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SUMMARY

The mitogenic and second-messenger signals that
promote cell proliferation often proceed through
multienzyme complexes. The kinase-anchoring
protein Gravin integrates cAMP and calcium/phos-
pholipid signals at the plasma membrane by seques-
tering protein kinases A and C with G protein-
coupled receptors. In this report we define a role
for Gravin as a temporal organizer of phosphoryla-
tion-dependent protein-protein interactions during
mitosis. Mass spectrometry, molecular, and cellular
approaches show that CDK1/Cyclin B1 phosphory-
lates Gravin on threonine 766 to prime the recruit-
ment of the polo-like kinase Plk1 at defined phases
of mitosis. Fluorescent live-cell imaging reveals that
cells depleted of Gravin exhibit mitotic defects that
include protracted prometaphase and misalignment
of chromosomes. Moreover, a Gravin T766A phos-
phosite mutant that is unable to interact with Plk1
negatively impacts cell proliferation. In situ detection
of phospho-T766 Gravin in biopsy sections of human
glioblastomas suggests that this phosphorylation
event might identify malignant neoplasms.

INTRODUCTION

Signal transduction cascades transfer information from environ-
mental cues to intracellular effectors. This dynamic process
requires the diffusion of chemical signals or ions through the
cytoplasm to sites where they are processed by multienzyme
complexes (Scott and Pawson, 2009). The linear transfer of
information through mitogen-activated protein (MAP) kinase
cascades epitomizes this process. Scaffolding proteins provide
structural integrity to these three-tier kinase cascades by orga-
nizing and orienting their enzyme-binding partners to ensure

that the terminal MAP kinase encounters a subset of down-
stream targets to initiate cell division (Ahn, 2009; Morrison and
Davis, 2003; Smith et al., 2010). Prototypic examples of mamma-
lian scaffolding proteins include kinase suppressor of Ras (KSR),
which organizes the Raf/MEK/ERK kinase cascades and Jun-in-
teracting proteins (JIPs) that synchronize enzymes in the Jun
N-terminal kinase cascade (Dougherty et al., 2009; Nihalani
et al., 2001). Scaffold proteins such as 14-3-3 coordinate cell
division through the control of mitotic entry and cytokinesis (Gar-
dino and Yaffe, 2011).

An emerging concept in drug discovery is the realization that
kinase scaffolds represent unique therapeutic targets (Hoshi
et al., 2010). Likewise, the development of anticancer drugs
that inhibit cell-cycle protein kinases is a frontier in therapeutic
intervention (Fabbro et al., 2012). One promising target is the
polo-like serine/threonine kinase Plk1, an enzyme that is induced
as cells enter mitosis to sustain spindle assembly and that accu-
mulates to supraphysiological levels in several cancers (Chris-
toph and Schuler, 2011). As a result, small-molecule inhibitors
such as BI2536 or GW843682 should preferentially target Plk1
at distinct phases of mitosis (Strebhardt and Ullrich, 2006).
However, a biological property of this kinase that limits the effi-
cacy of these compounds is that Plk1 continually changes its
subcellular location throughout the cell cycle. Hence it is imper-
ative to ascertain how Plk1 anchoring is managed in dividing
cells and malignant tumors. In this report we define a role for
the scaffolding protein Gravin as a transitory effector of Plk1
during mitosis.

Gravin was discovered as an autoantigen in serum from
patients with myasthenia gravis (Gordon et al., 1992). Subsequent
analyses revealed that Gravin synchronizes second-messenger-
regulated events by associating with the B,-adrenergic receptor
and sequestering protein kinases A and C in proximity with
cAMP phosphodiesterases and substrates (Nauert et al., 1997;
Tao et al.,, 2003; Willoughby et al., 2006). The rodent ortholog,
SSeCKS, sequesters cyclins and is downregulated in Src-trans-
formed fibroblasts (Lin and Gelman, 1997). Here we show that
transient phosphorylation of Gravin by CDK1/Cyclin B1 elicits
the recruitment of Plk1 to ensure efficient mitotic progression.
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RESULTS

Depletion of Gravin Increases Tumor Size
Chromosome instability derived from aberrant cell division drives
cancers to a state of aneuploidy. Aneuploidy, in turn, promotes
mutations that lead to tumorigenesis (Kolodner et al., 2011).
The human kinase anchoring protein Gravin/AKAP12 is postu-
lated to play a role in cellular transformation, but the molecular
details of this mechanism have not been established (Gelman,
2010). Therefore, we evaluated the contribution of Gravin to
tumor growth in immunodeficient mice. As a prelude to these
studies, human U251 glioma cells were infected with lentivirus
encoding a small hairpin RNA (shRNA) targeting Gravin. Gravin
protein levels were reduced by 68.5% + 3.2% (n = 3 + SEM)
compared to cells harboring a control shRNA as assessed by
immunoblot (Figure 1A, top panel, and Figure 1B). GAPDH
served as a loading control (Figure 1A, bottom panel). Next,
U251 cells stably expressing the shRNAs were implanted subcu-
taneously into the flanks of athymic Nu/J mice (Figure 1C and
see Figures S1A and S1B online). Tumor volume was monitored
from 16 to 40 days postinjection. Depletion of Gravin resulted
in a small but discernable increase in tumor growth (Figure 1C,
control shRNA, n = 10; Gravin shRNA, n = 11; *p < 0.05).
Gravin gene silencing in these tumors was assessed by two
independent methods (Figures 1D-10). First, immunoblot anal-
ysis of extracts from randomly selected tumors measured a
64.1% +0.5% (n = 3 + SEM) decrease in Gravin protein compared
to controls (Figure 1D, top panel, lanes 4-6, and Figure 1E).
GAPDH served as a loading control (Figure 1D, bottom panel).
Second, hematoxylin and eosin staining (H&E) of paraffin-
embedded tumor sections did not reveal striking morphological
differences between the control and Gravin-depleted tissues
(Figures 1F and 1G, control shRNA; and Figures 1K and 1L, Gravin
shRNA). Immunofluorescent staining confirmed gene silencing
of Gravin (Figures 1H-1J and Figures 1M—-10). Staining with
DRAQ5 served as a nuclear marker (Figures 11 and 1N). Tumor
sections were stained for phosphoserine10 Histone H3, a mitotic
cell marker, to look for changes in cell proliferation. Phospho-H3-
positive cells were monitored in 800 um? sectors of selected
tumors (Figures 1P-1U). Gene silencing of Gravin promotes
a25.77% increase in phospho-H3-positive cells (Figure 1V, repre-
sents n = 3 = SEM). Thus, the amalgamated data in Figure 1 infer
that Gravin contributes to the fidelity of cell-cycle progression
but has little effect on tumor growth.

Gravin Is Phosphorylated by CDK1/Cyclin B1
We hypothesized that increased detection of phosphohistone
H3 and subtle changes in tumor volume following Gravin knock-

down were emblematic of delayed mitotic progression. There-
fore, we first investigated phosphorylation of Gravin by the
principle mitotic kinase CDK1 (Enserink and Kolodner, 2010).
Experiments were conducted in three phases. Initially, bio-
informatic searches using the Scansite algorithm (Obenauer
et al., 2003) predicted CDK1 phosphorylation sites at Ser513,
Thre17, and Thr766. These residues were mutated to alanine in
the context of Flag-tagged Gravin and expressed in HEK293
cells. Flag immune complexes were collected and incubated
with CDK1/Cyclin B1 in the presence of v->2P-ATP. Samples
were separated by SDS-PAGE, and °2P incorporation was
assessed by autoradiography. Loss of S513, T617, or
T766 minimally reduced 2P incorporation compared to wild-
type Gravin (Figure 2A, top panel, lanes 2-5, and Figure 2B,
gray). However, more pronounced reductions in *2P incorpo-
ration were evident upon double mutation of T617 and T766,
and replacement of all three putative substrate sites (Figure 2A,
lanes 6 and 7; 48% and 92% decrease, respectively; Figure 2B,
blue and red, represents n = 3 + SEM). Thus, CDK1 can phos-
phorylate Gravin in vitro.

Next we tested if endogenous Gravin was a target for CDKs
in intact cells. HEK293 cells arrested in mitosis with nocodazole
were incubated with 32P orthophosphate (Figure 2C). Phosphate
incorporation into Gravin immune complexes was evaluated by
autoradiography. A robust signal was detected at 300 kDa, the
molecular weight of Gravin (Figure 2C, lane 2). Treatment with
the selective CDK inhibitor, roscovitine, reduced 2P incorpora-
tion by 44% (Figure 2C, lane 3; Figure 2D quantitation represents
n =3 + SEM).

A more stringent second phase of analyses employed mass
spectrometry to globally identify sites of mitotic phosphorylation
on Gravin. Nineteen phosphorylation sites were assigned (Fig-
ure 2E, left column), of which ten were lost following roscovitine
treatment (Figure 2E, Figure S2A, and Table S1). Within this
subset, only the S513, T617, and T766 sites conformed to the
canonical CDK1 consensus sequence -S/T-P-X-K/R-K (Alex-
ander et al., 2011; Figures 2E and 2F). Since the T766 site is
strictly conserved across species (Figure 2G), the third phase
of analysis was implemented to generate a phospho-specific
antibody. This reagent was used as a tool to evaluate the bio-
logy of the Thr766 phosphorylation event.

Five complimentary approaches characterized the affinity-
purified phospho-T766 Gravin antisera. First, analysis of peptide
spot arrays confirmed that the antisera recognized the immobi-
lized target phosphopeptide antigen but was refractory to
peptide variants that incorporated threonine or alanine at posi-
tion 766 (Figure 2H). Second, the phospho-T766 antiserum
detected Gravin from mitotic cells but was unable to react with

Figure 1. Gravin Suppresses Tumor Growth

(A) Immunoblot analysis of U251 cells stably expressing control (lane 1) or Gravin shRNA (lane 2). Staining with antibodies against Gravin (top) and GAPDH
(bottom). (B) Densitometric analyses of amalgamated data (n = 3 + SEM) normalized to GAPDH. (C) Stable U251 cells (3 x 10°) were injected into the rear flank of
athymic (NU/J) mice. Tumor volume was measured 16-40 days postinjection (black, control shRNA n = 10 + SEM; red, Gravin shRNA, n =11 + SEM; **p < 0.05).
(D) Immunoblot analysis of tumor extracts (indicated above each lane) with antibodies against Gravin (top) and GAPDH (bottom). (E) Densitometric analyses of
amalgamated data (n = 3 + SEM). The morphology of paraffin-embedded sections of tumor (F, G, K, and L) was evaluated by H&E staining. Serial sections (H-J, N,
and O) costained with anti-Gravin (green) and DRAQ5 (blue) as a nuclear marker confirmed gene silencing of Gravin in situ. (P-R and S-U) Phospho-Histone H3
staining of mitotic cells within the tumor (red). (V) Graph depicting the numbers of phospho-Histone H3-positive cells (per mm?) in control (black) and Gravin

shRNA (red) tumor sections (n = 3 individual tumors + SEM; p = 0.012).
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Figure 2. Gravin Is Phosphorylated by CDK1/Cyclin B

Consensus CDK-phosphorylation sites were disrupted by replacing the target serine or threonine with alanine.

(A) Gravin mutants (indicated above each lane) were expressed in HEK293 cells. Imnmunokinase assays were performed on the Flag pull-downs using exogenous
CDK1/Cyclin B1 and y-32P ATP.

(B) Quantitation of autoradiographs (n = 3 + SEM).

(C) HEK293 cells were arrested in mitosis with nocodazole (0.1 pg/mL) and treated with the CDK-inhibitor roscovitine (75 uM) in the presence of *2P ortho-
phosphate. Gravin was immunoprecipitated and detected by autoradiography (top) and anti-Gravin immunoblot (bottom).

(D) Quantitation of autoradiographs (n = 3 + SEM).

(E) Mass spectrometry analysis of Gravin phosphorylation in vivo; (left panel) all phospho-peptides assigned; (middle panel) phosphosite (human amino acid
numbering); (right panel) sites lost upon roscovitine treatment are indicated.

(F) Spectral trace of the sequence surrounding phosphothreonine 766.

(G) Sequence conservation of threonine 766 (species are indicated).

(H) Characterization of phospho-T766 Gravin antiserum on peptide spot arrays (sequences of peptide derivatives are indicated).

(l) Gravin was depleted from HEK293 cells with two independent shRNAs. Cell lysates were immunoblotted with antibodies against phospho-T766 Gravin (top),

Gravin (middle), and GAPDH (bottom) as a loading control.
(J) Gravin was immunoprecipitated from control HEK293 cells or cells arrested in mitosis with nocodazole. Immunoblot detection of phospho-T766 Gravin (top) or

Gravin (bottom) is shown.
(K) HEK293 cells were arrested in mitosis in the absence (lanes 1 and 2) or presence (lane 3) of roscovitine. Immunoblot detection of phospho-T766 Gravin (top) or

Gravin (bottom) in immune complexes is shown.

bands that likely represent degradation products of the scaf-
folding protein. Fourth, we examined phosphorylation of endog-
enous Gravin in cycling versus mitotic cells. Only lysates from
mitotic cells showed specific reactivity with the anti-phospho-
T766 Gravin antisera (Figure 2J, top panel, lanes 1 and 2).

the Gravin T766A mutant (Figure S2B). Third, depletion of Gravin
from mitotic HEK293 cells using two independent shRNAs
abolished detection of the phospho-T766 signal as assessed
by immunoblot (Figure 21, top panel). Note that Gravin knock-
down also reduced the detection of lower molecular weight
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Moreover, only Gravin immunoprecipitated from mitotic cells
was recognized by the phosphoantibody compared to IgG
controls (Figure 2J, top panel, lanes 5 and 6). No reactivity was
detected if Gravin was immunoprecipitated from cycling cells
(Figure 2J, lanes 3 and 4). Lastly, inhibition of CDKs in mitotic
cells with roscovitine blocked the phospho-T766 Gravin signal
(Figure 2K, top panel). Thus, data in Figure 2 argue that CDK
phosphorylates Gravin at multiple sites and that our antibody
specifically recognizes Gravin when phosphorylated on Thr766.

T766 Phosphorylation during Mitosis

Our working hypothesis was that the phosphorylation state of
T766 on Gravin changes through the cell cycle. To test this
notion, HEK293 cells arrested at the G1/S boundary by double
thymidine block were released into fresh media, and the phos-
phorylation state of Gravin was analyzed every 2 hr by immuno-
blot (Figure 3A). Threonine 766 phosphorylation on Gravin
peaked at 12 hr postrelease and occurred concurrently with
phosphorylation of serine 10 on Histone H3 as cells entered
mitosis (Figure 3A, panels 1 and 3). Gravin protein levels were
constant throughout the time course of the experiment (Fig-
ure 3A, panel 2), and the amalgamated densitometry data
further confirmed these results (Figure 3B; n = 3 + SEM, normal-
ized to GAPDH loading control). Analysis of additional cell-cycle
marker proteins validated our findings (Figure 3C). As expected,
expression of the mitotic kinase Plk1 and its priming phos-
phorylation on threonine 210 peaked during mitosis, along with
levels of Cyclin B1 (Figure 3C, panels 1-3). Conversely, the inhib-
itory kinase Weel was elevated at the G1/S boundary and
declined as cells entered mitosis (Figure 3C, panel 4). The inhib-
itory phosphorylation of CDK1 on tyrosine 15 was lost as cells
progressed toward division (Figure 3C, panel 5). Similar results
were found in cells released from the thymidine block and trap-
ped in mitosis with nocodazole (Figures S3A and S3B). Thus,
phosphorylation of T766 on Gravin is a temporally regulated
mitotic event.

This notion was further substantiated in situ by immunofluo-
rescence detection of phospho-T766 Gravin in cells at different
stages of the cell cycle (Figures 3D-3W). During interphase,
Gravin (green) decorated the plasma membrane and appeared
as punctate staining throughout the cell (Figure 3D). The
phospho-T766 Gravin signal (red) was barely detectable, and
DRAQS5 (blue) was used as a DNA marker (Figures 3E-3G). At
prophase, phospho-T766 Gravin was evident in the nucleus,
while total Gravin was evenly distributed throughout the cytosol
(Figures 3H-3K). Upon formation of the metaphase plate, the
total and phospho-T766 Gravin signals aligned on the centro-
somes and at the spindle poles (Figures 3L-30). In anaphase
(Figures 3P-3S) and telophase (Figures 3T-3W), phospho-T766
staining was restricted to the centrosomes, while total Gravin
exhibited a punctate staining pattern throughout the cytosol.
Collectively, data in Figure 3 indicate that Gravin, when phos-
phorylated on threonine 766, concentrates at the centrosomes
and mitotic spindle in dividing cells.

Gravin Interacts with the Mitotic Kinase Plk1
Independent confirmation of the above result was provided by
analysis of mitotic spindle fractions prepared using a published

method (Silli¢ and Nigg, 2006). The quality of each preparation
was validated by immunoblot detection of the marker proteins
pericentriolar material-1 (PCM-1) and a-tubulin (Figure 4A, left
side, upper panels). Additional quality-control immunoblots
confirmed that actin and GAPDH were absent in the spindle
preparations (Figure 4A, left side, bottom panels). The majority
of Gravin was detected in total cell lysates (Figure 4A, right top
panel), whereas phospho-T766 Gravin pool was enriched in
the spindle fraction (Figure 4A, right middle panel). Notably,
polo-like kinase 1 (Plk1), an enzyme that associates with centro-
somes and mitotic spindle (Petronczki et al., 2008), was enriched
in this fraction (Figure 4A, right bottom panel).

We noticed that the residues surrounding T766 on Gravin
(-LVpTPR-) resemble a canonical Plk1-binding site (Elia et al.,
2003). Since this mitotic kinase interacts with binding partners
in a phosphorylation-dependent manner, we tested whether
Plk1 activity copurifies with T766-phosphorylated Gravin. Gravin
or phospho-T766 Gravin immune complexes from solubilized
mitotic spindle preps were screened for copurification of Plk1
activity using the selective substrate peptide ISDELMDATFAD
QEAKKK (Bain et al., 2007). Background levels of Plk1 activity
were present in total Gravin immunoprecipitations (Figure 4B,
columns 1 and 3), whereas 46.6% + 9.1% (n = 3 + SEM) of the
available kinase activity was detected in phospho-T766 Gravin
immune complexes (Figure 4B, columns 2 and 4). Control immu-
noblots confirmed that Plk1 copurified with phospho-T766
Gravin (Figure 4B, lower panel, lane 4). These results demon-
strate that active Plk1 associates with phospho-T766 Gravin in
the mitotic spindle preparation.

The above studies were verified by testing if ectopically ex-
pressed Gravin and Plk1 copurify from mitotic cell lysates.
HEK293 cells overexpressing Plk1-V5 and GFP-Gravin were
arrested in mitosis with nocodazole. Immunoblot analyses re-
vealed that PIk1-V5 copurified with Gravin-GFP immune
complexes, but not with GFP alone (Figure 4C). Reciprocal
experiments confirmed that Gravin-GFP was present in Plk1-
V5 immune complexes, but not controls (Figure 4D). More
stringent analyses established that endogenous Gravin cofrac-
tionated with Plk1 (Figure 4E, lane 6). In contrast, Gravin-Plk1
complexes were not detected in cycling HEK293 cells (Figure 4E,
lane 4). These findings were reproduced in Hela cells (Fig-
ure S4A). Thus, Gravin interacts with Plk1 during mitosis, vali-
dating a proteomic screen that identified the anchoring protein
as one of 622 polo-box-interacting proteins (Lowery et al., 2007).

The spatial and temporal pattern of Gravin-Plk1 interplay was
imaged at defined phases of the cell cycle (Figures 4F-4Y). At
interphase, Plk1 (green) and phospho-T766 Gravin (red) were
hardly detected (Figures 4F-4l). Yet, as cells entered prophase,
the PIk1 and phospho-T766 Gravin staining was detected in the
nuclei and intermingled with the DNA marker DRAQ5 (blue,
Figures 4J-4M). By metaphase, Plk1 and phospho-T766 Gravin
were concentrated at the spindle poles, but Plk1 additionally
stained the kinetochore (Figures 4N-4Q). In anaphase, Plk1
migrated to the spindle midzone, whereas the phospho-T766
Gravin signal was detected on the centrosomes (Figures 4R-
4U). The spatial segregation of both proteins was more evident
during telophase and cytokinesis when Plk1 congregated at the
midbody, adjacent to the cytokinetic ring separating the
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Composite

(A) HEK293 cells were arrested at the G1/S boundary by double thymidine block. Cells were released from the block and harvested every 2 hr from time 0 to 14
(indicated above each lane). Immunoblot detection of phospho-T766 Gravin (top), Gravin (middle) and phospho-S10 Histone H3 (bottom) in cell extracts.
(B) Quantitation represents data normalized to GAPDH loading control (phospho-T766 Gravin black trace, phospho-Histone H3 red, Gravin green; n = 3 + SEM).

(C) Immunoblot detection of additional cell-cycle markers as indicated.

(D-W) HEK293 cells grown on coverslips were synchronized by double thymidine block, released into fresh media, and fixed in ice-cold methanol 8-9 hr later.
Immunofluorescence of cells at defined stages of the cell cycle was performed with antibodies as indicated, followed by detection with secondary antibodies

conjugated to Alexa Fluor dyes.

emerging daughter cells (Figures 4V—4Y). Similar patterns for
Plk1 and phospho-T766 Gravin staining were observed when
immunofluorescence experiments were repeated in mitotic
Rat-2 fibroblasts (Figures S4B-S4Y). Taken together, the data
in Figure 4 demonstrate that phospho-T766 Gravin and Plk1 cop-
urify on mitotic spindles and interact at defined phases of mitosis.

Gravin-Plk1 Interaction Facilitates Cell-Cycle
Progression

Plk1 interacts with its binding partners through its polo-box
domain (PBD; Elia et al., 2003). CDK1 is frequently responsible
for a priming phosphorylation on the PBD-interacting protein,
such as the sequence surrounding Thr766 on Gravin, although
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Figure 4. Phospho-T766 Gravin Recruits the Mitotic Kinase Plk1

(A) Spindles were isolated from mitotic cells (Sillj¢ and Nigg, 2006), re-
suspended in sample buffer, and immunoblotted with specific antibodies as
indicated.

(B) Mitotic spindles solubilized in lysis buffer were immunoprecipitated
with antibodies against Plk1, Gravin, or phospho-T766 Gravin. Immune
complexes were subjected to an immunokinase assay using the Plk1 selec-
tive peptide -ISDELMDATFADQEAKKK- in the presence of v-32P-ATP. The
relative levels of Plk1 activity are indicated.

(C) HEK293 cells were transfected with Plk1-V5 and Gravin-GFP or GFP
alone. Copurification of Plk1-V5 (top) and Gravin (bottom) was confirmed
by immunoblot.

(D) Reciprocal experiments detected copurification of GFP-Gravin (top) in
Plk1-V5 (bottom) immune complexes.

other kinases including Plk1 can perform this function (Lee et al.,
2008). To test this hypothesis, immobilized Gravin immune
complexes isolated from mitotic HEK293 cell lysates were
incubated with a bacterially expressed Plk1 fragment encoding
the PBD. Recruitment of the PBD to Gravin was assayed by
immunoblot. Preliminary analyses established that PDB binding
to Gravin was detectable over IgG controls (Figure 5A, bottom
panel, lanes 2 and 3). Dephosphorylation of Gravin with calf
intestinal phosphatase abolished PDB binding (Figure 5A,
bottom panel, lane 4). Next, selective pharmacological inhibitors
were used to identify the “Gravin-priming kinase.” Inhibition of
Gravin-associated PKA or PKC with H89 and bisindolylmalei-
mide 1, respectively, had little effect on PBD binding (Figure 5A,
bottom panel, lanes 5 and 7). In contrast, inhibition of CDK1 with
roscovitine or Plk1 with GW843682 strongly diminished PBD
binding (Figure 5A, bottom panel, lanes 6 and 8). Quantitation
of amalgamated data from three independent experiments is
presented (Figure 5B).

In order to differentiate between CDK1 and Plk1 priming, we
phosphorylated the immunoprecipitated anchoring protein with
either purified recombinant kinase. Background levels of PBD
binding were detected upon Plk1 phosphorylation and in
controls (Figure 5C, bottom panel, lanes 2-4, and Figure 5D).
Conversely, incubation with CDK1 resulted in a 3.9-fold (n = 3)
enrichment of PBD binding to Gravin above basal levels (Fig-
ure 5C, bottom panel, lane 5; and Figure 5D, red). Parallel studies
performed with a mutant of the PBD (H538A, K540M) that
disrupts interaction with target peptides (Elia et al., 2003) abol-
ished all binding to Gravin (Figures S5A and S5B). Loading
controls confirmed equal levels of wild-type and mutant PBDs
in all experiments (Figure S5C). Thus, phosphorylation by
CDK1 is sufficient to prime Gravin for interaction with Plk1.

Next we asked which CDK1 phosphorylation site on Gravin
enhanced PBD binding. Flag-tagged Gravin or individual phos-
phosite mutants (S513A, T617A, or T766A) were immunoprecip-
itated from mitotic cell lysates and incubated with a recombinant
PBD. PBD binding was assessed by immunoblot (Figure 5E).
Loss of S513 or T617 in the context of full-length Gravin did
not affect binding to the PBD (Figure 5E, lanes 5 and 6). In
contrast, the PBD fragment was unable to bind to the Gravin
T766A mutant (Figure 5E, lane 7, and Figure 5F, n = 3). Analysis
of additional phosphosite mutants confirmed this result (Fig-
ure S5D). More mechanistic studies evaluated the effects of
introducing aspartic and glutamic acid residues in place of
T766. These mutations failed to mimic the role of phosphoryla-
tion on Plk1 binding, suggesting a requirement for authentic
phosphorylation (Figure S5E). Thus, CDK1 phosphorylation of
T766 on Gravin primes the recruitment of Plk1 to this site on
the scaffolding protein.

(E) Immunoblot detection of endogenous Gravin (top) and copurification of
Plk1 (bottom) from HEK293 cells. Experiments with control (mlgG) antibodies
are included.

(F-Y) HEK293 cells on coverslips were synchronized by double thymidine
block, released into fresh media, and fixed 8-9 hr later. Immunofluorescence
of cells at defined stages of the cell cycle was performed with antibodies
against Plk1 (left), phospho-T766 Gravin (middle, left), DNA (middle, right), and
composite images (right).
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Figure 5. Gravin-Plk1 Interaction Facilitates Cell-Cycle Progression
(A) Mitotic HEK293 cells were treated for 4 hr with H89 (10 uM), Roscovitine (75 uM), Bisindolylmaleimide-1 (100 nM), or GW843682 (10 uM). Gravin immune
complexes from each treatment (indicated above each lane) were incubated with a purified recombinant PBD fragment of Plk1 (371-603 aa). PBD-binding was
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assessed by immunoblot.

(B) Quantitation of the data shown in (A) (n = 3 + SEM).

(C) Gravin immune complexes phosphorylated with Plk1 or CDK1/Cyclin B1 were assessed for binding to the recombinant PBD fragment.

(D) Quantitation of the data in (C) (n = 3 + SEM).

(E) Flag-tagged Gravin or phosphosite mutants (indicated above each lane) were immunoprecipitated from mitotic cell lysates and incubated with recombinant
PBD. Immunoblot detection of Gravin (top) and the PBD fragment (bottom) is shown.

(F) Quantitation of the data shown in (E) (n = 3 + SEM).
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On the basis of these biochemical results, we hypothesized
that loss of Gravin or overexpression of the T766A mutant would
have deleterious effects on mitosis and cell proliferation. We
initially tested this hypothesis by visualizing the mitotic progres-
sion of Hel a cells upon gene silencing of Gravin. Cells that stably
expressed control or Gravin shRNAs were released from
a double-thymidine block and imaged every 20 s postrelease
for 1 hr. Real-time fluorescent detection of Histone 2B-GFP
monitored the position of chromatin, and imaging of Plk1-Cherry
tracked the movement of the kinase. The majority of cells ex-
pressing control shRNA successfully completed mitosis (Fig-
ure 5G and Movie S1). Conversely, depletion of Gravin enhanced
the incidence of mitotic defects (Figure 5H and Movie S2). Cells
failed to successfully form a metaphase plate, often failing to
divide or forming multinucleated daughter cells. These mitotic
defects were scored per 100 cells over a longer time course
(every 20 min for 12 hr; Movie S3 and Movie S4). A defect rate
of 5.71% =+ 0.98% was recorded in cells stably expressing the
control shRNA (Figure 5I; n = 12 fields). However, upon gene
silencing of Gravin, the incidence of mitotic defects doubled to
11.21% + 1.02% (Figure 51; n = 14 fields).

We performed a spindle-stage profile on these cells in order to
identify the mitotic phase(s) where knockdown cells were stalling
(Figure 5J). Cells depleted of Gravin progressed more rapidly
through prophase, were delayed in prometaphase, and spent
proportionally less time in metaphase as compared to shRNA
controls (Figure 5J, light gray and red bars). Importantly, expres-
sion of an RNAi-resistant Gravin rescued the prophase and
prometaphase defects (Figure 5J, dark gray bars, and Fig-
ure S5F). These results are consistent with the live-cell imaging
data and provide context for the in vivo findings in Figure 1.

Next we evaluated genomic integrity following Gravin knock-
down by fluorescence in situ hybridization using a probe against
chromosome 18 (Figure 5K). Depletion of Gravin in near-diploid
Hct116 cells led to a 2.13-fold increase in nuclei scored as
“greater than diploid” compared to cells expressing control
shRNA (Figure 5K, 0.106 + 0.021 control shRNA (light gray bar)
versus 0.226 + 0.026 Gravin shRNA (pink bar); mean + SEM).
Thus, loss of Gravin contributes to tetraploidy/aneuploidy.

Since knockdown of Gravin arrests cells in prometaphase, we
asked whether depletion of the anchoring protein impacted
cell proliferation. First, we performed colony-formation assays
on PC-3 cells transfected with control shRNA or two shRNAs
targeting Gravin (Figure 5L and Figure S5G). After 6 days of
growth in soft agar, cell proliferation was analyzed using a cell
transformation assay (Cell Biolabs). Depletion of Gravin with
both shRNAs significantly reduced cell proliferation compared

to shRNA controls (Figure 5L, 33.33% and 41.33% decreases
for shRNA #1 and #2 plated at 10,000 cells; 37.41% and
39.55% decreases at 5,000 cells; n = 4 + SEM). Next, we moni-
tored the impact of the Gravin T766A mutant on cell proliferation
(Figure 5M). Parental PC-3 cells and cells stably expressing
similar amounts of Flag-Gravin or Flag-T766A were plated in
96-well dishes and analyzed every 3 days by an MTS assay
(Promega) as a surrogate for proliferation. Overexpression of
Gravin did not affect the growth rates of cells compared to the
parental line (Figure 5M, black and blue lines; n = 4). In contrast,
the Gravin T766A mutant significantly decreased cell prolifera-
tion over the same time course (Figure 5M, purple line; n = 4).
Moreover, shRNA-mediated knockdown of Gravin also
decreased cell proliferation in this assay (Figure 5M, red and
gray lines; n = 4). Introduction of charged aspartic and glutamic
acid residues at T766 did not augment cell proliferation (Fig-
ure S5H). The data in Figure 5 infer that loss of Gravin increases
mitotic defects and aneuploidy, and that both knockdown of
Gravin and overexpression of a T766A phosphosite mutant
that is unable to interact with Plk1 negatively impact cell
proliferation.

Phospho-T766 Gravin and Glioblastoma Multiforme
Since disruption of the Plk1-Gravin interaction affects mitotic
progression and cell proliferation, we reasoned that the phos-
phorylation state of Thr766 on Gravin could be a diagnostic
marker for malignant neoplasms. Biochemical support for this
concept was provided by evaluation of autopsied brain tissue
from a patient afflicted with glioblastoma multiforme (a malig-
nant, high-grade astrocytic neoplasm) that arose in the right
parietal lobe of the brain (Figure 6A). Tumor tissue (confirmed
histologically) was taken from the right lateral thalamus where
there was dense glioblastoma infiltration without necrosis (Fig-
ure 6A, white box, left side). Histologically confirmed control
samples were collected from the left temporal cortex (Figure 6A,
white box, right side). Quantitative PCR demonstrated that
Gravin mRNA was decreased 60.41% =+ 3.88% relative to
a GAPDH control in these samples (Figure 6B). Conversely,
and in keeping with our postulate, the phospho-T766 signal
was elevated in Gravin immune complexes isolated from the
tumor region when compared to normal tissue (Figure 6C, top
panel, lanes 2 and 4).

We extended these findings by comparing cortical sections
from glioblastoma resection specimens with age- and sex-
matched control (nonneoplastic) cortical sections from patients
who underwent lobectomy for surgical management of epilepsy.
Magnetic resonance imaging (MRI) displayed no detectable

(G and H) Hela cells stably expressing Histone 2B-GFP (green) and selected for stable incorporation of control or Gravin shRNAs were transfected with
Plk1-Cherry (red). Montage of 63x images at defined times (indicated in each panel) after the cells were released from a double thymidine block.

(I) The number of mitotic defects was scored per 100 cells (Control shRNA, n = 12 fields; Gravin shRNA, n = 14 fields; mean + SEM).

(J) Spindle stage profile of HelLa cells expressing control shRNA (light gray; n = 800 + SEM), Gravin shRNA (red; n = 600 + SEM), or Gravin shRNA rescued with

Gravin-mCherry (dark gray; n = 500 + SEM).

(K) Fluorescence in situ hybridization of Hct116 cells transfected with control and Gravin shRNA. Nuclei were scored as greater than diploid, diploid, and less
then diploid using a probe against chromosome 18 (n = 10 fields, >700 nuclei; representative images shown).

(L) Soft agar proliferation assay of prostate cancer (PC-3) cells (plated at 10,000 and 5,000 cells in 96-well dishes) expressing control or two independent
Gravin shRNAs. Final cells number was analyzed after 6 days using a CyQuant green standard curve (Cell Biolabs; n = 4 + SEM).

(M) Stable PC-3 cell lines were generated expressing Flag-Gravin or Flag-T766A, or transiently transfected with control or Gravin shRNA. Cells were plated in
96-well dishes, and proliferation was analyzed every 3 days by an MTS assay (n = 4 + SEM, quadruplicate determinations; *p < 0.05).
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Figure 6. Phospho-T766 Gravin and Glioblastoma Multiforme

(A) Sagittal section of a brain collected during autopsy exhibiting glioblastoma multiforme (GBM) in the right parietal lobe. (B) Quantitative PCR of Gravin mMRNA
performed on tissue (white boxes) extracted from the GBM and uninvolved (“healthy”) contralateral side of the brain. Representative C; trace (left) and Gravin
mRNA levels normalized to GAPDH (right), n = 3 + SEM. (C) Control (IgG) or Gravin immunoprecipitations were performed on brain extracts and probed for
reactivity with phospho-T766 Gravin antisera. (D) Magnetic resonance imaging (MRI) of a healthy brain. (E and G) Paraffin-embedded sections of healthy brain
tissue stained with H&E. (F) Serial sections costained with antibodies against phospho-S10 Histone H3, phospho-T766 Gravin, and DAPI followed by detection
with secondary antibodies conjugated to Alexa Fluor dyes. (H) Additional sections costained with antibodies against Plk1, phospho-T766 Gravin, and DAPI.
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lesions in the control brain (Figure 6D). H&E staining of paraffin-
embedded sections from a temporal lobectomy specimen from
this patient revealed normal six-layered cortex with reactive
astrocytes and no hypercellularity or neoplasia (Figures 6E and
6G, Figure S6A). Weak staining for phospho-Histone H3 (red)
in serial sections was consistent with a low mitotic index of the
tissue (Figure 6F). Likewise, little phospho-T766 Gravin staining
(green) was evident (Figure 6F). Nuclei were stained with the
DNA marker DAPI (blue, Figure 6F). Similar results were obtained
in serial sections stained with anti-Plk1 and phospho-T766
Gravin (Figure 6H).

Tumor sections were obtained from a patient with glioblas-
toma involving the right hemisphere (MRI in Figure 6l). H&E
staining of the resected glioblastoma from this case showed
a mitotically active, hypercellular, infiltrative astrocytic neoplasm
with microvascular proliferation and pseudopalisading necrosis,
confirming the glioblastoma diagnosis (Figures 6J and 6L,
Figure S6B). Immunofluorescent detection of serial sections
for phospho-Histone H3 and phospho-T766 Gravin revealed
a preponderance of double positive cells (Figure 6K). This is
indicative of increased mitosis within the tumor. Also, more
Plk1 and phospho-T766 Gravin costaining was evident within
the neoplasm (Figure 6M). At higher magnification, the phos-
pho-T766 Gravin signal is concentrated at the mitotic spindle
in two dividing cells (Figure 6N). This signal partially overlaps
with Plk1, although a significant proportion of the enzyme deco-
rates the kinetochores (Figure 6N). Quantitative analysis of
sections from four patients with glioblastomas indicated a
3.0-fold increase in phospho-T766 Gravin compared to compa-
rable regions of control brains (Figure 60, 8.71 + 1.93 cells/mm?
in glioblastoma compared to 2.91 + 0.14 cells/mm? in control;
n = 3 + SEM). The data in Figure 6 raise the possibility that
phospho-T766 Gravin detection could be developed as a clinical
biomarker or companion diagnostic for malignant neoplasms
and other cancers.

DISCUSSION

The kinase anchoring protein Gravin has been designated as a
tumor suppressor because the human gene resides in the q24-
25.2 locus of chromosome 6, a deletion hotspot in advanced
prostate, breast, and ovarian cancers (Xia et al., 2001). In addi-
tion, overexpression of the murine ortholog SSeCKS protects
against anoikis in v-Src-transformed fibroblasts (Lin et al.,
1996). Although both observations insinuate that Gravin might
repress tumor growth, a growing body of evidence calls into
question whether Gravin constitutes a bona fide tumor
suppressor. For example, SSecks null mice are viable, and while
they exhibit benign prostatic hyperplasia, they do not develop
tumors (Akakura et al., 2008). Furthermore, gene array and
proteomic analyses show that Gravin is upregulated in several
transformed cell lines and cancers including chronic myeloge-

nous leukemia, bladder cancer, and follicular lymphomas
(Jiang et al., 1997; Tsujimoto et al., 2005; Zhu et al., 2002). In
this report we define an alternate role for Gravin in the spatial
and temporal organization of phosphorylation-dependent
protein-protein interactions that sustain mitosis. Several lines
of evidence support this claim. While gene silencing of Gravin
modestly increases tumor growth in immunodeficient mice,
a more important consideration is that Gravin-depleted tumors
have an elevated mitotic index. This may occur because Gravin
depletion causes cells to stall during mitosis. This latter notion
tallies with live-cell imaging and spindle profile studies that
detect a prometaphase stall upon shRNA knockdown of Gravin
in HelLa cells. Importantly, re-expression of Gravin rescued this
defect. Thus, rather than solely exerting a dampening effect on
mitosis, we propose that Gravin may augment the fidelity and
reproducibility of cell division.

Protein phosphorylation by cyclin-dependent kinases (CDKs)
drives eukaryotic cell division (Vermeulen et al., 2003). Our
mass spectrometry analysis establishes that Gravin is phos-
phorylated at numerous sites during mitosis. Deeper biochem-
ical analyses reveal that CDK1 phosphorylation of Thr766 on
Gravin earmarks a subpopulation of the scaffolding protein for
a specialized role in cell division via the recruitment of Plk1.
A defining characteristic of Plk1 is the ability to transiently asso-
ciate with different mitotic structures as cells progress through
mitosis (Petronczki et al., 2008). Through mechanisms that
are incompletely understood, these synchronized movements
proceed through a C-terminal phosphopeptide-binding PBD
that directs Plk1 toward its substrates and binding partners
(Elia et al., 2003). Our findings argue that phospho-T766 Gravin
participates in the sequestering of Plk1. However, depletion
of Gravin was not found to substantially affect the localization
of PIk1 (Figures S5I-S5R).

Immunofluorescence analysis in HEK293 and Rat-2 cells
reveals that Gravin and Plk1 transiently associate during the
early stages of mitosis. Both proteins are intermingled with
DNA at prophase. This location is consistent with reports that
Plk1 activity is necessary for chromosomal segregation (Jeong
et al., 2010). Live-cell imaging experiments show that gene
silencing of Gravin correlates with a higher incidence of mito-
tic abnormalities. These include protracted prometaphase,
misalignment of chromosomes on the metaphase plate, and an
increased prevalence of aneuploidy. Interestingly, analogous
patterns of prometaphase arrest and the initiation of spindle
assembly checkpoints are observed in cells treated with the
Plk1 selective inhibitor BI2536 (Brennan et al., 2007; Petronczki
et al.,, 2007). Likewise, elegant chemical-genetic approaches
that acutely inactivate the kinase at the metaphase-to-anaphase
transition show that Plk1 activity is necessary to initiate cytoki-
nesis, a process that completes cell division to yield two physi-
cally distinct daughter cells (Burkard et al., 2007, 2009). Ancillary
support for this latter scenario is highlighted by data showing

(I) Magnetic resonance imaging of a glioblastoma localized to the right hemisphere. (J and L) Paraffin-embedded sections of glioblastoma tissue stained with
H&E. (K) Equivalent sections costained with antibodies against phospho-S10 Histone H3, phospho-T766 Gravin, and DAPI. (M) GBM sections costained with
antibodies against Plk1, phospho-T766 Gravin, and DAPI. (N) The region in (M) indicated by the while box was imaged at higher magnification to visualize
costaining of Plk1, phospho-T766 Gravin, and DAPI in mitotic tumor cells. (O) Quantitation of phospho-T766 Gravin-positive cells (per mm?) in sections from
control and glioblastoma patients (Control patients, n = 4, 90 fields of view + SEM; GBM patients n = 4, 90 fields of view + SEM; p = 0.024).
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that phospho-T766 Gravin staining remains at the centrosomes,
whereas the Plk1 signal accumulates at the spindle midzone as
cells enter anaphase. The segregation of these signals at later
stages of mitosis not only emphasizes the precise temporal
control that surrounds the Gravin-Plk1 interaction but also
illustrates the remarkable mobility of this mitotic kinase. Thus,
transient association with phospho-T766 Gravin offers a previ-
ously unrecognized means to direct Plk1 activity during the
early phases of mitosis. Conversely, loss of this protein-protein
interaction is deleterious to mitotic progression, as depletion of
Gravin or overexpression of the nonphosphorylatable Gravin
T766A mutant retards cell growth.

Grade 4 astrocytomas, more commonly known as glioblas-
toma, are extremely aggressive brain tumors (Van Meir et al.,
2010). The median survival time from diagnosis is approximately
12 months, and standard treatment (surgery, radiotherapy,
chemotherapy, and antiangiogenic drugs) only extends life
expectancy by 5-7 months (Krex et al., 2007). Therefore the
development of new prognostic markers for glioblastoma is
critical. We show that phospho-T766 Gravin antiserum identifies
rapidly dividing cells in paraffin-embedded sections from
resected glioblastomas. Plk1 mRNA levels also increase in glio-
blastoma and correlate with both tumor classification and the
probability of tumor recurrence after therapeutic intervention
(Cheng et al., 2012). Thus, detection of the Gravin-Plk1 complex
may have prognostic value; however, evaluation of many
more clinical samples will be necessary to firmly establish this
postulate. In conclusion, our discovery of this dynamic kinase-
anchoring event underscores the exquisite molecular con-
straints required for cell-cycle progression. Moreover, our
histological evaluation of phospho-T766 Gravin and Plk1 in
clinical samples and dividing tumor cells leads us to speculate
that aberrant control of this transient scaffolding event may
have pathological ramifications.

EXPERIMENTAL PROCEDURES

Experimental Animals and In Vivo Tumorigenesis

U251 cells were injected subcutaneously into mice homozygous for Foxn1™.
Tumor volume was measured from days 16 to 40. The institutional IACUC
review committee approved all procedures used in this manuscript.

Cell Culture, Transfection, and Generation of Stable Cell Lines

Cells were maintained in DMEM or RPMI supplemented with 10% FBS and 1%
penicillin/streptomycin (Invitrogen). Infections were performed with shRNA
lentiviral particles (Santa Cruz Biotech). Transient transfections were per-
formed using TransIT-LT1 reagent (Mirus).

Immunoprecipitations and Tissue Analysis
Cells and tissue were homogenized in lysis buffer supplemented with protease
and phosphatase inhibitors. Immunoprecipitations were rocked overnight
with antibodies and protein A/G-agarose beads.

In Vitro Kinase Assays

Immunokinase assays were performed with 150 ng Plk1 or CDK1/Cyclin B1
(Cell Signaling Technology). Spindle prep kinase assays were performed
with 300 uM substrate peptide (ISDELMDATFADQEAKKK).

Immunofluorescence
Cells on coverslips were incubated overnight with primary antibodies, followed
by detection with secondary antibodies conjugated to Alexa Fluor dyes
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(Invitrogen). Imaging was performed on Zeiss 510 META confocal or Axio Ob-
server.Z1 microscopes.

Statistical Analysis

All values are reported as mean = standard error (SEM), and the number of
repeats (n) is shown on each figure. Statistical significance was determined
by Student’s t tests or ANOVA, with p = 0.05 as the significance level.

Patient Samples
The University of Washington Institutional Review Board approved the use of
human samples in this study.

SUPPLEMENTAL INFORMATION

Supplemental Information includes six figures, one table, four movies, Supple-
mental Experimental Procedures, and Supplemental References and can be
found with this article at http://dx.doi.org/10.1016/j.molcel.2012.09.002.
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