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The retinoblastoma tumor suppressor gene (RB-1) is a key
regulator of cellular senescence. Expression of the retinoblas-
toma protein (pRB) in human tumor cells that lack it results in
senescence-like changes. The induction of the senescent pheno-
type by pRB requires the postmitotic kinase CDK5, the best
known function of which is in neuronal development and post-
mitotic neuronal activities. Activation of CDK5 in neurons
depends on its activators p35 and p39; however, little is known
about how CDKS5 is activated in non-neuronal senescent cells.
Here we report that p35 is required for the activation of CDK5 in
the process of cellular senescence. We demonstrate that: (i) p35
is expressed in osteosarcoma cells, (ii) p35 is required for CDK5
activation induced by pRB during senescence, (iii) p35 is
required for the senescent morphological changes in which
CDKS5 is known to be involved as well as for expression of the
senescence secretome, and (iv) p35 is up-regulated in senescing
cells. Taken together, these results suggest that p35 is at least
one of the activators of CDK5 that is mobilized in the process of
cellular senescence, which may provide insight into cancer cell
proliferation and future cancer therapeutics.

Cellular senescence was originally described as the process of
cell cycle arrest that accompanies the exhaustion of replicative
potential in cultured somatic cells (1). Senescent cells display
characteristic changes in cell morphology, physiology, gene
expression, and typically express a senescent-associated 3-ga-
lactosidase (SA-B-gal)® activity (2, 3). Although the term
replicative senescence indicates the widely accepted model of a
terminal growth arrest because of telomere attrition, an appar-
ently identical process called premature senescence can be
acutely produced in response to activated oncogenes, DNA
damage, oxidative stress, and suboptimal cell culture condi-
tions (4). These observations imply that senescence is a cellular
response to stress that limits the proliferation of damaged cells.
Based on such antiproliferative effects, cellular senescence was
proposed to be a tumor-suppressive, fail-safe mechanism that
shares conceptual and possibly therapeutic similarities with the
apoptosis machinery (5-7). There is now substantial evidence
that cellular senescence is a bona fide barrier to tumorigenesis
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and cells must overcome it to progress to full-blown malig-
nancy. For example, recent studies suggest that oncogene-in-
duced senescence occurs and suppresses tumorigenesis iz vivo.
Together, the findings identify senescent cells in premalignant
hyperplastic lesions but not in malignant ones, and show that
oncogene-induced senescence potently restricts tumor pro-
gression at an early stage. Mutations in certain tumor suppres-
sor genes compromise senescence, thereby contributing to cell
immortalization and cancer (8-13). Furthermore, cytotoxic
agents used in cancer chemotherapy can induce cellular senes-
cence, and defects in this process contribute to drug resistance
invivo (14-17).

The RB-1 and p53 tumor suppressors are important senes-
cence regulators. p16™**/pRB and p14***/p53 pathways are
typically activated during senescence, and enforced expression
of components of either signaling pathway induces senescence
in some cell types (18 —24). Oncogenic lesions that disable these
tumor suppressor systems bypass senescence (25—30). Signifi-
cantly, the role of p16™ **/pRB in the senescence of primary
cells can be recapitulated in tumor cells. The reintroduction of
pRB or p16™** into tumor cells that lack either protein
induces a premature senescence requiring p21<™"* or, in the
absence of an intact p53 pathway, p27*'"* (31-33). Intriguingly,
cyclin-dependent kinase inhibitors like p14**F, p21<'™!, and
p27""1 which are required for senescence, can induce markers
of senescence on their own. However, they cannot mediate the
senescent shape change, demonstrating that these two pro-
cesses in senescence are separable (33—35).

Using several model systems of senescence, including long-
term passage and acute expression of Ras or pRB, work in our
laboratory has shown that cyclin-dependent kinase 5 (CDK5), a
serine/threonine kinase that displays kinase activity predomi-
nantly in postmitotic neurons, plays a central role in the mor-
phology change of senescent cells (36 —38). Expression of pRB
in pRB-deficient SAOS-2 cells activates CDK5 during the
course of senescence. Induction of CDK5 activity leads to the
phosphorylation and activation of the ERM family member,
Ezrin, as well as the repression of Rac GTPase activation, which
are coincident with acquisition of the pRB-induced senescent
phenotypes. However, little is known about how CDKS5 is acti-
vated in senescent cells induced by pRB.

In this study, we show that p35, one of the known activators
of CDKS5 in neurons, is required for CDK5 activation and the
cell morphology change in pRB-induced SAOS-2 senescence.
An increase of p35 at the mRNA level was also detected upon
pRB expression in SAOS-2 cells, as well as in senescing IMR90
human diploid fibroblasts after long-term passage. These
results further support a role for the CDK5/p35 pathway in

JOURNAL OF BIOLOGICAL CHEMISTRY 14671



p35 Regulates Senescence

regulating cellular senescence, which may provide insight into
the regulatory mechanism underlying the induction of the
senescent phenotype and its impact on cell proliferation and
tumorigenesis.

EXPERIMENTAL PROCEDURES

Cell Culture and Recombinant Vector—The human osteo-
sarcoma cell line SAOS-2 subclone 2.4 (39) was maintained in
Dulbecco’s modified Eagle’s medium (DMEM) (Gibco) supple-
mented with 15% fetal bovine serum (FBS) and 1% penicillin-
streptomycin. Human U20S osteosarcoma cells and IMR90
HDFs were maintained in DMEM supplemented with 10% FBS.
Cells were cultured in a 5% CO, incubator at 37 °C. The pSVE
and pSVE-Rb expression plasmids have been previously
described (39, 40). The lentivirus expression plasmids pZsG
and pZsG-Rb were constructed in our laboratory. The
pLKO-p35shRNA-17, -18, and -20 constructs were purchased
from Open Biosystems (Clone IDs: TRCNO0000006217,
TRCN0000006218, TRCN0000006220). SAOS-2 cells were
transfected at 80% confluency with the indicated plasmids by
using Fugene6 (Roche). SAOS-2 transfectants were selected
with puromycin (0.5 pg/ml) 24-h post-transfection or infection
and maintained under selection for the duration of the
experiment.

Immunoblotting—Cells were lysed in 100-200 ul of lysis
buffer (50 mm HEPES pH 8.0, 150 mm NaCl, 1 mm EDTA, 0.1%
Nonidet P-40) plus protease, and phosphatase inhibitors (1 mg
of aprotinin/ml, 1 pug of leupeptin/ml, 100 g of phenylmethyl-
sulfonyl fluoride/ml, 4 mm sodium orthovanadate, 2 mm
sodium PP,) per 10-cm plate. Protein concentrations of the cell
lysates were determined by the Bradford assay (Bio-Rad). For
immunoblotting, 30 ug of protein was separated by SDS-PAGE
and transferred to nitrocellulose membrane in a trans-blotting
buffer (25 mm Tris, 192 mm glycine, 20% (v/v) methanol).
Immunoblot analysis was performed as described previously
(36, 39). Antibodies used for immunoblotting include: anti-
Cdk5 monoclonal J-3, polyclonal C-8, and anti-p35 polyclonal
C-19 antibodies (Santa Cruz Biotechnology), anti-pRB
monoclonal 245 (Pharmingen), anti-Ezrin monoclonal 3C12
(NeoMarkers), anti-GAPDH monoclonal MAB374 (Chemi-
con), anti-actin monoclonal C-2 (Santa Cruz Biotechnology),
and anti-a-tubulin monoclonal DM1A (Calbiochem). Horse-
radish peroxidase-conjugated donkey anti-mouse or anti-rab-
bit secondary antibodies (Jackson Immunosciences) were used,
and signal was detected by ECL (PerkinElmer).

Immunoprecipitation and in Vitro Kinase Assays—An in
vitro CDK5-associated histone H1 kinase activity (CDK5 kinase
activity) assay was carried out as described by Zheng et al., with
slight modifications (37, 41). Immunoprecipitation for CDK5
was performed by incubating 100 ug of cell lysate with 1 ug of
anti-Cdk5 C-8 antibody (Santa Cruz Biotechnology) and 30 ul
of protein A-Sepharose CL-4B beads (Amersham Biosciences)
overnight at 4 °C. The beads were washed with lysis buffer, and
the immunocomplexes were used to determine the kinase
activity at 37 °C for 30 min, using 1 pg of histone H1 as a
substrate.

Immunofluorescence—SAOS-2 cells seeded on coverslips
were transfected with the indicated plasmids using Fugene6
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(Roche). Cells fixed with 4% formaldehyde were incubated with
phosphate-buffered saline containing 0.1% Triton X-100 and
2% bovine serum albumin for 1 h at room temperature, fol-
lowed by primary antibody or rhodamine phalloidin (Cytoskel-
eton) incubation overnight at 4 °C. Cells were then washed with
phosphate-buffered saline plus 0.1% Triton X-100 and incu-
bated with fluorophore-conjugated secondary antibody. After
staining, coverslips were mounted using Fluoromount G and
visualized using a Nikon Eclipse 80i fluorescence microscope.

Quantitative Real-time PCR—Total RNA was extracted from
cells transfected with pRB using TRIzol (Invitrogen). 100 ng of
DNase I-treated RNA was used for first-strand cDNA synthesis
using the iScript cDNA synthesis kit (Bio-Rad) according to the
manufacturer’s instructions. Quantitative PCR was carried out
by employing the QuantiTect SYBR green PCR kit (Qiagen) and
using 1 pl of the cDNA per reaction. The primer sequences are
as follows: p35: 5'-AAGAACGCCAAGGACAAGAA-3’ and
5'-TCATTGTTGAGGTGCGTGAT-3'; GAPDH: 5'-GAAG-
GTGAAGGTCGGAGTC-3" and 5'-GTGCGGCTGCTTCC-
ATAA-3'; IL-6: 5-AACCTGAACCTTCCAAAGATGG-3’
and 5'-TCTGGCTTGTTCCTCACTACT-3'; IL-8: 5'-ACTG-
AGAGTGATTGAGAGTGGAC-3"and 5'-AACCCTCTGCA-
CCCAGTTTTC-3'; MMP2: 5'-CCGTCGCCCATCATCAA-
GTT-3' and 5'-CTGTCTGGGGCAGTCCAAAG-3'; MMP3:
5'-ATGGACAAAGGATACAACAGGGA-3' and 5'-TGTGA-
GTGAGTGATAGAGTGGG-3'; PAI-1: 5'-GCTTGTC-
CAAGAGTGCATGGT-3' and 5'-AGGGCTGGTTCTCGA-
TGGT-3'. Relative quantification of gene expression was
carried out by the comparative C(T) method (42).

Senescence-associated -Galactosidase Staining Assay—SAQOS-
2 cells were cotransfected with the indicated plasmids. Trans-
fectants were selected with puromycin (0.5 pg/ml) 24-h post-
transfection for the duration of the experiment. The staining
for perinuclear SA-B-gal activity was performed as described
(2). Briefly, cells were washed in phosphate-buffered saline and
fixed in 2% formaldehyde/0.2% glutaraldehyde. Cells were then
washed and incubated at 37 °C overnight with fresh senes-
cence-associated-f-galactosidase staining solution (1 mg of
5-bromo-4-chloro-3-indolyl-B-p-galactoside per ml, 40 mm
citric acid/sodium phosphate (pH 6), 150 mm NaCl, 2 mm
MgCl,, 5 mMm potassium ferrocyanide, 5 mM potassium
ferricyanide).

RESULTS

Expression of p35 in SAOS-2 and U20S Cells—By using sev-
eral model systems of senescence, we previously showed that
cyclin-dependent kinase 5 (CDK5) activation is up-regulated in
senescing cells (36). CDKS5 kinase activity is stimulated by either
one of two non-cyclin regulatory proteins, p35 and p39.
Although CDK5 expression is ubiquitous in mammalian tis-
sues, the expression of its activators is largely restricted to post-
mitotic neurons (43). No other activators are known. Thus, we
asked if p35 and p39 are also expressed in the osteosarcoma cell
lines used as senescence models in our study. The expression of
mRNA encoding p35 and p39 in SAOS-2 (pRB-deficient) and
U20S (wtpRB) cells was detected by RT-PCR (Fig. 14). Immu-
noblotting for p35 was then performed with a-p35 (C19) poly-
clonal antibody. Because of a short half-life of less than 30 min
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FIGURE 1. Expression of p35 and p39 in SAOS-2 and U20S cells. A, RT-PCR
for p35 and p39 from the total RNA of SAOS-2 and U20S cells. Lane -RT, neg-
ative control using RNA without reverse transcription. B, SAOS-2 and U20S
cells were treated with MG132 (20 um) for 16 h before harvest, whole cell
extracts (30 ug of protein per lane) were analyzed by immunoblotting with
anti-p35 antibody, the ectopically expressed p35 was used as positive
control.

(44), p35 only became detectable when U20S and SAOS-2 cells
were treated with the proteasome inhibitor MG132 (20 um) for
16 h (Fig. 1B). These experiments indicate that both p35 and
p39 are candidates for CDK5 activation in senescing cells.
Because of a lack of appropriate reagents for analyzing p39, the
following experiments focused on p35.

Requirement of p35 for pRB-induced CDKS Activation in
SAOS-2—Both the protein levels and activity of CDK5 were
shown to be up-regulated in pRB-transfected SAOS-2 cells (36).
We therefore investigated the involvement of p35 in CDK5
activation. Using both retrovirus (data not shown) and lentivi-
rus-based p35 shRNA constructs (Fig. 24), the ectopically
expressed p35 was shown to be efficiently knocked-down in
SAOS-2 cells. SAOS-2 cells were then cotransfected with a pRB
expression vector and a p35 shRNA construct or control empty
vectors. Cells were harvested for cell lysates 5 days after pRB
reintroduction. Performance of a CDK5 immunoprecipitation
and a subsequent in vitro kinase assay using histone H1 as a
substrate showed that the activity of CDK5 decreased upon
knocking down p35, despite the continued presence of pRB
(Fig. 2B). The data suggest that p35 is an activator of CDK5 in
pRB-induced senescence in SAOS-2 cells.

Impact of p35 on Senescent Morphology Change in SAOS-2
and U20S Cells—Ectopic expression of pRB in the SAOS-2
osteosarcoma cell line produces a response that displays many
characteristics of senescence in primary diploid cells, including
the distinct morphological change termed flat cell formation,
typified by an increased cell area and a flattened appearance.
This phenotype appears identical to that observed during clas-
sical senescence and is taken as an indicator of the senescent
state (31, 33, 39). Because we previously found that CDK5 was
required for this aspect of senescent cell morphology (36), we
next investigated the role of p35 in the senescence phenotype.
SAOS-2 cells cotransfected with a pRB expression vector and
p35 shRNA constructs were examined for senescence by SA-§3-
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FIGURE 2. Knockdown of p35 decreases CDK5 activity in SAOS-2 Cells.
A, efficacy of lentivirus-based shRNAs for p35 was tested by cotransfecting
pCMV-p35 and pLKO-p35shRNA-17, -18, -20, or control empty vector into
SAOS-2 cells. Cell lysates were collected 2 days after transfection and were
immunoblotted for p35. B, pSVE or pSVE-Rb was cotransfected with pLKO-
shp35-18 or pLKO vector into SAOS-2 cells. Cells were selected with puromy-
cin (0.5 wg/ml) 2 days after transfection, cell lysates were collected on day 5
and immunoprecipitated with anti-Cdk5 antibody to perform an in vitro
kinase assay using histone H1 as the substrate. Cell lysates were also analyzed
for CDK5 and pRB expression by immunoblotting. Numbers at the bottom of
panels show ratio of kinase activity in each lysate to control lysate.

gal assay 10 days post-transfection. Cells transfected with
empty vectors were used as a control (Fig. 34). Knockdown of
p35 antagonized the formation of pRB-induced senescent flat
cells, and cells in the knockdown groups were generally smaller.
To better analyze the shape change, cell area was measured in
each group and subjected to statistical analysis (Fig. 3B). The
result showed that by knocking down p35, the average area of
pRB-induced senescent cells was reduced, and this difference
was statistically significant, supporting a role for p35 as a regu-
lator of the senescent phenotype. To further confirm the spec-
ificity of the p35 knockdowns, shape changes were analyzed in
pRB-transfected cells in which CDKS5, p35, or both were sub-
jected to knockdown (Fig. 3C). By measuring cell area, cells in
each knockdown group were shown to have significantly
reduced flat cell formation compared with pRB control cells,
but there were no significant differences among all knockdown
groups. In the absence of CDKS5, changes in p35 levels did not
confer further reduction in cell area, suggesting that the effects
of p35 on senescence are mediated through CDK5.

To demonstrate that similar results can be observed in other
cells that lack a functional pRB pathway, we used the human
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osteosarcoma cell line U20S, which is p16-deficient. By rein-
troducing pl6 into these cells, a premature senescence
response can also be induced as in SAOS-2 (32). Firstly, U20S
cells cotransfected with a pl6
expression vector and p35 shRNA
constructs were examined for
senescence by SA-B-gal assay 10
days post-transfection, using cells
transfected with empty vectors as a
control (Fig. 4A). Secondly, shape
changes were quantified by mea-
suring cell area in each group (Fig.
4B). The results showed that
knockdown of p35 in U20S signifi-
cantly suppressed the senescent
morphology change induced by p16
overexpression.

p35 Regulates Cytoskeletal Orga-
nization in Senescent SAOS-2 and
U20S Cells—CDK5-dependent flat-

A.

appears to be the consequence of direct phosphorylation of
Thr-235 of the protein by CDKS5, which is activated in response
to pRB expression (37). We thus also checked the status of Ezrin
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FIGURE 4. Knockdown of p35 reduces p16-induced flat cell formation in U20S cells. A, U20S cells were cotransfected with CMV-p16 and pLKO-p35shRNA-
17,-18,-20, or control empty vector, cells transfected with empty vectors were use as control. 16 h after transfection, cells were selected with puromycin at a
final concentration of 2 ug/ml. 10 days post-transfection, cells were assayed for SA-B-gal expression and the morphology change in these cells is shown. All
images were obtained by using phase contrast microscopy at a magnification of X 10. B, cell area in each group of cells was measured using ImageJ. Means and
S.E. of three experiments are presented in the column chart. A p value < 0.001 versus p16 control is indicated by **.

in SAOS-2 cells transfected with pRB and p35 shRNA con- by pRB, that was accompanied by an overall decrease in Ezrin
structs or control vectors. p35 knockdown cells showed levels (Fig. 5C). Furthermore, similar results were observed in
reduced immunofluorescence staining for both F-actin and U2OS cells (Fig. 5D). p35 knockdown cells showed less intense
Ezrin (Fig. 5B), compared with control senescent cells induced  staining for both F-actin and Ezrin when compared with p16-

FIGURE 3. Knockdown of p35 reduces pRB-induced flat cell formation in SAOS-2 cells. A, SAOS-2 cells were cotransfected with pSVE-Rb and pLKO-
p35shRNA-17, -18, -20, or control empty vector, cells transfected with empty vectors were use as control. 16 h after transfection, cells were selected with
puromycin at a final concentration of 0.5 ug/ml. 10 days post-transfection, cells were assayed for SA-B-gal expression, and the morphology change in these
cellsis shown. Allimages were obtained by using phase contrast microscopy at a magnification of X 10. B, cell area in pRB-induced senescent SAOS-2 cells was
measured using Imagel. Means and S.E. of data collected in each group are presented in the column chart. To compare the difference in size between
pRB-transfectant cells and p35-knockdown cells, p values were determined using both unpaired two-tailed Student’s t test and one-way ANOVA. A p value <
0.001 is indicated by **. The experiment was repeated three times. C, pSVE or pSVE-Rb was transfected into SAOS-2 cells with MKO-CDK5 shRNA2, -3, and/or
pLKO-p35shRNA-18. Cell area in each group was measured using ImageJ. Means and S.E. of three experiments are presented in the column chart. A p value <
0.001 versus pRB control is indicated by **. Bottom panels, the efficacy of shRNAs for CDK5 was tested by transfecting MKO-CDK5shRNA-2, -3, or control empty
vector into SAOS-2 cells. Cell lysates were collected 2 days after transfection and were immunoblotted for CDK5.
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induced senescent cells. The localization of Ezrin in p35 knock-
down cells also remained mostly cytosolic as in control cells,
whereas in senescent cells Ezrin was relocated to the membrane
periphery. Taken together, these data suggest that p35 is
required for the acquisition of the senescent morphology in
pRB-induced senescence, which is consistent with our previous
finding that CDKS5 activity is required in such changes.

Expression of p35 Is Increased during Cellular Senescence—
To understand if the regulation of p35 mRNA or protein levels
is a significant determinant of CDK5 activity during pRB-in-
duced senescence, SAOS-2 cells infected with pRB lentivirus or
control GFP virus were collected at 2, 5, and 10 days post-infec-
tion. Both semi-quantitative RT-PCR and quantitative real-
time PCR were performed to examine p35 mRNA levels in
these samples. Compared with control, pRB infectants showed
an approximate 2-fold increase in p35 levels at day 5 and a slight
increase at day 10 (Fig. 6A4). Concomitantly, both endogenous
p35 protein levels and CDK5 activity increased 5 days after pRB
infection (Fig. 6B).

We have also shown that CDK5 is activated in different
model systems of senescence, including long-term passage and
acute expression of Ras or pRB (36). To see if the increase of p35
expression is a general phenomenon in cells undergoing senes-
cence, we induced senescence in IMR90 HDFs by long-term
passage. The p35 mRNA levels were examined by real-time
PCR in early and mid passages of IMR90 human diploid fibro-
blasts (Fig. 6C, left panel). This showed that expression of p35
mRNA was also up-regulated in senescing IMR90 HDFs. Con-
comitantly, SA-B-gal staining showed more senescent cells at
later passage (Fig. 6C, right panel). These findings strongly sug-
gest that p35 regulates CDK5 activity during the process of
senescence.

P35 Regulates Senescence Secretome in SAOS-2 Cells—Our
previous work and that shown above clearly implicate p35/cdk5
in the senescent cell shape change. However, the physiological
significance of this shape change and its impact on the micro-
environment of the senescent cell is unclear. To determine if
p35/cdk5 could mediate senescent cell processes that may
directly affect tissue homeostasis and/or tumor formation, we
chose to analyze the impact of p35 knockdown on the expres-
sion of genes encoding secreted factors. This analysis was based
on increasing evidence that senescent cells show altered
expression of many secreted gene products that regulate prolif-
eration (i.e. increased production of PAI-1), impact the

FIGURE 5. Knockdown of p35 affects cytoskeletal organization in senes-
cent SAOS-2 and U20S cells. A, SAOS-2 cells were seeded on coverslips and
cotransfected with pSVE or pSVE-Rb and pLKO-p35shRNA-18 or control pLKO
vector. 16 h after transfection, cells were selected with puromycin at a final
concentration of 0.5 ug/ml. Samples were collected 10 days post-transfection
and fixed with 4% formaldehyde. Immunofluorescence staining was per-
formed using anti-a-tubulin antibody (DM1A) (upper panels) and rhodamine-
phalloidin (lower panels), to show the structure of microtubules and F-actin
filaments, respectively. Scale bars: 100 um. B, immunofluorescence staining
for F-actin (red) and Ezrin (green) in SAOS-2 cells cotransfected with pSVE-Rb
and pLKO-p35shRNA-18 or control vectors following 8 days of selection. Scale
bars: 100 um. C, immunoblotting for actin and Ezrin in SAOS-2 cells trans-
fected with pSVE-Rb and pLKO-p35shRNA-18 or control vectors following 5
days of selection. D, immunofluorescence staining for F-actin (red) and Ezrin
(green) in U20S cells cotransfected with CMV-p16 and pLKO-p35shRNA-17,
-18, -20, or control vectors following 8 days of puromycin selection (2 wg/ml).
Scale bars: 100 wm.
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FIGURE 7. Knockdown of p35 affects senescence secretome in SAOS-2
cells. SAOS-2 cells were cotransfected with pSVE or pSVE-Rb and pLKO-
p35shRNA-18 or control pLKO vector. 16 h after transfection, cells were
selected with puromycin at a final concentration of 0.5 wg/ml. Samples
were collected 5 days post-transfection and mRNA levels for p35, IL-6, IL-8,
MMP-2, MMP3, and PAI-1 were examined by quantitative real-time PCR (in
triplicate). Error bars show S.D. *, p < 0.05 versus control; **, p < 0.01 versus
control; *** p < 0.001 versus control; +, p < 0.05 versus pRB; ++, p < 0.01
versus pRB.

immune response (i.e. increased amounts of IL-6, IL-8), and
influence remodeling of the extracellular stroma or matrix
(ECM), (i.e. increased production of matrix metalloproteinase
1(MMP1) and MMP3) (45). To understand if the regulation of
p35 mRNA affects the senescence secretome in pRB-induced
senescent SAOS-2 cells, cells cotransfected with a pRB expres-
sion vector and a p35 shRNA construct or control vectors were
subjected to quantitative real-time PCR for examining changes
in a variety of secreted factors in these samples (Fig. 7). Com-
pared with control, pRB transfectants showed a significant
increase in all the factors analyzed except MMP3, whereas upon
p35 knockdown, the production of these factors were sup-
pressed. This suggests that p35 not only participates in the reg-
ulation of cytoskeletal structures but affects other aspects of
senescence as well.

DISCUSSION

We have previously reported the activation of CDK5 in
human primary and tumor cells induced to senesce by a variety
of stimuli, and the activity of CDK5 is necessary for proper
acquisition of the cytoskeletal changes accompanying senes-
cence. Discovery of this role for CDK5 was unexpected, because
its activity has primarily been associated with post-mitotic neu-
rons. However, given that CDK5 is ubiquitously expressed in
mammalian tissues, an increasing body of evidence has estab-
lished CDK5 kinase activity and functions in non-neuronal
cells. In this report we show the presence of the CDK5 activa-
tors, p35 and p39, in our model systems of senescence. Up-reg-
ulation of the expression of p35 is concomitant with CDK5

activation in senescing SAOS2 and IMR90 cells. Knockdown of
p35 by shRNA markedly suppresses the morphologic changes
of senescent SAOS-2 cells induced by pRB, which coincides
with a decrease in CDK5 activity. The polymerization of actin
filaments is inhibited in the p35 knockdown cells, and the levels
of actin and the F-actin-associated Ezrin are reduced as well.
These findings underscore a role for CDK5/p35 activity in
mediating the cytoskeletal reorganization in the non-neuronal
senescent cells. Furthermore, the use of model systems in which
senescence is induced by pRB reintroduction in p16™**/pRB-
deficient tumor cells strongly implicates the pRB pathway in
CDK5/p35 up-regulation at least in part through transcrip-
tional up-regulation of p35. Although the pRB pathway is
essential for the transcriptional repression of loci in senescent
cells (46), its role in the induction of gene expression in senes-
cence is poorly understood. Because pRB/E2F complexes are
usually repressive, they most likely do not directly regulate the
genes that are highly expressed by senescent cells, although
they could indirectly control such genes, for example, by silenc-
ing a repressor. At present, we have been unable to test for a
direct role for pRB in regulating p35 mRNA production, as
reporter constructs containing the p35 promoter do not
respond to pRB (data not shown). It is possible that pRB effects
on the p35 promoter, whether direct or indirect, require an
appropriate chromatin context as observed for differentiation-
specific promoters (47).

Senescent cells show striking changes in gene expression.
Interestingly, many changes in gene expression appear not to
be directly related to growth arrest. Despite the universality
of morphological changes observed in a wide variety of
senescent cells, little is known about the potential contribu-
tion of this phenotype to the establishment or maintenance
of the irreversible growth arrest that accompanies senes-
cence. Significant additional studies of the role of cytoskel-
etal rearrangement in the biochemical and proliferative
aspects typical of senescence are needed to fully appreciate
the role of CDK5/p35 in this process. The role of CDK5/p35
activity in regulating the differentiation of monocytes might
provide some clues. In promyelocytic HL60 cells, treatment
with 1,25-dihydroxyvitamin D3 (1,25D3) results in the up-
regulation of the Egrl gene, which in turn activates p35 tran-
scription and expression, and subsequently enhances CDK5
activity. p35-associated CDK5 phosphorylates MEK1 on
Thr-286, preventing MAPK/ERK phosphorylation and cell
proliferation. However, MEK1 phosphorylation at Thr-286
requires prior Ser-218 and Ser-222 phosphorylation and
activation by Rafl induced by growth factors or cytokines.
These events are suggested to result in the up-regulation of
p27 and eventually, monocytic differentiation (48, 49). Given

FIGURE6.p35isincreasedin senescing SAOS-2 and IMR90 cells. A, SAOS-2 cells were infected with pRB or control GFP lentiviruses. 16 h after infection,
cells were selected with puromycin at a final concentration of 0.5 wg/ml. p35 mRNA levels at 2, 5, and 10 days post-transfection were examined by
semi-quantitative RT-PCR (left), -RT, negative control using RNA samples not subjected to reverse transcription, or quantitative real-time PCRin triplicate
(right), error bars show S.D. **, p < 0.001 versus day 2 empty vector control. B, cell lysates were prepared from cells infected with pRB or control GFP
lentiviruses, followed by MG132 (20 um) treatment for 16 h before harvest. Immunoblotting was performed using anti-p35 antibody (upper panels), and
immunoprecipitation with anti-Cdk5 antibody was performed followed by an in vitro kinase assay using histone H1 as the substrate (lower panels).
Numbers at the bottom of panels show ratio of kinase activity in each lysate to control lysate of day2. C, real-time PCR (in triplicate) for p35 (left) was
performed with total mRNA prepared from early and middle passage IMR90 cells, error bars show S.D. SA-B-gal assay (right) was performed on IMR90

cells at early and middle passage.
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the established role of pRB in osteoblast differentiation (47),
it is possible that complex mechanisms such as these are
stimulated by pRB in senescing mesenchymal cells that are
unable to properly differentiate.

There is now substantial evidence that induction of senes-
cence constitutes an important block to tumor progression. It
has also become clear that senescent cells have characteristic
alterations in secreted growth factors, inflammatory cytokines,
extracellular-matrix components, and matrix-degrading en-
zymes, which could influence the growth of adjacent neighbor-
ing tumor cells by altering the tissue microenvironment (4, 45).
We find that p35/cdk5 can influence this senescence secre-
tome, implicating cdk5 in the physiological response to this
aspect of senescence. Further, recent studies suggest that, as
with CDKS5 in neurons, the CDK5 activity in non-neuronal cells
may influence phenotypic changes mostly through its direct or
indirect effect on the organization of cytoskeletal structures.
CDKS5 regulates cellular processes such as cell-cell and cell-
matrix adhesion, cell migration and wound healing in a variety
of tissues (49). Thus the induction of senescent shape change
may also impact the neighboring tumor cells and their
microenvironment.

Tumor cells are exposed to many sources of stress, especially
those derived from the aberrant proliferative signals of onco-
genes. As one of the cellular responses to these stresses,
senescence has emerged as a compelling target for future
cancer therapeutics and may determine the response of
tumor cells to chemotherapeutic drugs. Because senescence
effector mechanisms are still largely unknown, understand-
ing the molecular mechanisms through which CDK5 affects
cellular senescence may give clues to potential therapeutic
approaches for cancer and age-related diseases. Finally, the
intriguing relationship of this aspect of senescence to neu-
ronal and non-neuronal differentiation (48, 50, 51) may help
to unravel the role of senescence effectors in the physiology
of tissues that accumulate a senescent cell burden following
acute or chronic stress.
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