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The mitotic spindle apparatus is composed of microtubule (MT) networks attached to kinetochores organized from 2
centrosomes (a.k.a. spindle poles). In addition to this central spindle apparatus, astral MTs assemble at the mitotic
spindle pole and attach to the cell cortex to ensure appropriate spindle orientation. We propose that cell cycle-related
kinase, Nek7, and its novel interacting protein RGS2, are involved in mitosis regulation and spindle formation. We found
that RGS2 localizes to the mitotic spindle in a Nek7-dependent manner, and along with Nek7 contributes to spindle
morphology and mitotic spindle pole integrity. RGS2-depletion leads to a mitotic-delay and severe defects in the
chromosomes alignment and congression. Importantly, RGS2 or Nek7 depletion or even overexpression of wild-type or
kinase-dead Nek7, reduced g-tubulin from the mitotic spindle poles. In addition to causing a mitotic delay, RGS2
depletion induced mitotic spindle misorientation coinciding with astral MT-reduction. We propose that these
phenotypes directly contribute to a failure in mitotic spindle alignment to the substratum. In conclusion, we suggest a
molecular mechanism whereupon Nek7 and RGS2 may act cooperatively to ensure proper mitotic spindle organization.

Introduction

The central mitotic spindle is composed of MT networks that
connect kinetochores to the mitotic spindle poles.1,2,3,4 In addi-
tion to the central spindle, astral MTs connect to spindle MTs
via the spindle pole5 generating forces to segregate chromosomes
to mother and daughter cells. These events contribute to accurate
assembly, positioning, and orientation of the mitotic spindle.6,7,8

Failure of these processes can lead to cell death or chromosome
instability, aneuploidy, and diseases, including cancer.9,10

Human serine/threonine-protein kinase, Nek7, is a member of
NIMA-related kinase (Nek) family11,12,13,14 required for proper
spindle formation and mitotic progression.15,16,17,18 Nek7 kinase
activity reaches its maximum during mitosis19,20 where it localizes to
the centrosome to ensure appropriate mitotic progression.15,16,17 In
this regard, Nek7 loss reduces centrosomal localized pericentriolar
material (PCM; e.g., pericentrin and g-tubulin) during G2/M
phase, arrests the cells inmetaphase and subsequently causes apopto-
sis.21,16,17,12,22 Additional studies have suggested Nek70s involve-
ment in cytokinesis.18,23 Taken together, these studies indicate
Nek7 as a regulator of cell cycle progression. However, the

identification and characterization of bona fide downstream Nek7
substrates that participate in cell division remain unclear.

We have previously shown that the regulator of G-protein sig-
naling, RGS2, interacts with Nek7 in yeast 2 hybrid screens and
localizes with Nek7 at the central spindle and spindle poles.24

This has led to the hypothesis that RGS2, like Nek7, might be
required for spindle organization and function.

Regulators of G protein signaling (RGS) are canonically known
to reform the inactive heterotrimeric (abg) G protein at the plasma
membrane, in part, by acting as GTPase-activating proteins (GAPs)
for several classes of G proteina subunits.25,26 RGS2, one of the first
mammalian RGS proteins identified,27 is a negative regulator of Ga
i and q.28 Although several works have identified specific classes of G
protein a subunits and their regulators as critical components in
asymmetric cell division,29,30 to date, no cell division function for
RGS2 has been described.

In this study, we addressed the hitherto unknown characteri-
zation of RGS2 in regulating mitosis and mitotic spindle organi-
zation. The interaction and phosphorylation, the RGS2 spindle
localization Nek7-dependent, as well as the similarities of mitotic
phenotypes induced by Nek7 and RGS2, support the

*Correspondence to: J€org Kobarg; Email: jorgkoba@unicamp.br
Submitted: 09/18/2014; Revised: 11/25/2014; Accepted: 11/28/2014
http://dx.doi.org/10.4161/15384101.2014.994988

656 Volume 14 Issue 4Cell Cycle

Cell Cycle 14:4, 656--667; February 15, 2015; © 2015 Taylor & Francis Group, LLC

REPORT



interpretation that RGS2 may act cooperatively with Nek7 to regu-
late the proper organization and function of the mitotic spindle.

Results

Nek7 binds to and phosphorylates RGS2
We have previously described the identification of canonical

negative regulator of heterotrimeric G protein signaling, RGS2,
as a Nek7 interactor through yeast 2-hybrid.24 To validate RGS2
as a Nek7 binding partner, we immobilized purified 6xHis-
Nek7FL on Ni-NTA agarose beads and incubated the beads with
HEK293T extract. In the pull-down we identified endogenous
RGS2 (Fig. 1A) suggesting that the 2 proteins are present in the
same complex. Furthermore, to confirm whether RGS2 could
also behave as a Nek7 substrate, 6xHis-Nek7FL was incubated
with [g-32P]ATP in the presence or absence of purified RGS2-
GST, NEK9-GST (a known Nek7 substrate24), or GST-control.
The 6xHis-Nek7FL was able to phosphorylate recombinant
RGS2 and NEK9, but not GST-control (Fig. 1B),

demonstrating that RGS2 was an in vitro Nek7 substrate. The
band observed below the predicted recombinant 52 kDa RGS2
appears to be a degradation product (Fig. 1B).

The RGS2 localization to the mitotic spindle
is Nek7-dependent

To explore the functional involvement between Nek7 and
RGS2, we investigated their in vivo cellular localization. We veri-
fied that endogenous RGS2 localized at the centrosome and to a
subset of microtubules emanating from centrosome in a manner
identical to a-tubulin during prometaphase (Fig. 2A). Further-
more, RGS2 localized at the spindle and to astral MTs during
metaphase (Fig. 2A). Importantly, Nek7 localized along with
RGS2 at the mitotic spindle and poles during prometaphase
(Fig. 2B).These results raised the possibility that Nek7 and
RGS2 might co-function in mitosis.

In order to further address this, we examined if Nek7 deple-
tion affects RGS2 localization during mitosis (Fig. 2C). RGS2
localization to mitotic spindle and poles was severely reduced in
Nek7-depleted cells (Fig. 2D), indicating that a precise level of

Nek7 is critical to ensure proper recruit-
ment of RGS2 to the mitotic spindle and
poles. These findings are consistent with
RGS2 being a novel Nek7 interactor and
substrate and suggest that both work in con-
cert to regulate mitotic progression. This is
reinforced by the Protein-Protein Interac-
tion (PPI) profile, visualized by a crosstalk
network of Nek7 and RGS2 (Fig. S1 and
Table S1).

RGS2 is involved in mitotic progression
Next, we examined the role of Nek7-

(Fig. 2C) and RGS2-depletion (Fig. 3A) on
mitotic progression. We noticed that both
Nek7 (data not shown) and RGS2-depleted
cells caused a similar increase in the mitotic
index (5–6%) compared to control (2–3%)
(Fig. 3B).

To determine at what point a mitotic
delay occurred with either Nek7- or RGS2-
depletion, live-cell imaging was performed.
Compared to control, both Nek7- and
RGS2-depleted cells had a significant
increase in time spent between nuclear
envelope breakdown to anaphase onset
(»2-fold, Fig. 3C). Together, these findings
indicate an involvement of Nek7 along with
RGS2 in mitotic progression.

RGS2 depletion disrupts
chromosomes segregation and mitotic
spindle architecture

The mitotic delay following RGS2
depletion suggested a role for RGS2 in spin-
dle formation. Based on this, we examined

Figure 1. Interaction and, phosphorylation of Nek7 with RGS2. (A) Western Blotting (WB) analysis from
pull-down (PD) of recombinant Nek7 binding to endogenous HEK293T RGS2. RGS2 does not bind to
Ni-NTA agarose resins (Ni-NTA), nor does RARA bind to Nek7, demonstrating the assay specificity. The
results are based on 3 independent experiments. Molecular weight (kDa) of the proteins is indicated.
(B) Nek7 phosphorylates RGS2 in vitro. The arrowheads indicate the positions of the GST-tagged pro-
teins or GST-control whereas the arrows indicate the position of the 6xHis-Nek7FL detected in the
autoradiography (32P Autorad), WB or in SDS-PAGE. The GST-NEK9(764–976) was used as a phosphory-
lation positive control.24 No activity of 6xHis-Nek7FL was detected on GST-control, demonstrating the
phosphorylation specificity for substrate. The results are based in 3 independent experiments. Molecu-
lar weights (kDa) of themarker proteins are indicated.
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whether RGS2-depleted cells could appropriately align and
assemble the MT-based mitotic spindle. Indeed, we found that
RGS2-depleted metaphase cells exhibited misaligned kineto-
chores (CREST, Fig. 4A-a0). RGS2-depleted metaphase cells dis-
played DNA roughly aligned around a thicker metaphase plate
(Fig. 4B), indicating defective congression of chromosomes to
the metaphase plate. These misaligned chromosomes found in

RGS2-depleted cells contained an elevated amount of Aurora B
at their kinetochores (»3-fold- compared to control, Fig. 4A-a0),
a hallmark of inappropriate kinetochore-MT attachment.31,32

One possibility for inadequate MT-kinetochore attachment is
from a poorly functioning mitotic spindle and pole.33 Strikingly,
with RGS2 depletion, we found that MTs were poorly focused at
mitotic spindle and poles during metaphase (EB1, Fig. 4B and

Figure 2. Nek7 suppression disrupts RGS2 recruitment to the spindle. (A) and (B) In vivo endogenous localization of RGS2 and Nek7 in HeLa cells during
mitosis. Endogenous proteins were detected with specific primary antibodies, revealed with Alexa Fluor� 488 or Alexa Fluor� 546 secondary antibodies,
and visualized by confocal fluorescence microscopy using Operetta High Content Imaging System (Perkin Elmer). The protein pericentrin was used to
stain the centrosome and a-tubulin the cytoskeleton. The nucleus was stained by Hoechst. At least 20 cells were analyzed in each mitotic stage from 3
independent experiments and all cells showed the localization pattern represented in the images. The magnitude is indicated in the figures scale bars.
White arrow denotes spindle pole (centrosome), arrowhead indicates mitotic spindle and red arrow indicates astral MTs. (C) Western Blotting (WB) analy-
sis of lysates from HeLa cells treated with control shRNA or Nek7 shRNA, demonstrates the decreased levels of Nek7.WB of 6xHis-Nek7FL recombinant
protein shows the antibodies specificity. GAPDH was used as a protein loading control. (D) Immunofluorescence images show loss of RGS2 at the spindle
of Nek7-depleted cells. Bottom, graphs show the phenotype quantification. n D 35 counted cells/ triplicated experiments. *P < 0.05.
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Aurora A, Fig. 4C-c0, respectively) and in some cases it resulted
in a kinked spindle (Fig. 4B). Moreover, Aurora A is poorly con-
centrated at the mitotic spindle pole, which is required for bipo-
lar spindle assembly (Fig. 4C-c0 and for a review see refs. 34).

Since RGS2-depleted cells had unfocused MTs and chromo-
some misalignment, a problem with kinetochore fiber formation
was suggested. Spindle MTs acetylation is closely correlated with
kinetochore fiber MT stability.35 Therefore, we examined acety-
lated MTs in RGS2-depleted metaphase cells. Acetylated-
a-tubulin was severely reduced in RGS2-depleted cells compared
to control (Fig. 4D).

Nek7 and RGS2 are important for integrity of spindle poles
Due to RGS2 spindle pole localization (Figs. 2A and B) and

its depletion leading to unfocused MTs in metaphase cells
(Figs. 4B and C), we examined whether MT-nucleation factors

(e.g., pericentrin and g-tubu-
lin)36,37,38 were recruited
properly in RGS2-depleted
cells.

Control metaphase cells
have a robust focusing of
g-tubulin at the mitotic
spindle pole with few dis-
persed g-tubulin puncta
(Fig. 5A). However, RGS2-
depleted cells had a signifi-
cant decrease in g-tubulin at
the mitotic spindle pole,
with an increase in visible
punctate staining through-
out the cell (Fig. 5A). Con-
sistent with previous
reported effects of Nek7,17,22

g-tubulin was reduced
in cells overexpressing
FLAG-Nek7FL or dominant
negative FLAG-Nek7KD
(Fig. 5B, columns 2 and 3),
concomitantly, there was a
decrease in g-tubulin at the
mitotic spindle pole of Nek7
or RGS2-depleted cells
(Fig. 5B, column 4). In addi-
tion to g-tubulin, pericentrin
fragmentation could also be
observed in RGS2-depleted
cells (Fig. 5C). Furthermore,
we noted that the localization
of p150Glued, a subunit of
dynein/dynactin complex,
that mediates MTs capture
events at the cortex,39 is
dispersed at the spindle poles
of RGS2-depleted cells
(Fig. 5D). These results show

that RGS2 contributes to mitotic spindle pole assembly and further
corroborate the importance of Nek7 activity in the spindle pole
functions.

RGS2 depletion affects spindle orientation
The mitotic delay and loss of spindle organization following

RGS2-disruption indicated that RGS2 may have additional
mitotic functions. Previous studies have argued that misorienta-
tion of the division plane causes a delay in flattening of the
daughter cell farthest away from the substrate.40,33 Closer inspec-
tion of our live-cell imaging experiments revealed that RGS2-
depleted cells had a misorientation of their cell division axis
(Fig. 6A and Movie S3) whereas control cells usually divide par-
allel to the substratum (Fig. 6A and Movie S4). Consistent with
this, the spindle angle relative to the cell-substrate adhesion plane
in »35% of RGS2-depleted cells was >20�, where most control

Figure 3. Nek7 and RGS2 depletion induces delay in mitosis. (A) Western Blotting (WB) analysis of lysates from HeLa
cells treated with RGS2 shRNA or control shRNA demonstrates the decreased levels of RGS2. WB of GST-RGS2
recombinant protein shows the antibodies specificity. GAPDH was used as a protein loading control. (B) Statistical
analysis of RGS2-depleted cells exhibiting higher mitotic index. Data represents means and standard deviations of 3
independent experiments. At least 750 cells were counted for each experimental group. (C) Timing in mitosis is
extended in RGS2-depleted cells. Timing of individual cells (each spot) from nuclear envelope breakdown to ana-
phase onset (68,46 § 5,791 min) compared with control shRNA (42,86 § 2,763 min). Untreated HeLa cells (HeLa)
are shown. Delay in mitosis is also observed in Nek7-depleted cells. Data represent means of 3 independent experi-
ments.*P < 0.05. n D 60 in 3 independent experiments.
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spindles divided parallel to the substratum (90% < 20�,
Figs. 6B-C). These results demonstrate that RGS2 is required for
proper spindle orientation.

Since spindle positioning and orientation are controlled by
pulling forces exerted on the plus-end of astral MTs interacting
to cell cortex factors,41 the precise distribution of astral and plus-
end MTs to the cell cortex of control and RGS2-depleted cells
were assessed. Interestingly, a severe loss of astral MTs was
observed in RGS2-depleted cells by examining both a-tubulin
and the plus-end binding protein EB1 (Fig. 6D), whereas control

cells presented astral MTs that extend out to the cell cortex
(Fig. 6D), suggesting that cortical interactions of MT astral were
significantly impaired after RGS2 depletion.

Discussion

In this study we presented first evidence for RGS2 function in
mitotic progression, spindle organization, and thus orientation.
We propose that RGS2 has a role in mitosis is through its
upstream kinase, has a Nek7.

Figure 4. RGS2 loss affects the correct morphology of mitotic spindle and poles. (A) RGS2-depleted cells show misaligned chromosomes, unattached
kinetochores (CREST and Aurora B staining), and (B) poorly focused spindles (CREST and EB1 staining). Graphs (a0) show the percentage of cells with
CREST and Aurora B mislocalized. Thickened metaphase plate (DAPI) and elongated, kinked and curved spindle morphology (Aurora A staining) could
also be observed. n>20/3 independent experiments. (C) Unfocused spindle poles in RGS2-depleted cells. Graphs (c0) show the percentage of cells with
unfocused spindle poles. Scale bar in A and B is indicated in the images. Scale bar in C: 10 mM. (D) RGS2 depletion reduces MT-acetylation in mitotic spin-
dle. Graphs (c0) show the percentage of cells with acetylated a-tubulin reduction at spindle. n>75/3 independent experiments. *P < 0.05.
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Several findings in our study support this notion. First, we
showed that Nek7 interacts with RGS224 and directly phosphor-
ylates it in vitro. Second, Nek7 regulates the RGS2 mitotic spin-
dle localization. Third, both Nek7 and RGS2 depletion led to a

higher mitotic index accompanied by mitotic delay (Figs. 3A and
3B; for Nek7 see refs.16,18), with cells harboring chromosome
alignment and kinetochore–microtubule attachment defects
(Figs. 4A and 4B; for Nek7 see ref.23), disturbance in MT

Figure 5. Nek7 and RGS2 suppression disrupt centrosomes integrity at the spindle poles. (A) Confocal images showing loss of poles g-tubulin following
RGS2 depletion. The arrow indicates punctate g-tubulin staining. Bar graphs (right) showing the phenotype percentage are representative of 3 indepen-
dent experiments. n> 30 cells for each experimental group. (B) Immunofluorescence images of mitotic cells showing loss of g-tubulin from spindle poles
(arrow) of cells presenting the indicated treatments. Graphs (bottom) show the phenotype percentage and are representative of 3 independent experi-
ments. n D 25/ experimental group. (C) Confocal images showing the pericentrin disruption following RGS2 depletion. Bar graphs (bottom) showing the
phenotype percentage. Data were obtained from 3 independent experiments. n> 20 cells for each experimental group. Insets on the right show higher
magnification of centrosomal regions stained with g-tubulin in (A) or pericentrin in B. *P < 0.05 by Student0s t-test; error bars show standard deviations.
(D) Immunofluorescence images of mitotic spindles show a p150Glued loss at the pole in RGS2-depleted cell compared to control.
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dynamics (Fig. 4D; for Nek7 see ref.42), as well as spindle centro-
some nucleation failure (Fig. 5; for Nek7 see ref.17). In addition,
we showed that expressing the phosphorylation mutant Nek7KD
caused disrupted recruitment of g-tubulin into the mitotic

centrosome, corroborating previous data that Nek7 function loss
affects spindle pole functions.17,22

We provide evidences that failure in chromosome alignment
in RGS2-depleted cells could be the consequence of defective

Figure 6. Loss of RGS2 causes spindle misorientation. (A) Frame series of time lapse live imaging movies show incorrect flattening of RGS2-depleted
daughter cell onto the substrate after mitosis (misoriented cell division) (see text for details). Also uneven timing of division completion can be observed.
Arrows indicate when the first daughter cell begins flatting. T D Time , min. Right: Graphs showing the increased percentage of misoriented cell division
in RGS2-depleted cells. *P<0.05. (B) Side view of reconstructed 3-dimensional image shows RGS2-depleted cell exhibiting a high degree of spindle tilting
relative to the cell-substratum adhesion plane compared to control cell. Spindle angle (a�) (bar) in RGS2 depleted-cell D 60� ; a� in control cell D 0� .
Right: Schematic of the angle of rotation in misoriented cell division. (C) The spindle angle is increased in RGS2-depleted cells. Graphs show RGS2-
depleted cells with significant increase of spindle angle >20� . Spindle (a-tubulin), centrosomes (g-tubulin) and/or PLK1 were used to identify spindle
poles. Data represent means and standard deviations of a total of 75 mitotic cells in 3 independent experiments. n D 25 counted cells/experiment. *P <

0.05 (D). RGS2 depletion impairs the astral MTs recruitment to the cell cortex. Left enlargements show astral MTs at the cell cortex. Right, graphs show
the phenotypes quantification. n D 40 counted cells/triplicated experiments. *P < 0.05.
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kinetochore-microtubule attachment, since we found kineto-
chores containing Aurora B, the key player in correction of kinet-
ochore-microtubule attachment defects.43 In this respect,
disturbance of MT dynamics, as shown by spindle-MTs acetyla-
tion disruption, would create inappropriate MT-kinetochore
attachments. Thus, the absence of RGS2 affects the control of
chromosomes alignment and MT dynamics that results in a fail-
ure to pull the sister chromatids apart. According, it has previ-
ously been shown that RGS2 interacts directly with a-tubulin via
a short polypeptide within its amino-terminus (amino acids
41–60) and contributes to the neuronal cell differentiation via
regulation of microtubule dynamics.44

Finally, the most prominent phenotype of silencing RGS2
expression was the induction of misoriented cell division. In this
regard, we showed that the effects of RGS2 depletion on the
spindle orientation are likely through the disruption of astral
MTs, a prerequisite for orientation of the spindle.41 These find-
ings appeared particularly notable because emerging evidences
suggest a critical role of G a proteins in the control of asymmet-
ric cell division via a regulatory role in the positioning of the
mitotic spindle.45,46 In this scenario, RGS2 may accelerate the
conversion of Gai-GTP to Gai-GDP, which can reassociate
with Gagb to reform the heterotrimer, that in turn, recruits
important components as NuMA/LGN to provide the anchor
sites for dynein at the cortex from where it is thought to generate
pulling forces on the mitotic spindle.7

Correct alignment of the mitotic spindle during cell division is
crucial to maintain tissue organization, by ensuring an accurate
distribution of genetic material and a normal division plane.10 It
has been documented that mutations in multiple members of
Neks, including Nek1 and Nek8, are associated to the formation
of cystic kidneys47,48 and tumors.49 According to this, our find-
ings suggest Nek7 and RGS2 as excellent candidates for contrib-
uting to tissue development. In addition, the cancer phenotypes
induced by Nek7, including chromosomes missegregation and
disruption of MT dynamics, make it an attractive target candi-
date for screening of new anti-cancer drugs, as previous show for
other related targets.50,51

Although the finer mechanistic details of the regulatory link
between Nek7 and RGS2 in spindle function remain to be deci-
phered, we propose that RGS2 may cooperate with Nek7 to reg-
ulate mitotic spindle organization (Fig. 7). Mutagenesis and
mass spectrometry experiments should dissect the interaction and
phosphorylation sites of RGS2 and Nek7 and determine whether
Nek7 directly regulates RGS2 to control spindle assembly.

Materials and Methods

Plasmid constructions and proteins
The versions of Nek7 designed FL (full-length; amino acids

1–302) and KD (kinase dead; the Nek7 kinase activity was abol-
ished by substituting the invariable catalytical lysine residues 63
and 64 by alanine - K63A/K64A) were cloned in-frame with the
FLAG tag in a pCDNAFLAG vector (FLAG-Nek7FL and
FLAG-Nek7KD constructs, respectively). Proteins 6xHis-

Nek7FL, GST-RGS2, GST-NEK9(764–976) and GST were
obtained according to de Souza et al.24

In Silico analysis
The retrieved DNA sequences from yeast 2-hybrid were proc-

essed, annotated and integrated in interaction networks using the
Integrated Interactome System (IIS) platform, created by
National Laboratory of Biosciences, Brazil.52 The biological pro-
cesses and cellular components were attributed from the Gene
Ontology (GO; http://www.geneontology.org/) database. The
interaction network was visualized using Cytoscape 2.8.3
software.53

Affinity pull-down (PD) analysis
Candidate Nek7-interactor RGS2 was previously obtained

from yeast 2-hybrid screens conducted as described elsewhere in
de Souza et al., 2014.24 To validate RGS2 as Nek7 interacting
proteins we performed pull-down assays. For this purpose, the
baits 6xHis-Nek7FLor 6xHis-RARA were expressed and purified
from Escherichia coli BL21 according to previously described by
de Souza et al.24 6xHis-RARA was used as a control since RARA
(Retinoic acid receptor a) is not described to interact with Nek7.
Recombinant proteins were bound to Ni-NTA agarose resin at
4�C for 45 min. The resins were then washed 3 times for 5 min
with wash buffer (50 mMTris-HCl pH 8.0, 1% NP40 and pro-
tease inhibitor cocktail) and incubated at 4�C overnight with
HEK293T cellular lysates produced by homogenization in lysis
buffer (50 mMTris-HCl pH 7.5, 150 mMNaCl, 1 mM EDTA,
0.5% Triton X-100 and protease inhibitor cocktail). The pulled-
down samples were washed 3 times in wash buffer and bound
proteins were loaded on SDS-PAGE and analyzed by Western
blotting (WB).

In vitro protein phosphorylation
To test the ability of Nek7 to phosphorylate RGS2 in vitro,

GST-RGS2 as potential substrate, GST-NEK9(764–976) as a
positive control and GST as a negative control (GST-control)(de
Souza et al., 2014),24 were incubated with or without 6xHis-
Nek7FL, plus 100 mM ATP and 185 kBq [g-32P]ATP (222
TBq/mmol; NEN) at 25�C during 1 h. The reaction was
stopped by addition of electrophoresis buffer and 10 mL of each
reaction was resolved by SDS-PAGE.32P incorporation was
detected by autoradiography.

Cell Culture, plasmid transfection and viral transduction
HeLa cells were cultured in DMEM (Sigma-Aldrich) supple-

mented with 10% fetal bovine serum (FBS, Gemini) and 1%
penicillin/streptomycin (Invitrogen) at 37�C in a humidified
atmosphere with 5% CO2. We used mainly HeLa cells, which
have been widely used to investigate various aspects of cell
division, including spindle orientation.54,46,40

Cells were plated on glass coverslips in 6-well or 12-well
dishes following incubation at 37�C for 24 hours.

Plasmid constructs FLAG-Nek7FL, FLAG-Nek7KD or
pCDNAFLAG vector as a control (FLAG-control) were
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transfected into HeLa cells using X-treme GENE DNA transfec-
tion reagent (Roche) according to the manufacturer0s
instructions.

Viral transduction was performed using lentiviral system car-
rying short-interfering RNAs (shRNAs) designed to target
human Nek7 (Nek7 shRNA; 50-CTTTAGTTGGTACGC

CTTATT-30), RGS2 (RGS2 shRNA; 50-ACCCGTTTGAGC-
TACTTCTTA-3) or GFP (control shRNA; 50-GGCAAGCU-
GACCCUGAAGUUC-3) purchased from The RNAi
Consortium (TRC) (UMASSmed core, Worcester, USA). The
shRNA targeting GFP was used as a control (shRNA control).
The lentiviral particles were delivered to HeLa cells according to

Figure 7. Nek7 and RGS2 act cooperatively to regulate mitotic spindle organization. Schematic representation of mitotic cell cycle. See detailed legend
for symbols at the bottom of the figure.

664 Volume 14 Issue 4Cell Cycle



manufacturers0 instructions and stable HeLa cell lines were gener-
ated by selection with puromycin (Sigma-Aldrich) at 3.5 mg/ml.
The depletion or overexpression efficacy of Nek7 and RGS2 was
assessed by immunoblotting.

Antibodies
The primary antibodies used for immunofluorescence were:

rabbit anti-RGS2 (abcam - ab36561, 1:200 dilution), goat anti-g-
tubulin (Santa Cruz - sc-7396, 1:200 dilution), human anti-
CREST (Antibodies Inc. - 15–234, 1:200 dilution), mouse anti-
aurora A (abcam - ab13824, 1:1000 dilution), rabbit anti-aurora
B (abcam - ab2254, 1:1000 dilution), rabbit anti-EB1 (Sigma-
Aldrich - E3406, 1:1000 dilution), rabbit anti-pericentrin (Ste-
phen Doxsey Lab, 1:1000 dilution), mouse anti-pericentrin
(Abcam -ab28144, 1:1000 dilution), mouse anti-a-tubulin FITC
conjugate (abcam - ab64503, 1:300 dilution), mouse anti-acety-
lated a- tubulin (Sigma-Aldrich -Aldrich - T6793, 1:1000 dilu-
tion), mouse p150glued (BD Transduction - P50520–050, 1:200
dilution), rabbit anti-PLK1 (Cell signaling Technology - 4513P,
1:100 dilution). The mouse anti-His5 (QIAGEN - 34660, 1:1000
dilution), mouse anti-GST (made in house), mouse anti-FLAG
(Sigma-Aldrich - F1804, 1:1000 dilution), anti-Retinoic Acid
Receptor a antibody (abcam - ab28767, 1:1000) antibodies were
used forWB. Secondary antibodies for immunofluorescence stain-
ing for were obtained from the following sources: donkey anti-
mouse AlexaFluor-488, donkey anti-goat AlexaFluor-488, donkey
anti-rabbit AlexaFluor-488, chicken anti-rabbit Alexa Fluor-488,
chicken anti-mouse Alexa Fluor-488, donkey anti-mouse Alexa
Fluor-546, donkey anti-rabbit Alexa Fluor-546, donkey anti-
mouse Alexa Fluor-549, donkey anti-goat Alexa Fluor-549, don-
key anti-rabbit Alexa Fluor-549, donkey anti-goat Alexa Fluor-
649, donkey anti-mouse Alexa Fluor-649, donkey anti-human
AlexaFluor-649 (all from Invitrogen); horseradish peroxidase
(HRP)-conjugated anti-mouse (Calbiochem) and HRP-linked
antigoat or anti-rabbit secondary (Sigma-Aldrich) antibodies were
used for WB purposes.

Immunofluorescence, microscopy and imaging software
Cells cultured on Cell Carrier plate (Perkin Elmer) were fixed

and permeabilized with 3.7% formaldehyde solution (Sigma-
Aldrich,F1635) containing 0.2% Triton X-100 in PBS 1X supple-
mented with 50 mM EGTA and 30 mg/mL taxol. Cells cultured
on microscope coverslips (25 mm diameter) were washed with
PBS (Sigma-Aldrich) and then fixed with methanol for 20 min.
The fixation reagent was gently replaced by 1x PBS and the cells
were then permeabilized and blocked for 30 min in blocking
buffer containing 2% bovine serum albumin, 2% calf serum and
0.1% Triton X-100 (Sigma-Aldrich) into PBS. The cells were
incubated for 1 h with primary antibodies diluted in blocking
buffer. Cover slips or 384 Cell Carrier plate were gently washed
with 1x PBS and incubated with respective secondary antibodies.
DAPI was used to counterstain the nucleus. The cells from 384

Cell Carrier plate were observed by fluorescence microscopy using
Operetta High Content Imaging System (PerkinElmer) and the
images edited using Volocity Demo 6.1.1 software.

From the coverslips of HeLa, a series of Z stack images of
mitotic cells were captured from 0.2 mm thick sections using a
Perkin Elmer Ultraview spinning disk confocal microscope: Zeiss
Axiovert 200, 100x Plan-APOCROMAT NA1.4 Oil, DIC lens
and Hamamatsu ORCA-ER camera. The entire fixed cell volume
was imaged and displayed as maximum projections using Meta-
Morph software (Molecular Devices) or processed for 3-D ren-
dering using Imaris (Bitplane). Fluorescence range intensity was
adjusted identically for each series of panels. Intensity profiles,
linescan histograms and fluorescence intensity quantification
were obtained from sum projections of Z stacks. Concentric
circles pixels in diameter generated by MetaMorph were used to
measure the fluorescence intensity of spindle poles (inner area)
and local background (calculated as the difference between the
outer and inner area).40 MetaMorph software was used to visual-
ize spindle orientation and to measure distances required to cal-
culate spindle angle. Spindle angle measurements were
performed from the linear (x–y plane) and vertical (z-axis) dis-
tance between spindle poles as previously described.40Graphs
were created and analysis of statistical significance was performed
by the Student t-test using GraphPad Prism software. Bars repre-
sent SE, P < 0.05 was considered as statistically significant.

Time Iapse image
Stable HeLa cell line was cultured in a chamber apparatus or

glass-bottom 6-well tissue culture plates (MatTek) in complete
medium with CO2 exchange (0.5 Ls/ min) at 37�C. Cells were
imaged every 10 min for 16 h using a 40£ phase contrast lens.
Images were captured on a Cool Snap HQ CCD camera (Roper
Scientific) and concatenated using Metamorph software.
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