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Rb-dependent cellular senescence,
multinucleation and susceptibility
to oncogenic transformation through PKC
scaffolding by SSeCKS/AKAP12
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A subset of AKAPs (A Kinase Anchoring Proteins) regulate signaling and cytoskeletal pathways through the spaciotemporal
scaffolding of multiple protein kinases (PK), such as PKC and PKA, and associations with the plasma membrane and the
actin-based cytoskeleton. SSeCKS/Gravin/Akap12 expression is severely downregulated in many advanced cancers and
exhibits tumor- and metastasis-suppressing activity. akap12-null (KO) mice develop prostatic hyperplasia with focal
dysplasia, but the precise mechanism how Akap12 prevents oncogenic progression remains unclear. Here, we show that
KO mouse embryonic fibroblasts (MEF) exhibit premature senescence marked by polyploidy and multinucleation, and
by increased susceptibility to oncogenic transformation. Although p53 and Rb pathways are activated in the absence
of Akap12, senescence is dependent on Rb. Senescence is driven by the activation of PKCa, which induces p16™“/Rb
through a MEK-dependent downregulation of Id1, and PKCS, which downregulates Lats1/Warts, a mitotic exit network
kinase required for cytokinesis. Our data strongly suggest that Akap12 controls Rb-mediated cell aging and oncogenic

progression by directly scaffolding and attenuating PKCa/3.

Introduction

Cell senescence is controlled by p53 or pRb proteins under condi-
tions of cell aging that include telomere shortening and increased
production of reactive oxygen species (ROS), the latter trigger-
able by damage to proteins, nucleic acids and lipids. Sustained
61nk4a and pzl\X/AFl/Cipl

suppresses the activity of cyclin/cyclin-dependent kinase com-

expression of pl under these stress conditions
plexes, preventing hyperphosphorylation of pRb. This, in turn,
facilitates growth arrest by allowing pRb to continue to suppress
the E2F-mediated transcription of cell cycle progression genes.
In addition, genotoxic or osmotic stress conditions can increase
the stability of p53 protein through the action of the ARF gene
product, leading to the induction of p53-regulated genes such
as p21WVARVCRL L2 Alchough there is a considerable literature elu-
cidating the downstream effectors of p53 in cell senescence,’ the
mechanism by which pRb functions in this regard is less clear.
Src-Suppressed-C Kinase Substrate (SSeCKS), encoded by the
rodent orthologue of human Gravin/AKAP12, originally identi-
fied as a suppressor of v-Src oncogenic signaling,? is a major sub-
strate of protein kinase (PK) C®*® and a scaffold protein for PKC
and PKA.? Akapl2 is severely downregulated by oncogenic forms
of Src, Ras, Myc and Jun,* but not by oncogenic forms of Raf,
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Mos or Neu, indicating that its downregulation is not a generic
effect of cell transformation. Moreover, milder downregulation
of Akapl2 is already manifest in clones of spontaneously-arising
immortalized cells that gain permissiveness for H-Ras-induced
transformation compared to primary REF52 diploid fibroblasts."’

There is mounting data indicating that Akapl2 functions as
a tumor- and/or metastasis-suppressor, including its mapping to
human chromosome 6q24-5.2, a deletion hotspot in prostate,
breast and ovarian cancers.* The tumor- and metastasis-sup-
pressor functions of Akap12 likely involve its ability to modulate
specific oncogenic signaling pathways through the scaffold-
ing of key mitogenic regulators such as PKC, PKA, cyclins and
calmodulin. 14

We showed recently that Akapl2-null (KO) mice exhibit
prostatic hyperplasia along with focal dysplasia marked by the
loss of inter-epithelial E-cadherin staining in the luminal layer
and by the loss of HMW-cytokeratin-staining basal epithelial
cells.”” Notably, all four prostatic lobes displayed increased apop-
totic indices although hypercellularity due to net cell prolifera-
tion increases was detected in the anterior and ventral lobes only.
These lesions also showed significantly higher relative phospho-
Akt levels, suggesting that Akapl2 normally antagonizes PI3K
activation pathways. Although these effects, reminiscent of
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Figure 1. Loss of Akap12 leads to multinucleation, polyploidy and premature senescence. (A) Phase contrast images of Akap12++, *and - (WT, het and
KO) MEF (upper). Scale bar, 30 um. Thick arrows, binucleated cells; thin arrows, stress fiber bundles. Lower: Immunoblotting of WT, het and KO MEF
lysates probed for Akap12 (showing a and B isoforms) or Gapdh. (B) Percentage of multinucleated cells in WT- vs. KO-MEF (left) versus the number of
the nuclei/cell (right). *p < 0.001. (C) Cell proliferation rates in P3 vs. P8 WT- and KO-MEF. (D) Left: P6 KO-MEF display premature senescence based on
SABgal staining and enlarged cell morphologies. Scale bar, 30 wm. Right: percentage of SABgal-stained cells from P6. *p < 0.001.

a senescent state in vivo, are predicted by the loss of a tumor
suppressor that regulates cell cycle progression, the precise
mechanism by which Akapl2 controls cell cycle or oncogenic
progression remains unclear.

Here, we show that mouse embryonic fibroblasts from
akapl2-null mice (KO-MEF) exhibit polyploidy/multinucle-
ation, increased DNA damage marker levels, increased suscep-
tibility to oncogenic transformation and premature senescence,
correlating with the activation of Rb, increases in the expression
of p16™kie, p19A, p21¥af/Cirt and p53, and decreases in the expres-
sion of CDK4 and the mitotic exit network kinase, Latsl/Warts.
Many of these senescence markers are manifest in hyperplastic
prostatic lesions in KO mice. The premature senescence in the
absence of Akapl2 was Rb-dependent, requiring PKCa and 3,
and is likely regulated by the ability of Akapl2 to control PKC
activity through a direct scaffolding function. Our evidence
suggests that Akapl2 prevents Rb-mediated cell senescence and
oncogenic progression by attenuating RB activation through a
PKCa/MEK/Id1/p16"™ pathway and by preventing downregu-
lation of Lats1/Warts by PKCB.

Results
Loss of Akapl2 results in polyploidy/binucleation and pre-

mature-senescence. Akapl2 negatively regulates growth factor-

induced cell cycle progression,*'® and its loss causes hyperplastic
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lesions in the prostate paradoxically marked by increased levels of
AkeoSe73 and apoptosis.” Given that these combined conditions
are often harbingers of premature cell aging following the loss of
a tumor suppressor function,” hyperplastic lesions from akap12-
null (KO) mice were surveyed for markers of cell senescence.
Compared to age-matched WT mice, prostates from akapi2-null
mice displayed increased senescence-associated -galactosidase
(SABgal)'® (Sup. Fig. 1a), p16"* (Sup. Fig. 1b) and a marker of
DNA damage, YH2AX (Sup. Fig. 1c), consistent with the notion
that the loss of a tumor suppressor function such as Akapl2
results in both increased cell aging and proliferation.

MEF culture models have been used to dissect the senes-
cence pathways induced by the loss of tumor suppressors,”” and
thus, we isolated MEF from WT, KO and akapl2*~ (“het”)
mice. KO-MEF were severely flattened (Fig. 1A) and displayed
increased production of thick, longitudinal stress fibers, non-
peripheral, dorsal focal adhesion plaques (Sup. Fig. 2), and long
cell projections (Fig. 1A). HeeMEF, which express roughly half
the Akapl2 protein level of WT-MEF (Fig. 1A), also exhibited
increased levels of binucleation suggesting that the appropriate
completion of cytokinesis and/or cell septation could be influ-
enced by akapl2 haploinsufficiency. These structural changes
parallel those produced by knocking down Akapl2 in mesangial
cells.?®

The loss of Akap12 resulted in cytokinesis defects and prema-
ture senescence. Specifically, compared to WT-MEF at similar
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Figure 2. Loss of Akap12 activates both p53 and Rb pathways, but premature senescence in KO-MEF is Rb-dependent. (A) Left: Semi-Q RT-PCR
performed on total RNA from P5 WT- or KO-MEF using gene primers described in Table 1. Right: densitometric scans of triplicate independent experi-
ments; SE, p < 0.01. (B) Left: IB of P5 cell lysates probed for Akap12, p53, total Rb, Rbopesereo7/81 Aktposeré7s total Akt or Gapdh. Right: densitometric scans

of triplicate independent experiments; SE, p < 0.01. (C) Percentage of SABgal staining in P4 KO-MEF (black columns) after infection with high-titer
PBABE retroviruses containing empty vector, HPV16-E6, HPV16-E7, SV40-Tanﬂgen (SV-Tag) or Akap12, compared to the SABgal staining of P4 WT-MEF
(white column). *p < 0.001. (D) Upper: Percentage of SABgal staining in P4 KO-MEF (black columns) 4 d after transfection with p53- or Rb-specific siRNA
or control (scrambled) siRNA, compared to the SABgal staining of WT-MEF (white column). *p < 0.005. Lower: IB of cell lysates from the upper part,
probed for Rb, p53 or Gapdh. (E) p53 is active in KO-MEF. WT-, akap12 KO- or p53”- MEF were transfected transiently with a p53-inducible p21-Lucifer-
ase construct and lysates were subjected to luciferase assays after treatment for 16 h with doxorubicin or vehicle. Error bars, SE; *p < 0.005.

early passages, KO-MEF exhibited severe multinucleation and
polyploidy. Multinucleation in KO-MEF was 10.2-fold higher
than in WT-MEF (57.1% = 3.0 versus 5.6% + 0.8; Fig. 1B, left
part), with roughly 90% of the multinucleation representing
binucleated cells (Fig. 1B and right part). Flow cytometric anal-
ysis of propidium iodide-labeled cells indicated that KO-MEF
had relative increases in their tetraploid and octaploid popula-
tions, with a concomitant decrease in the 2N population, yet a
slight increase in sub-2N-containing cells typically thought to
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be apoptotic (Sup. Fig. 3a). These findings were also confirmed
by chromosome counting of fixed metaphase spreads: by pas-
sage (P)2, roughly 50-60% of KO-MEF were tetraploid whereas
4-5% were octaploid (Sup. Fig. 3b). Little aneuploidy was
found, strengthening the notion that the loss of Akap12 caused
cytokinesis defects rather than specific mistakes in chromosomal
segregation.

Because akapl2-null mice have higher relative proliferation in
luminal prostate cells compared to WT mice,"” and because of
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the known role of Akapl2 in regulating cell cycle progression,'®

we compared the proliferation rates of WT- vs. KO-MEEF. Early-
passage (P3) KO-MEF proliferated at faster rates than WT-MEF,
whereas by P8, the KO-MEF had lost all proliferative capacity
(Fig. 1C). Indeed, P6 KO-MEF showed significantly increased
SABgal levels (36.3% = 3.6 in KO-MEF vs. 34% + 0.5 in
WT-MEF), a well-established marker of senescence,'® as well as
increased cell flattening (Fig. 1D). Taken with the finding that
KO-MEF exhibited increased levels of intranuclear focal stain-
ing for yYH2AX (Fig. S4), a senescence-associated DNA damage
marker,? these data strongly suggest that the growth arrest of the
KO-MEF reflects premature senescence.

In order to confirm that the premature senescence in KO-MEF
is due to Akap12 deficiency, WT-MEF were treated with murine-
specific akapl2 siRNA (“si-mAKAP12”) followed by SAPgal
staining. Akapl2 knockdown, confirmed by immunoblotting
(Sup. Fig. 5a and lower part), resulted in a 5-fold increase in
SABgal staining (2.4% =+ 0.9 with vs. 12.1% =+ 2.3 with si-
mAKAPI12; Sup. Fig. 5a, upper part). Similarly, the siRNA-
mediated knockdown of human AKAPI2 (“si-hAKAP12”) in
human diploid fibroblasts (IMR90) resulted in a 4.4-fold increase
in SABgal staining (Sup. Fig. 5b). Thus, AKAP12 deficiency in
primary diploid fibroblasts is sufficient to induce senescence.

Premature senescence in akapl2-null-MEF is Rb-dependent.
p53 and Rb are major mediators of cellular senescence along with
CKIs such as pl16™#, p194 and p21"#"/C! 21 We examined a
select panel of senescence-regulating genes by semi-Q RT-PCR
for differential expression in passage-matched pre-senescent KO-
vs. WI-MEF. RNA accumulation levels for Cdk4 were severely
decreased, and Cdkn2a (p16™%), Cdkn2d (p19*7), p53 and
Cdknla (p21""'7) RNA levels were increased in the absence
of Akapl2 (Fig. 2A). A relative increase in p53 protein levels in
KO-MEEF was confirmed by IB (Fig. 2B). Although the total Rb
protein levels did not change, RB was relatively underphosphory-
lated in KO-MEF, suggesting higher E2F-suppressing activity.?

The increased relative levels of Akt phosphorylation in
KO-MEF (Fig. 2B) parallel those found in the hyperplastic
prostates of KO mice® and correlate with the decreased levels
of Pten RNA (Fig. 2A). Previous reports have linked AKT with
p53-mediated senescence,? but there is scant literature address-
ing the role of AKT in Rb-mediated senescence. Moreover, the
increased levels of Cdkn2a RNA, encoding p16™“, and decreased
levels of Cdk4 (Fig. 2A), correlate with the increased Rb activa-
tion levels in the KO-MEF, and are consistent with the increased
levels of p16™ = in the KO prostate lesions (Sup. Fig. 1b). Taken
together, these data demonstrate that the loss of Akapl2 leads to
the activation of both p53 and Rb pathways.

To examine whether the senescence caused by loss of Akapl2
is p53 or Rb-dependent, p53 or Rb function was inhibited in
KO-MEF using viral antagonist proteins, or p53/Rb expres-
sion was knocked down using specific siRNAs. As a control, the
re-expression of Akapl2 could decrease senescence to the lev-
els found in passage-matched WT-MEF (2.5% + 0.6 vs. 1.8%
+ 0.3, respectively) (Fig. 2C). Transduction of KO-MEF with
HPV16-E7, which inhibits Rb function, or SV40-T ., which

antigen

inhibitsboth p53 and Rb, suppressed senescence levels. In contrast,
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cells infected with pBABE or virus encoding HPV16-E6, which
inhibits p53, remained highly senescent (Fig. 2C). Similarly,
the knockdown of Rb, but not p53, suppressed senescence in
the KO-MEF (Fig. 2D). The failure of the p53-siRNA to sup-
press senescence was an important control because HPV16-E7
partially suppresses p53-mediated senescence through a direct
binding to p21.** Interestingly, our data suggest that p53 remains
active in the KO-MEF because of the upregulation of Cdknla
(Fig. 2A) and the p53-dependent, stress-induced induction of a
luciferase reporter driven by the p21Y*"“*! promoter (Fig. 2E).
These data are consistent with an Rb-dependent, p53-indepen-
dent senescence in KO-MEF.

Akapl2 scaffolding of PKC isozymes controls senescence.
Akap12 directly scaffolds PKC isozymes®*'** such that satu-
rated binding inhibits PKC kinase activity.*®’ Moreover, acti-
vated PKCa,, & and & isozymes play direct roles in inducing
cell senescence and cytokinesis defects.” Thus, we examined
whether Rb-dependent senescence in the KO-MEEF is driven by
hyperactive PKC resulting from the loss of Akapl2 scaffolding
activity. Akapl2 can be co-immunoprecipitated with HA-tagged
PKCa, 8 and € isozymes in HEK293T transient overexpres-
sion assays (Fig. 3A). Total PKC kinase activity was increased
in KO vs. WT-MEF 2.2-fold (Sup. Fig. 6a), and inhibition of
PKC kinase activity with the pan-PKC inhibitor, bis-indolylma-
leimide (BIM), reduced senescence in a dose-dependent manner
(Sup. Fig. 7), demonstrating that the senescence in KO-MEF
is regulated by PKC. Interestingly, isozyme-specific in vitro
kinase assays of immunoprecipitated PKC identified increased
relative kinase activities for PKCa and & only (3.3- and 1.8-fold
increases, respectively) in KO- vs. WT-MEF (Fig. 3B). We used
several other assays to confirm the higher PKCa and 8 activation
in KO-MEEF. Specifically, PKCa could spontaneously localize to
plasma membrane sites in KO-, but not in WT-MEF, in a kinase-
dependent manner (Sup. Fig. 6b) and KO-MEF displayed sig-
nificantly higher levels of the so-called PKC8-CF (“cleaved
fragment”), reflecting cleavage by caspase-3 of only kinase-active
forms (Sup. Fig. 6¢). Importantly, senescence in KO-MEF could
not be suppressed by Akap[A553-900], a mutant deleted of its
PKC binding domain (Fig. 3C) (Li-wu Guo, Bing Su, Lingqiu
Gao and Irwin H. Gelman, “SSeCKS/AKAP12 transduces phor-
bol ester-induced cytoskeletal remodeling and cell survival sig-
nals by scaffolding PKC,” submitted for publication). Moreover,
the RNAi-mediated knockdown of PKCa and 8, but not PKCe,
decreased premature senescence in KO-MEF (Fig. 3D). These
data strongly suggest that SSeCKS prevents premature senescence
by attenuating PKCa and 8 activity through direct scaffolding.

61nk4a

The upregulation of pl is sufficient to induce senescence

and multinucleation.?®

Expression of p16 is regulated positively or
negatively, respectively, by Ets2 or Id1.” Compared to transcript
levels in WT-MEEF, Id1 transcript levels were severely downregu-
lated in KO-MEF, whereas £#52 transcript level were unaffected by
Akap12 loss (Fig. 4A). This agrees with data from our Affymetrix
microarray analysis comparing differential gene expression in P4
KO- vs. WT-MEF, namely 14.63-fold lower /41 in KO-MEF (p
= 148 x 10%°) and no significant change in Ezs2 (p = 0.0216).

Activated MEK-ERK signaling has been shown to suppress /41
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Figure 3. Akap12 binds to PKC and regulates its activity. (A) Lysates from 293T cells transfected with His-Akap12 and HA-PKCq,  or € were incubated
with Ni**-NTA resin and subjected to immunoblotting for the HA-tag (upper) or to direct immunoblotting for Akap12, HA and Gapdh (lower). (B) Rela-
tive activities of PKCa, 8 or & in WT- vs. KO-MEF. Relative kinase activity was defined as the amount of labeled substrate normalized to the amount of
PKC isozyme in immunoprecipitates (Fig. S11). *p < 0.005; **p < 0.01. (C) Upper: Percentage of SABgal-stained P4 KO-MEF infected with pBABE vector
(V), pBABE-Akap12 full length (FL) or pBABE-Akap12(Aa.a.553-900). Lower: IB of FL and A553-900 expression in the transfected KO-MEF probed for
Akap12 or Gapdh. (D) Upper: Percentage of SABgal-stained cells 5 d after transfection with PKCa-specific siRNA or infection with high-titer virus
encoding PKC3- or ¢ -specific shRNA. *p < 0.01; **p < 0.005. Lower: IB of KO-MEF lysates from the upper part, probed for PKCa, & or ¢ or Gapdh. (E) The
effect of PKC isozyme knockdown in P4 KO-MEF on p16"“2 (Cdkn2a), Id1 or Lats1 transcript levels (vs. Actb controls). ctrl, scrambled siRNA; ai, siRNA-
PKCaq; 8i, shRNA-PKCd; i, sShRNA-PKCe. These results are typical of three independent experiments. (F) Increased Ncf1 transcript levels, encoding
p47°t°%, in KO- vs. WT-MEF. (G) The NADPH oxidase inhibitor, DPI (10 M for 3 h), fails to increase Lats1 transcript levels in KO-MEF. Left part- Semi-quan-
titative RT-PCR of total RNA from P4 WT- or KO-MEF treated with DMSO or DPI, using Lats1 or Actb primer set. Right part-average of three independent

expression.”® Given that Akapl2 inhibits serum-induced acti-
vation of MEK-ERK signaling,'* we assessed relative phospho-
MEKI1/2 levels in serum-starved WT- and KO-MEF treated
short term with 10% FBS. Consistent with our previous findings,
both the basal and serum-induced levels of activated MEK were
higher in KO- vs. WT-MEF (Fig. 4B). As a control, Akap12 did
not alter total MEK protein levels in the absence or presence of
serum (Fig. 4B). Treatment of KO-MEF with the MEK inhibi-
tor, U0126, induced /41 expression and suppressed Cdkn2a levels
(Fig. 4C), consistent with the notion that /47 downregulation in
KO-MEF is caused by hyperactive MEK and that Id1 suppresses
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Cdkn2a transcription. Moreover, inhibition of MEK decreased
senescence in KO-MEF (Fig. 4D), underlining the importance
of the p16/Rb axis in inducing senescence in this context. Lastly,
whereas the knockdown of PKCa by siRNA had the same effect
as MEK inhibition, namely increased /41 and decreased Cdkn2a
levels, knockdown of PKC3 or & had no effect on these RNA
levels (Fig. 3E). In contrast, the knockdown of PKCS, but not
PKCa or &, resulted in the re-expression of Latsl/Warts, encod-
ing a kinase required for completion of mitosis® (Fig. 3E). Loss
of this kinase is known to lead to cytokinesis defects that result

in binucleation and polyploidy,**** and thus, it is possible that its
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Figure 5. Loss of Akap12 causes increased susceptibility to oncogenic transformation. (A) Im- Loss ofAkaplZ: cell immortalization
mortalization of KO-MEF (imKO). Upper: Representative image of imKO clone 4 (P25). Arrows, and oncogenic predisposition. Another

multinucleation. Size bar, 30 um. Bottom: IB of WT-MEF (P6) and imKO (P25) probed for Akap12
or Gapdh. (B) Cell proliferation in P6 WT-MEF vs. P25 imKO. (C) Percentage of SABgal staining in
WT- (P6), KO-MEF (P6) and imKO (P25). *p < 0.001. (D) Comparison of the number of foci (>2 mm)
from oncogene-transduced WT- or KO-MEF. *p < 0.001; **p < 0.005. (E) Phase contrast images of gain immortalization in culture and an
H-Ras(V12)-induced foci in WT- (upper; thin arrow) vs. KO-MEF (lower; thick arrow). Size bar, 50 m. increased predisposition to oncogenic

transformation.*” Indeed, the ability of
human prostate epithelial cells to over-
decreased expression in KO-MEF causes the G,/M checkpoint  come senescence and gain immortality involves the loss of p16/
defects that trigger senescence. Takahashi et al.?' showed that Rb signaling.?® We could readily establish immortalized (im)
activated PKC3 can partially drive senescence through a positive  akapl2-null MEF, derived as proliferating colonies amongst

hallmark of cells that lose tumor sup-
pressor functions is the propensity to

www.landesbioscience.com Cell Cycle 4661



senescent KO-MEF, which we named imKO (Fig. 5A). The
imKO clones grew faster than early-passage WT-MEF (Fig. 5B),
and roughly 20% of the total cells were multinuclear (Fig. 5A
and arrows). These cells typically had single nuclei with stable,
yet slightly sub-tetraploid genomes (76 to 78 chromosomes/cell;
Sup. Fig. 8). The imKO had severely decreased levels of senes-
cence as gauged by SABgal staining (Fig. 5C). Several imKO
clones studied showed little loss of proliferative activity after 30
continual passages in culture, strongly suggesting that the imKO
cells are immortalized. Moreover, whereas the enhanced p53
RNA levels found in KO-MEF were sustained in imKO, consis-
tent with the notion that senescence in this context is p53-inde-
pendent, Cdkn2a was downregulated and Cdk4 was upregulated
in imKO cells (Fig. §9). These data strengthen the notion that
a pl6-Rb pathway must be suppressed in order to allow for sus-
tained proliferation after senescence. Interestingly, Lazsl/Warts
expression, downregulated in KO-MEF, is upregulated in imKO
cells (Fig. S9).

We then examined whether KO-MEF have enhanced suscep-
tibility toward oncogenic transformation. Thus, pre-senescent
WT-MEF and KO-MEF infected with retroviruses encoding
H-RasV12 and/or v-Src were subjected to focus-formation assays.
Single oncogenes induced small numbers of foci in the WT-MEF
whereas combining both Ras and Src oncogenes induced 5- to
7-fold higher levels of focus-formation (Fig. 5D). In contrast,
the same single oncogenes induced 9- to 10-fold higher levels
of focus-formation in the KO-MEF than in WT-MEF. Indeed,
these levels in KO-MEF were close to saturation because the com-
bination of Ras and Src only induced 30-50% more oncogenic
transformation than the single oncogenes. In order to show that
the transformation differences between the WT- and KO-MEF
did not reflect variations in retrovirus infectivity, these cells were
infected with equal titers of pBABE/GFP retrovirus (MOI =
0.5), and after two days, there were statistically equal numbers
of GFP-labeled cells (WT: 55%; KO: 52%). Interestingly, the
morphologies of the H-Ras-transformed WT- or KO-MEEF cells
differed: the akapi2*"* cells were spindle-like and grew in mul-
tiple layers whereas the akap12-null cells were rounded and grew
in compacted, non-overlapping bundles (Fig. 5E). In addition,
KO-MEF displayed increased serum-independent growth (Fig.
§10), possibly relating to the facile selection for populations of
pl6-negative immortalized KO-MEF (above), which would be
expected to gain growth factor independence. These data dem-
onstrate an enhanced susceptibility towards oncogenic transfor-
mation in the absence of Akapl2.

Discussion

Although the role of Rb in mediating cell senescence is well estab-
lished, with evidence that it can be mediated by hyperactivation
of specific PKC isozymes and ROS,? little is known regarding the
proteins that function upstream of these pathways during senes-
cence. The current study strongly suggests that Akap12/Gravin/
SSeCKS can normally attenuate PKC isozyme and ROS activa-
tion through direct scaffolding of PKC isozymes, such that its
absence leads to senescence involving PKCa and 8.
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Figure 6. Model of Akap12 regulation of senescence through PKC
isozyme scaffolding.

There is mounting evidence that Akapl2 functions as a tumor-
and metastasis-suppressor, possibly depending on tissue context.
Consistent with this notion, @kapl2-null mice exhibit prostatic
hyperplasia and dysplasia, marked by increased proliferation and
apoptosis in the luminal epithelial cells in all four prostate lobes.”
KO-MEEF exhibit premature senescence correlating with poly-
ploidy and multinucleation, suggesting G,/M checkpoint defects
likely involving dysfunctional cytokinesis.

Hyperactivated PKC isozymes such as a, 8 or & regulate cyto-
kinesis completion by controlling the timing of actin-myosin ring
contraction at the ingression furrow through the spatiotemporal
recruitment and activation of factors such as RhoA and the Rho
exchange factor Ect2 and the cofilin kinase, LIMK.***¢ There
is clear evidence that Akapl2 associates with an actin-based
cytoskeleton and is capable controlling cytoskeletal architec-
ture,'®2%37% and consistent with this notion, we show here that
KO-MEF contain increased numbers of focal adhesion plaques
and thicker, longitudinal F-actin stress fibers. A recent report
identifying a pool of Akapl2 staining along the actin-rich ingres-
40 strengthens the notion that Akapl2
normally controls parameters of cytokinesis completion. Thus, it

sion furrow in anaphase

is conceivable that a pool of Akapl2 might regulate the localiza-
tion and activity of PKC pools and in turn, actomyosin contrac-
tion dynamics during cytokinesis.

Although both p53- and Rb-pathways were upregulated
upon loss of Akapl2, our data indicate that the senescence is
only Rb-dependent. This correlated with increased expres-
sion of pl6™ke, p19'=kid and p21<P¥=f! and decreased of Cdk4.
Immortalized KO-MEF clones exhibited downregulated
expression of pl16™“, upregulated Cdk4, but no change in p53
expression, strongly suggesting that immortalization involved
suppression of Rb, but not p53. Consistent with Akapl2
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Table 1. Primer sequences

Forward: 5'-CCC CTG AGA AAC TGG CTG AGA CCC AGG

AKAP12 AGG TCC CCC3'
(SSeCKS) Reverse: 5'-GGG TGC TTC CGA TGG CCC CTT CTC CAG ACA
CGC3'
Forward: 5'-GGG CCT TCC CGT CAG CAC AGT TCG TGA
Cdka GGT GGC C-3'
Reverse: 5'-GCA CCA CTG ACT GCA CTG GCC GAG GCC
CTCTGG G-3'
Cdkn2a Forward: 5'-CCG CTG AGG GAG TAC AGC AGC GGG-3'
(p16) Reverse: 5'-CCA TTA TTC CCT TCG CGG CCG CCT TCG C-3'
Cdkn2d Forward: 5'-CGA TCC CGG AGA CCC AGG ACA GCG-3'
(p19) Reverse: 5'-CGG TCT GGG CGA CGT TCC CAG CGG-3'
53 Forward: 5'-GCC TCG AGC TCC CTC TGA GCC AGG-3'
p Reverse: 5'-GGC TCC CAG CTG GAG GTG TGG CGC-3'
Cdknla Forward: 5'-CCG CAC AGG AGC AAA GTG TGC CGT-3'
(p21) Reverse: 5'-CGG GGA ATC TTC AGG CCG CTC AGA-3'
Forward: 5'-GCC ACA GGC TCC CAG ACA TGA CAG CCA
pten TCA TCA-3'
e Reverse: 5'-GAG GGA ACT CAA AGT ACA TGA ACT TGT
CCT CCC3'
Lats1 Forward: 5'-GCC ATC CAA GGC TTC CAC CCA GGG-3'
(WARTS) Reverse: 5'-GCC CAA CAC ATG TAA TGG GTG GGC-3'
Forward: 5'-CCC TGC TGG GCT TCG AGA AGC GCT TCA
Ncf1 TCC CCA-3'
(p47Phox) Reverse: 5'-CAG CAG GTG TGG GCA GCG GGA GATCTT
CAC GGG-3'

functioning as a tumor suppressor, KO-MEF have increased sus-
ceptibility towards oncogenic transformation.

Our data suggest two roles for Akapl2 in preventing senes-
cence and oncogenic transformation through the scaffolding of
specific PKC isozymes. Specifically, loss of Akapl2 leads to: (i)
hyperactivated PKCa,, leading to MEK-mediated /41 downregu-
lation, resulting in increased pl6"™* expression and ultimately,
Rb activation levels and (ii) hyperactivated PKCS, which induces
cytokinesis defects by downregulating LazsI/Warts (Fig. 6). The
KO-MEEF senescence pathways are strikingly similar to those
described by Takahashi et al.*" in regards to downregulated
Lats1/Warts and Cdk4 and upregulation of pl6™<, Rb activ-
ity and ROS generation (through increased p47°" expression).
Although PKCa and 8 seemed to play direct roles in inducing
premature senescence in our MEF system, we cannot rule out
that the hyperactivation of additional PKC isozymes contribute
to prostate cancer progression in the context of Akapl2 downreg-
ulation. For example, current data suggest that activated PKCe
drives CaP progression in vivo whereas PKC3 and possibly a,
drive apoptosis.?

Materials and Methods

Cell culture and reagents. All chemicals were purchased from
Sigma unless stated otherwise MEF were cultured in DMEM
supplemented with 10% heat-inactivated bovine serum (FBS;
Invitrogen), non-essential amino acids, glutamine, 2-mercap-
toethanol (Invitrogen) with initial passages plated on gelati-
nized flask (0.2% gelatin solution, filter sterilized). Phoenix
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packaging cells** were maintained in DMEM supplemented in
10% FBS.

Plasmids and siRNA. pBABE-neco, pBABE-neo-
SSeCKS(Akapl2), pBABE-nco-v-Src, pBABE-neo-large T
antigen and pBABE-puro-H-Ras(V12) were described previ-
ously.®* pEGFP-SSeCKS (full-length and the A553-900
mutant) were described previously in reference 12. pET-His-
Akap12/SSeCKS was generated by PCR amplification of the
SSeCKS coding sequence using the following primers: forward
(5-CGG GAT CCT ACG CAC GAG CAG CAG CAC GAC
AGG CCG AGC AGG CGC AGG CAG TTC CAC C-3') and
reverse (5-GGA ATT CCT TTG GTC CGT TGG TGT C-3'),
and following sequence verification, the product was subcloned
into BamHI/EcoRI-cut pET28a. The Sa/l/Hind111 HPV16-E6
insert (Addgene; plasmid 8642), the EcoRl/Xhol HPV16-E7
insert (Gyorgy Veress, University of Debrecen, Hungary) and the
Sall/Hindlll HPV16-E6 insert (Addgene; plasmid 8642) were
subcloned into pBABE-neo. GFP fusions of PKC3 and & were
gifts of Jae-Won Soh (Inha University, Korea). Mouse or human
AKAPI12-siRNA (sc-44761 or sc-40305, respectively), Rb-siRNA
(s¢-29469), p53-siRNA (sc-29436) and control-siRNA (sc-
37007) were obtained from Santa Cruz Biotechnology. Mouse
PKCa siRNA sense and anti-sense strands according to Iwabu et
al.*® were synthesized by IDT, shRNA plasmids specific for mouse
PKC3 were provided by Kaoru Hazeki (Hiroshima, Japan),* and
pSM2 retrovirus constructs encoding mouse PKCe -specific shR-
NAs (Open Biosystems; clones V2MM_66391, _64658, _65184,
_64091, _81431) were provided by the RPCI-UB shRNA Core
Resource Lab (Irwin Gelman, Director). Transfection of siRNA
samples was performed following manufacture instruction using
OligofectAMINE (Invitrogen).

His-Akap12/SSeCKS purification. Protein was purified from
transformed E. coli BL21 as described previously in reference 6.

Immunoblotting (IB). IB was performed as described previ-
ously in reference 5, using various primary antibodies (Ab) plus
either anti-rabbit or -mouse IgG Alexa680 secondary Ab, and
visualized using an Odyssey Infrared Imaging System (LI-COR
Biosciences). Primary Ab were obtained from the following ven-
dors; p53 (FL393; sc-6243), Rb (C-15; sc-50), pl6 (sc-1661),
PKCS (sc-937), PKCe (#sc-214) and GAPDH (sc-25778)
were from Santa Cruz Biotechnology; Akt (#9272), Akgroseri73
(#9271), yH2AX (#2577), PKCa (#2056), MEK1/2 (#9122),
MEKI/zpoSerZIWZZI (#9121) and RbpoSer8(17/811 (#9308) were fl‘OHl
Cell Signaling Technology; vinculin (#V9264) was from Sigma;
paxillin (AHO0465) and GFP (A6455) were from Invitrogen;
and anti-SSeCKS rabbit polyclonal Ab was described previously
in reference 6.

Immunohistochemistry (IHC) and immunofluorescence
analysis (IFA). Staining of formalin-fixed mouse prostate tissues
was performed by the Immunohistochemistry Lab of the RPCI
Pathology Resource Network (Carl Morrison, Director), using
standard techniques and counterstaining with Mayer’s hematox-
ylin. IFA was performed as described previously in reference 30.

Flow cytometry. Flow cytometry was performed using prop-
idium iodide (PI) staining, as previously described in reference
45, at the RPCI Flow & Image Cytometry core resource (Paul
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Wallace, Director) using a FACS Caliber (BD Biosciences). The
data were analyzed using Cell Quest software (BD Biosciences).

Promoter luciferase assay. WT-, akapl2 KO- and p53
KO-MEEF (provided by Andrei Gudkov, RPCI) were seeded onto
the 10cm dish at a density of 5 x 10° cells per plate. Twenty-
four hours after plating, 3 g of the p53-responsive p21-Lucif-
erase plasmid DNA (provided by Andrei Gudkov, RPCI) was
transfected using Lipo293D reagent according to manufactur-
er’s instruction (SignaGen Laboratories). 18 h after transfec-
tion, the cultures were split into 6-well plates and treated with
1 wM Doxorubicin or PBS vehicle for 16 h. Luciferase activity
was determined with the Dual-Luciferase reporter assay system
(Promega) according to manufacturer’s instructions.

Chromosome analysis. Cells were harvested by trypsinization
following colcemid-induced mitotic block, hypotonic treatment
and fixation in a glacial acetic acid/methanol mixture (1:3), and
were spread on glass slides either using the method which per-
mits a preservation of cytoplasmic membranes for a validation of
multi-nucleation events™ or air-drying methods with which chro-
mosome number can be determined.’?> Nuclei and chromosomes
were stained with DAPI and their images were captured using
SKYView software (v1.62) under a Nikon fluorescence micro-
scope equipped with a triple-band filter module.

Senescence-associated [3-galactosidase (SAPgal) staining.
Senescence was monitored by SABgal staining as previously
described in Dimri et al.'® For tissue SABgal staining, pros-
tates from were mounted in ice-cold FSC22 (Surgipath Medical
Industries), and 4 pm frozen sections were cut, fixed in 1% for-
malin for 1 min, and incubated in SABgal solution (pH 6.0) at
37°C for 16 h, followed by eosin counterstaining. The tissues
were imaged using an Olympus BX45 microscope (Olympus)
equipped with a DP25 camera (Olympus), and data were ana-
lyzed using DP2-BSW software.

Semi-quantitative (semi-Q) RT-PCR. Total RNA was pre-
pared by standard TRIZOL-based methods (according to the
manufacturer’s specifications). Reverse transcription was per-
formed according to the manufacturer’s instructions (Fermentas).
PCR reactions were performed using 7zg DNA polymerase (New
England Biolabs) using the following parameters: hotstart, fol-
lowed by 25-30 cycles of 95°C (30 s), 55°C (30 s) and 72°C (45 s).
PCR products were resolved on agarose gels followed by ethidium
bromide staining. The primer sequences are described in Table 1.
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