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A-kinase anchoring protein 12 regulates the completion of cytokinesis
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A-kinase anchoring protein 12 (AKAP12) gene is frequently inactivated in human gastric cancer and in
several other cancers due to promoter hypermethylation. However, the biological function of AKAP12
in tumorigenesis remains to be identified. Aneuploidy, a hallmark of cancer cells, is often caused by
abnormal cell division. In the present study, AKAP12 was found to localize to the cell periphery during
interphase and to the actomyosin contractile ring during cytokinesis. Furthermore, AKAP12 depletion
using small interfering RNA increased the number of multinucleated cells, and disrupted the completion
of cytokinesis. Interestingly, the inhibition of myosin light chain kinase (MLCK), a key regulator of acto-
myosin contractility, removed AKAP12 from the cell periphery during interphase and from the contractile
ring during cytokinesis, suggesting that AKAP12 might be a downstream effector of MLCK. Our findings
implicate AKAP12 in the regulation of cytokinesis progression, and suggest a novel role for AKAP12 tumor
suppressor.

� 2008 Elsevier Inc. All rights reserved.
A-kinase anchoring proteins (AKAPs) define an expanding group
of scaffold proteins that possess a signature binding site for protein
kinase A (PKA). In addition to compartmentalizing cAMP signaling,
AKAPs assemble multi-protein complexes with other signaling en-
zymes and also participate in cytoskeletal signaling events [1].

AKAP12, one of the AKAPs [2], is the official gene name of a
group of orthologous proteins that includes human gravin and
the rodent Src-Suppressed C Kinase Substrate (SSeCKS). Evidence
indicates that AKAP12 plays a tumor suppressor role in cancers,
for example, human AKAP12/gravin is down-regulated in human
prostate and gastric cancers and in myeloid malignancies [3–6],
and suppresses cancer cell growth when overexpressed in human
gastric cancer and fibrosarcoma cells [4,7]. In addition, aberrant
DNA methylation of AKAP12 is believed to be an important aspect
of loss of tumor suppressor function in gastric and colon cancers
and in myeloid malignancies [4,8,9].

The rodent homolog of AKAP12 (SSeCKS) was originally re-
ported to be down-regulated in response to oncogene activations,
by Src or Ras [10], and the re-expression of SSeCKS reinstated
Src-induced tumor growth [11,12]. Likewise, the overexpression
of SSeCKS, one of the targets down-regulated by v-Jun in mouse
fibroblasts, suppressed Jun-induced transformation [13]. More-
ll rights reserved.
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over, SSeCKS is thought to inhibit cell cycle progression at the
G1-S transition in NIH3T3 cells [14], and has been implicated in
prostate cancer metastasis [3,15]. These reports suggest that
AKAP12 acts as a tumor suppressor. However, how AKAP12 func-
tions as a tumor suppressor remains to be elucidated.

Cytokinesis, the process where by newly formed daughter cells
separate, is the last action in the cell cycle, and it is critical that this
process be accurately regulated to ensure the equal division of ge-
netic and biochemical materials [16]. Cytoskeletal structures play
many important roles in this process. Microtubules of the mitotic
spindle take part in chromosome segregation, and the contractile
ring is composed of parallel actin and myosin filaments, which pro-
vide the force required for cellular contraction about the midzone
[17]. Myosin II is one of the main components of the contractile
ring, and thus, the absence of myosin II causes serious cell division
defect, e.g., the formation of multinucleated cells. In higher eukary-
otes, non-muscle myosin II is activated by the phosphorylation of
its regulatory light chain at Ser19/Thr18. Furthermore, myosin
light chain (MLC) phosphorylation controls both the assembly of
the actomyosin contractile apparatus and its contractility via a pro-
cess that is regulated by several kinases, including myosin light
chain kinase (MLCK), Rho-Kinase (ROCK), and citron kinase [18].
These kinases have been reported to localize to cleavage furrows
and to modulate MLC phosphorylation status via different path-
ways [19,20]. Several other molecules that affect cytokinesis in-
clude anillin, LATS1 tumor suppressor, and ARF6 [16,21–23].
These proteins also localize to the contractile rings and/or midbod-
ies of cells during mitosis, and their knock-down using small
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interfering RNA (siRNA) results in multinucleate phenotypes. How-
ever, although more research is being conducted on mitosis, rela-
tively little is known about the events involving the regulation of
cytokinesis, especially in animal cells.

In this study, we examined AKAP12 localization during cell divi-
sion in human cells, and found that AKAP12 is involved in the final
stages of cytokinesis. In addition, MLCK was identified to be an
upstream regulator of AKAP12.
Fig. 1. AKAP12 localizes to the actomyosin contractile ring during cytokinesis. (A)
SNU-449 cells fixed with ice-cold methanol were stained sequentially with anti-
AKAP12 antibody, a TRITC-conjugated secondary antibody (red), anti-a-tubulin
antibody, and an FITC-conjugated secondary antibody (green). DNA (blue) was
visualized by DAPI staining. (B) Co-localization of AKAP12 (green) and actin (red)
was observed at actomyosin contractile rings during cytokinesis in SNU-449 cells.
(For interpretation of color mentioned in this figure the reader is referred to the
web version of the article.)
Materials and methods

Materials. ML-9 was purchased from Tocris Bioscience and
Calbiochem; Y-27632 and ML-7 were from Calbiochem; thymidine,
nocodazole, anti-actin, and anti-a-tubulin antibodies from Sigma;
and anti-myosin light chain 2 and anti-phospho-myosin light chain
2 (Thr18/Ser19) from Cell Signaling Technology. SiRNAs were
purchased from PROLIGO. Polyclonal anti-AKAP12 antibody was
used, as previously described [2,4].

Cell culture. HEK293 (human embryonic kidney), HeLa (human
cervical carcinoma) and COS7 (monkey embryonic kidney) cells
were purchased from the American Type Culture Collection
(Manassas, VA), and maintained in DMEM supplemented with
10% fetal bovine serum (WELGENE Inc., Korea) and gentamycin
(10 lg/ml). Human hepatocellular cancer cells (SNU-449) and co-
lon cancer cells (HCT116) were purchased from the Korean Cell
Line Bank (Seoul), and grown in RPMI1640 supplemented with
10% FBS and gentamycin. All cell types used were incubated under
standard culture condition (20% O2 and 5% CO2 at 37 �C).

RNA interference. Cells were seeded and transfected separately
with siRNA oligonucleotides specific for AKAP12A or AKAP12B, or
with siRNA oligonucleotides common to both, or with an unspe-
cific control using Lipofectamine 2000 (Invitrogen). The following
sequences were used; unspecific control sense (50-UUCUCCGAACG
UGUCACGUtt-30) and antisense (50-ACGUGACACGUUCGGAGAAtt-
30). AKAP12A sense (50-CACCAUCAAUGGCGUAGCUtt-30) and anti-
sense (50-AGCUACGCCAUUGAUGGUGtt-30). AKAP12B sense (50-G
UACAGUAGUGCUACUUAAtt-3’) and antisense (50-UUAAGUAGCA
CUACUGUACtt-30). AKAP12A and B common sense (50-UCUGCAG
AAUCUCCGACUAtt-30) and antisense (50-UAGUCGGAGAUUCUGCA
GAtt-30).

Cell synchronization. Cell synchronization was performed as pre-
viously described [23] with some modification. Briefly, cells trans-
fected with siRNA were incubated with thymidine (2 mM for 16 h)
to achieve S phase block. Thymidine-containing medium was then
exchanged for normal growth medium, and cells were further
incubated for 5 h. Nocodazole (100 ng/ml) was then added, and
cells were cultured for an additional 9 h. After collecting mitotic
cells by centrifugation, they were resuspended in normal growth
medium and seeded on poly-L-lysine coated coverslips.

Fluorescence microscopy. Cells grown on coverslips in six-well
plates were washed twice with PBS, and fixed by incubating them
with ice-cold methanol for 10 min at �20 �C. For the synchroniza-
tion experiment, cells were fixed and permeabilized using formal-
dehyde solution (2% for 10 min) followed by 0.1% Triton X-100 in
PBS for 5 min at room temperature. Cells were then blocked with
1% bovine serum albumin (BSA) in PBS and subsequently incubated
with primary and secondary antibodies in PBS containing 1% BSA.
The secondary antibodies used were FITC-conjugated anti-mouse
IgG and TRITC-conjugated anti-rabbit IgG (Cortex Biochem, San
Leandro, CA). Cells were imaged under a confocal fluorescence
microscope (model LSM5; Carl Zeiss).

Immunoblotting. Cells were washed with PBS and then lysed in
extraction buffer (50 mM Tris–Cl, pH 7.4, 150 mM NaCl, 1% NP-
40, 0.5% sodium deoxycholate, 1 mM sodium orthovanadate,
1 mM PMSF, 0.1 mM pepstatin A, 0.1 mM antipain, 0.2 mM leupep-
tin, and 10 lg/ml aprotinin) on ice for 30 min. Lysates were cleared
by centrifugation (13,000 rpm for 20 min). Equal amounts of cell
extracts were then resolved by SDS–PAGE, transferred to nitrocel-
lulose membranes, and probed with antibodies. Blots were de-
tected using an ECL system (Amersham).

Results and discussion

AKAP12 localizes to the actomyosin contractile ring during cytokinesis

To investigate the function of AKAP12 in cell division, we first
examined its subcellular localization by confocal microscopy in
SNU-449 human hepatocellular cancer cells. As shown in Fig. 1A,
endogenous AKAP12 seemed to localize at the cell periphery dur-
ing interphase. In contrast, during metaphase and anaphase, most
AKAP12 staining was diffusely localized to cytoplasm. Interest-
ingly, as cells proceeded to telophase/cytokinesis, a substantial
proportion of AKAP12 accumulated specifically at the contractile
ring. Similar results were also obtained from the experiments in
which HEK293 cells were used (Supplementary Fig. 1). Moreover,
AKAP12 colocalized with actin during cytokinesis (Fig. 1B), thus
supporting the targeting of AKAP12 to the actomyosin contractile
ring.

Knock-down of AKAP12 increased multinucleated cell numbers

Failure in cytokinesis can lead to a genome amplification in can-
cers [24]. The depletion of several cytokinesis-related proteins



Table 1
Depletion of AKAP12 by siRNA inhibited late-stage cytokinesis

Transfection Cells at cytokinesis Appositioned and rounded cells
(percent of cells at cytokinesis)

2 h after mitotic entry
Control siRNA 151 49 (32.5%)
AKAP12 siRNA 121 80 (66.1%)

Total cells Binucleated cells (percent of total cells)

5 h after mitotic entry
Control siRNA 494 39 (7.9%)
AKAP12 siRNA 430 82 (19%)

HeLa cells transfected with control or AKAP12 siRNA were synchronized and fixed 2
or 5 h after entry into mitosis. Immunofluorescence microscopy was performed as
described in Fig. 2D.
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including LATS1 tumor suppressor disrupts cytokinesis and in-
creases multinucleate cell proportions [16,21–23]. Although many
proteins involved in cytokinesis have been identified by isolating
midbodies from synchronized CHO cells and by RNA interference
(RNAi) screening in Drosophila cells [25–27], relatively little is
known of the process at the molecular level in human cells, and
in particular, the involvement of AKAP12 in cytokinesis remains
unknown. Thus, we examined the effect of depletion of AKAP12 tu-
mor suppressor on cytokinesis. The depletion of AKAP12 in SNU-
449 cells was achieved by siRNA transfection. siRNAs for each iso-
form (si-AKAP12A or si-AKAP12B) and for both (si-common) were
used to selectively disrupt AKAP12 isoforms. Treatment of SNU-
449 cells with siRNAs against human AKAP12 isoforms resulted
in the depletion of the corresponding proteins (Fig. 2A), whereas
treatment with a non-specific control siRNA had no effect. Interest-
ingly, AKAP12 knock-down resulted in a 4- to 5-fold increase in
multinucleate cells versus control siRNA-transfected cells (Fig.
2B); although few multinucleate cells were observed. This low fre-
quency may be due to limitations of the transient siRNA system
used, and is often observed in vertebrate cells, which have
complicated supportive mechanisms that ensure the completion
of cytokinesis [16,23]. Nevertheless, the primary defect in
AKAP12-depleted cells appeared to be a failure to complete cytoki-
nesis. Moreover, we were unable to find any significant difference
between single isoform-depleted or both isoform-depleted
SNU-449 cells, which suggests that both isoforms might play a
function during cytokinesis.

Depletion of AKAP12 disrupted cytokinesis completion

Next, we investigated whether AKAP12 functions during the
late-stage of cytokinesis. In fact, several proteins, such as, ARF6
and dynamin, are known to be required for the completion of cyto-
kinesis [28]. HeLa cells were chosen for cell synchronization
because they have been used for similar experiments [23], and
basally express AKAP12 isoforms (Fig. 2C). HeLa cells transfected
Fig. 2. Depletion of AKAP12 by siRNA increased multinucleate cell proportions by disrup
449 cells. SNU-449 cells were transfected without or with control siRNA or siRNAs agai
AKAP12 and anti-actin antibodies. (B) Percentages of multinucleate cells. Columns, mea
down of AKAP12 prevented cytokinesis completion in HeLa cells. (C) Western blot of th
siRNA (si-common) using anti-AKAP12 and anti-actin antibodies. (D) HeLa cells transfec
methods), and mitotic cells were fixed for 2 or 5 h following release from nocodazole arre
staining.
with control or AKAP12 siRNA were synchronized using a thymi-
dine block in the S phase and then subjected to nocodazole arrest
at G2/M. Subsequently, mitotic cells were fixed at different times
following release from nocodazole arrest. During the first 60–
90 min of mitosis, AKAP12-depleted cells appeared to progress
through anaphase and telophase in the same manner as controls.
However, 2 h after mitotic entry, AKAP12 siRNA-transfected cells
were not spread as well and showed a more rounded morphology
than control siRNA-transfected cells (Fig. 2D and Table 1), suggest-
ing that AKAP12 is required for the later stages of cytokinesis. Fur-
thermore, 5 h after mitotic entry, an increased number of
binucleate cells was observed among AKAP12-depleted cells.

MLCK regulated AKAP12 localization during interphase and
cytokinesis

The phosphorylation of myosin light chain (MLC) at Ser19/
Thr18 is essential for the activity of myosin II, which mechanically
drives cytokinesis. Furthermore, it is well known that MLC is phos-
phorylated by several kinases, including Rho-Kinase (ROCK) and
ting cytokinesis completion. (A,B) Depletion of AKAP12 isoforms by siRNA in SNU-
nst AKAP12 isoforms for 3 days. (A) Western blots of whole cell lysates using anti-
ns; bars, SD (n = 5). *P < 0.001 versus control siRNA-transfected cells. (C,D) Knock-
e lysates of HeLa cells lysates treated with control siRNA (si-control) or an AKAP12
ted with control or AKAP12 siRNA were synchronized (described in Materials and
st, and examined under an immunofluorescence microscope for a-tubulin and DNA
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myosin light chain kinase (MLCK). Thus, we examined whether
these kinases could regulate the expression and subcellular locali-
zation of AKAP12. SNU-449 cells and HEK293 cells were treated
with ML-9 (an MLCK inhibitor) or Y-27632 (a ROCK inhibitor).
Western blot analysis showed that AKAP12 expression was not al-
tered in Y-27632 or ML-9-treated HEK293 cells, but that it de-
creased slightly in ML-9 treated SNU-449 cells (Fig. 3A).
Furthermore, in SNU-449 cells, AKAP12 expression and MLC phos-
phorylation were found to be dose-dependently decreased by ML-9
(Supplementary Fig. 2), and confocal microscopy showed that Y-
27632 did not affect AKAP12 localization in either cell type,
although it did cause a morphological change in HEK293 cells
(Fig. 3B). Notably, ML-9 caused AKAP12 protein to dramatically
translocate from the plasma membrane to the cytoplasm during
interphase in both cells. Moreover, ML-9 was found to have similar
effects in HCT116 and COS7 cells (Supplementary Fig. 3). Further-
more, the localization of AKAP12 protein at the contractile ring
during cytokinesis was prevented by ML-9 (Fig. 3C), and a similar
result was obtained using ML-7 (another MLCK inhibitor, data
not shown), which confirmed that MLCK, but not ROCK, is impor-
tant for AKAP12 localization during interphase and cytokinesis. It
is known that MLCK phosphorylates MLC at the cell periphery,
whereas ROCK is responsible for MLC phosphorylation in the
Fig. 3. MLCK regulated AKAP12 localization during interphase and cytokinesis.
HEK293 and SNU-449 cells were treated with Y-27632 (15 lM; a ROCK inhibitor) or
with ML-9 (30 lM; a MLCK inhibitor) for 24 h, and AKAP12 expressions and its
subcellular localizations were determined by western blotting (A) and confocal
microscopy (B), respectively. (C) Location changes of AKAP12 during cytokinesis in
ML-9-treated SNU-449 cells. Cells treated or not with ML-9 were stained for
AKAP12 (red) and DNA (blue). (For interpretation of color mentioned in this figure
the reader is referred to the web version of the article.)
center of cells [29]. In view of the peripheral localization of AKAP12
under basal conditions, it may be that MLCK (but not ROCK) regu-
lates the localization of AKAP12 during interphase and cytokinesis.
Furthermore, it has been reported that in interphase cells, rodent
SSeCKS colocalizes with F-actin in an FAK-dependent manner
[30], and that several other AKAPs, including WAVE1, AKAP-Lbc,
ezrin and MAP2, also participate in cytoskeletal signaling events
[1,31–33]. Additional studies are required to determine how
AKAP12 affects the cytoskeletal organization of the contractile ring
required for cytokinesis. Thus, we suggest that it worthwhile iden-
tifying binding partners of AKAP12, though MLCK and myosin II are
obvious candidates.

Understanding of the molecular mechanism of cytokinesis is
important, because cytokinesis failure almost certainly contributes
to cancer progression. The major finding of this study is that
AKAP12 probably contributes cytokinesis, because AKAP12 deple-
tion was found to cause abnormal cytokinesis and to increase the
proportions of multinucleate cells. Our results also support the no-
tion that AKAP12 acts as a potential tumor suppressor.
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