forward CAATCCGATGGCATTTGCTTGTGTCTATGTGGGAACTCCTTATTAT
Reverse ATAATAAGGAGTTCCCACATAGACACAAGCAAATGCCATCGGATTG

NEK3 T165V Forward TGGCATTTGCTTGTACCTATGTGGGAGTTCCTTATTATGTGCC
Reverse GGCACATAATAAGGAACTCCCACATAGGTACAAGCAAATGCCA

NEK3 T165A Forward GCTTGTACCTATGTGGGAGCTCCTTATTATGTGCCTC
Reverse GAGGCACATAATAAGGAGCTCCCACATAGGTACAAGC

NEK3 T165S Forward GCTTGTACCTATGTGGGATCTCCTTATTATGTGCCTC
Reverse GAGGCACATAATAAGGAGATCCCACATAGGTACAAGC

NEK3 T165E Forward GGCATTTGCTTGTACCTATGTGGGAGAGCCTTATTATGTGCCTCC
Reverse GGAGGCACATAATAAGGCTCTCCCACATAGGTACAAGCAAATGCC

NEK3 shRNA rescue Forward GACTTTGGATCTGCCCGTCTTCTCAGTAACCCTATGGCATTTGCTTGTACCTATGTG
Reverse CACATAGGTACAAGCAAATGCCATAGGGTTACTGAGAAGACGGGCAGATCCAAAGTC
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lentivirus were collected 48 h post-transfection and filtered
through a Millex-HV PVDF 0.45 �M filter (EMD Millipore).
T-47D and MCF-7 cells were transduced with viral supernatant
supplemented with fresh growth medium containing 8 �g/ml
Polybrene (EMD Millipore) by spin infection (500 	 g at 32 °C)
for 2 h. Cells stably expressing the pLenti CMV/V5-NEK3 plas-
mids were selected for by treatment with puromycin (2 �g/ml)
for �2 weeks. Pools of puromycin-resistant cells were used for
experiments.

Cell Lysis and Western Blotting—For detection of endoge-
nous NEK3, cells were rinsed in ice-cold PBS and scraped in
ice-cold PBS containing 1	 protease inhibitor mixture, 2.5 mM

EDTA, and 2.5 mM EGTA. Cells were lysed in buffer containing
50 mM HEPES-KOH (pH 7.4), 5 mM MnCl2, 10 mM MgCl2, 5
mM EGTA, 2 mM EDTA, 100 mM NaCl, 5 mM KCl, 0.1% (v/v)
Nonidet P-40, 2 mM Na3VO4, 20 mM �-glycerophosphate, 20
mM NaF, 1	 protease inhibitor mixture, and 1	 phosphatase
inhibitor mixture. For all other experiments, unless otherwise
indicated, cells were rinsed and scraped in ice-cold PBS and
subsequently lysed in buffer containing 50 mM Tris (pH 8.0), 5
mM EDTA, 150 mM NaCl, 5% (v/v) glycerol, 1% (v/v) Triton
X-100, 50 mM NaF, 2 mM Na3VO4, 0.1 M PMSF, 1	 protease
inhibitor mixture, and 1	 phosphatase inhibitor mixture.
Lysates were resolved by SDS-PAGE and transferred to PVDF
membranes (Bio-Rad). Membranes were blocked with either
casein blocker (Thermo Fisher Scientific, catalog no. 37532) or
for phospho-specific antibodies, 3% (w/v) BSA (prepared in
Tris-buffered saline (TBS) containing 0.1% (v/v) Tween 20) and
subsequently incubated with primary antibodies diluted in
blocking buffer overnight at 4 °C. Bound antibodies were visu-
alized with HRP-conjugated secondary antibodies against
mouse or rabbit IgG using ECL2 Western blotting substrate
(Thermo Fisher Scientific). Blots were developed using the
FujiFILM LAS-3000 imaging system (Fujifilm Medical Systems,
Stamford, CT). Images were initially processed, and densito-
metric analysis was performed using FujiFILM Multi Gauge
Version 3.0 program (Fujifilm Medical Systems). Quantifica-
tion of blot intensities was performed using data that were
obtained within a linear range of exposure.

Antibodies for Western Blotting—The following antibodies
were used for Western blotting analysis at the indicated dilu-
tions: mouse monoclonal anti-Myc (catalog no. 2276, 1:1000
dilution), rabbit monoclonal anti-p44/42 MAPK (ERK1/2) (cat-
alog no. 4695, 1:1000 dilution), rabbit monoclonal anti-phos-
pho-p44/42 MAPK (ERK1/2) (Thr-202/Tyr-204) (catalog no.
4370, 1:1000 dilution), rabbit polyclonal anti-MEK1/2 (catalog
no. 9122, 1:1000 dilution), rabbit polyclonal anti-phospho-
threonine (catalog no. 9381, 1:666 dilution), and rabbit poly-
clonal anti-phospho-PXN (Tyr-118) (catalog no. 2541, 1:1000
dilution) antibodies were purchased from Cell Signaling Tech-
nology. Mouse monoclonal anti-V5 (catalog no. R96025, 1:2500
dilution), mouse monoclonal anti-�-tubulin (catalog no.
32-2500, 1:1000 dilution), rabbit polyclonal anti-phosphoserine
(catalog no. 61-8100; 1:125 dilution), and rabbit polyclonal anti-
phosphothreonine (catalog no. 71-8200, 1:500 dilution) anti-
bodies were obtained from Life Technologies, Inc. Mouse
monoclonal anti-PXN (catalog no. 05-417, 1:1000 dilution) and
rabbit polyclonal anti-zyxin (ab71842, 1:1000 dilution) anti-

bodies were from EMD Millipore and Abcam (Cambridge,
MA), respectively. Rabbit polyclonal anti-NEK3 (1:1000 dilu-
tion) and rabbit polyclonal anti-phospho-NEK3 (Thr-165)
(1:666 dilution) antibodies were custom-made by New England
Peptide, as described below. HRP-conjugated ECL sheep anti-
mouse IgG and donkey anti-rabbit IgG antibodies were from
GE Healthcare. HRP-conjugated Clean Blot IP detection re-
agent was purchased from Thermo Fisher Scientific (Waltham,
MA).

Generation of Custom NEK3 Antibodies—A custom poly-
clonal affinity-purified antibody to phosphorylated NEK3 resi-
due threonine 165, �-p-NEK3 (T165), was generated by New
England Peptide. New Zealand White rabbits were immunized
against a peptide containing residues 160 –170 located within
the N-terminal kinase domain of human NEK3 (160CTYVG-
(pT)PYYVP170), where (pT) indicates the phosphorylated thre-
onine 165 residue. Subsequently, double affinity purification
using the non-phosphorylated and phosphorylated peptide was
performed to yield the phosphospecific antibody. Similarly,
New England Peptide produced a custom polyclonal antibody
that recognizes total NEK3 protein. New Zealand White rabbits
were immunized with a peptide to residues 487– 496 located
within the C terminus of human NEK3 (487NPDWVSELKK496).
Affinity purification was performed to yield the purified NEK3
antibody (�-NEK3).

Co-immunoprecipitation Assay—Transfected HEK293T cells
were lysed in co-immunoprecipitation buffer (20 mM Tris-HCl
(pH 7.5), 150 mM NaCl, 1% (v/v) Nonidet P-40, 100 mM NaF, 5
mM MgCl2, 0.5 mM Na3VO4, 1 mM PMSF, 5 mM �-glycerophos-
phate, 1	 protease inhibitor mixture, and 1	 phosphatase
inhibitor mixture), modified from previously published inter-
action between RAC1 and ERK1/2 (75). Lysates were pre-
cleared with 50 �l of recombinant protein G-agarose beads
(50% slurry in PBS) with rotation at 4 °C for 1 h. Pre-cleared
lysates were incubated with 3 �g of either IgG isotype control or
anti-V5 epitope tag antibodies (Life Technologies, Inc., catalog
no. R96025) overnight at 4 °C with rotation. 50 �l of recombi-
nant protein G-agarose beads (50% slurry in PBS) was added to
immunocomplexes and rotated at 4 °C for 2 h. Immunoprecipi-
tates were washed three times in lysis buffer, eluted by boiling in
2	 Laemmli sample buffer (Bio-Rad) containing 5% (v/v)
�-mercaptoethanol, and analyzed by Western blotting.

NEK3 Autophosphorylation Assay—Myc-NEK3 proteins
(WT and mutants) were produced by in vitro transcription/
translation in a rabbit reticulocyte lysate using 2.0 �g of
pcDNA3.1/myc-His NEK3 plasmid DNA in the TNT Quick-
Coupled Transcription/Translation System (Promega, Madi-
son, WI) following the manufacturer’s protocol. 450 �l of mod-
ified NEB buffer (29) (50 mM HEPES-KOH (pH 7.4), 5 mM

MnCl2, 10 mM MgCl2, 5 mM EGTA, 2 mM EDTA, 100 mM NaCl,
5 mM KCl, 0.1% (v/v) Nonidet P-40, 30 �g/ml RNase A, 30
�g/ml DNase I, 1 mM PMSF, 5 mM �-glycerophosphate, 5 mM

NaF, 1	 protease inhibitor mixture, and 1	 phosphatase
inhibitor mixture) was added, and Myc-NEK3 was immunopre-
cipitated using 1 �l of the anti-Myc antibody (Cell Signaling
Technology, catalog no. 2276) with rotation overnight at 4 °C.
Immune complexes were captured using 50 �l of recombinant
protein G-agarose beads (50% slurry in PBS) with rotation at

NEK3 Thr-165 Phosphorylation Regulates Cell Migration

OCTOBER 7, 2016 • VOLUME 291 • NUMBER 41 JOURNAL OF BIOLOGICAL CHEMISTRY 21403



4 °C for 2 h. Beads were subsequently washed three times in
modified NEB buffer and twice in kinase wash buffer (50 mM

HEPES-KOH (pH 7.4) and 5 mM MnCl2). Beads were resus-
pended in 40 �l of kinase buffer (50 mM HEPES-KOH (pH 7.4),
5 mM MnCl2, 5 mM �-glycerophosphate, 5 mM NaF, 1 mM DTT,
200 �M nonradioactive ATP) and incubated at 30 °C for the
time point(s) indicated in the figure legends. Kinase reaction
was terminated by addition of 2	 Laemmli sample buffer con-
taining 5% (v/v) �-mercaptoethanol. Samples were boiled for 5
min and resolved by SDS-PAGE. NEK3 protein phosphoryla-
tion was detected by Western blotting analysis using pan anti-
phosphothreonine or anti-p-NEK3 (T165) antibodies. To
examine NEK3 activation, kinase assays were performed as
described above, with the addition of 1.4 mg/ml dephosphory-
lated casein (Sigma, catalog no. C4032) as substrate added to
the reactions.

In Vitro Phosphatase Treatment—Captured NEK3 immuno-
complexes were incubated with 400 units of �-PPase (EMD
Millipore) in phosphatase buffer (50 mM HEPES-KOH (pH 7.4),
100 mM NaCl, 2 mM DTT, 0.01% (v/v) Nonidet P-40, 1 mM

MnCl2) for 90 min at 30 °C. Phosphatase reactions were termi-
nated by boiling for 5 min in 2	 Laemmli sample buffer, and the
level of NEK3 phosphorylation was measured by immunoblot
analysis using antibodies against p-NEK3 (T165).

RNA Extraction and NEK3 RT-PCR—Total RNA was iso-
lated from MCF-7 cells using the RNeasy Plus mini kit accord-
ing to manufacturer’s instructions (Qiagen; Valencia, CA).
cDNA was synthesized with the qScriptTM cDNA Supermix kit
(Quanta Biosciences, Gaithersburg, MD) using 1 �g of RNA as
template for the reaction. NEK3 was amplified using gene-spe-
cific primers (For, 5�-CAATAAAAGTGACATCTGGTCC-
TTGGG-3�, and Rev, 5�-CAGATGGACTGACTTATTAC-
CTTTTTCTTCTC-3�) using GoTaq Hot Start Green Master
Mix (Promega). The 511-bp PCR product was visualized on an
ethidium bromide-stained 1.5% agarose gel, and an image was
captured with FujiFILM LAS-3000 imaging system. The 816-bp
product corresponding to glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) (For, 5�-TGGCAAATTCCATGGCAC-
CGTCAA-3� and Rev, 5�-ACCACCCTGTTGCTGTAGC-
CAAAT-3�) was used as a loading control.

Immunofluorescence Microscopy—MCF-7 cells were cul-
tured on glass coverslips (VWR International, Radnor, PA) for
18 h in full growth medium prior to 24 h of serum starvation.
Immunofluorescence staining was performed after PRL treat-
ment (500 ng/ml) for 15 min. Briefly, cells were fixed in 4% (v/v)
paraformaldehyde (Electron Microscopy Sciences, Hatfield,
PA), permeabilized with 0.05% (v/v) Nonidet P-40 in PBS for 10
min, and blocked with 5% (v/v) goat serum (Life Technologies,
Inc., catalog no. 50062Z) in PBS for 1 h. All primary and sec-
ondary antibodies were diluted in 2% (v/v) goat serum in PBS.
The following primary antibodies were incubated overnight at
4 °C: mouse monoclonal anti-V5 epitope tag (Life Technolo-
gies, Inc., catalog no. R96025; 1:100 dilution) or mouse mono-
clonal anti-NEK3 (Abgent Inc., catalog no. AT3017a; San
Diego, CA; 1:75 dilution) were used to detect exogenous or
endogenous NEK3, respectively. Rabbit monoclonal anti-phos-
pho-PXN (Tyr-118) (Abcam, catalog no. 32084; 1:100 dilution)
or rabbit polyclonal anti-zyxin (Sigma, catalog no. HPA004835;

1:100 dilution) were used to mark the focal adhesion complex.
Coverslips were subsequently incubated with Alexa Fluor 568
goat anti-mouse IgG (H�L) and Alexa Fluor 647 goat anti-
rabbit IgG (H�L) secondary antibodies (Life Technologies,
Inc.; 1:500 dilution) for 1 h at room temperature. Coverslips
were counterstained with fluorescein-conjugated phalloidin
(1:40; 20 min) to visualize actin filaments, and nuclei were visu-
alized with DAPI (1:1000; 5 min). Coverslips were mounted on
slides with ProLong Gold antifade reagent (Life Technologies,
Inc.). Images were captured at room temperature using a Nikon
Plan-Apochromat 	60 oil-immersion lens (1.4 numerical
aperture) with the Nikon C2� laser scanning confocal micro-
scope. Images were analyzed with NIS-Elements software
(Nikon Instruments, Melville, NY) and FIJI/ImageJ (National
Institutes of Health, Bethesda, MD) (76, 77).

Wound Closure Assay—Stable MCF-7 cells were seeded in
triplicate in a 12-well plate and grown to confluence. A sterile
200-�l tip was used to introduce a scratch-wound in the cell
monolayer. The cells were washed once with growth medium to
remove cellular debris and replaced with fresh growth medium
containing 10% (v/v) FBS. Phase contrast images were captured
with a Zeiss AxioCam HRc camera (Carl Zeiss, Thornwood, NY)
coupled to the Zeiss Axiovert 200 microscope (	10 objective lens,
Carl Zeiss) at 0 and 48 h post-scratch. Relative wound width was
measured using ImageJ software (National Institutes of Health).

Statistical Analysis—All experiments were independently
replicated two or more times, as indicated in the figure legends.
All statistical analysis was performed using Prism version 4
(Graph Pad Software; La Jolla, CA). One-way or two-way anal-
ysis of variance (ANOVA) with post hoc Bonferroni’s or
Tukey’s multiple comparison tests were used to analyze differ-
ences between groups. Results are typically shown as the mean
with error bars representing S.E. n.s., p � 0.05; *, p � 0.05; **,
p � 0.01; ***, p � 0.001.
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