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Expression of p16INK4A Variants in Senescent Human
Fibroblasts Independent of Protein Phosphorylation
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Abstract Upregulation of the p16 tumor suppressor is a hallmark of senescence in human fibroblasts. In this study,
we investigated potential proteinmodification of p16 in senescent humanfibroblasts using 2DSDS–PAGEanalysis. Three
distinct p16 variants with isoelectric points of 5.2, 5.4, and 5.6, were consistently detected in normal human IMR90
fibroblasts that had undergone senescence due to forced expression of oncogenic H-ras or culture passage. Moreover,
in contrast to short-term serum starvation, which induces quiescence, IMR90 fibroblasts cultured in low serum for a
prolonged period exhibited senescent phenotypes and expression of the three p16 variants. All three p16 variants are
unlikely phosphoproteins since they failed to react with antibodies against phospho-serine, and were resistant to the
treatment with phosphatases. Functionally, co-immunoprecipitation assays using antibodies against cdk4 and/or cdk6
revealed that only the twomost acidic p16 variants associated with cdk4/6. Moreover, senescence induced by the forced
expression of p16 in early passage IMR90 fibroblasts or osteosarcoma U2OS cells was accompanied by expression of
the two most acidic p16 variants, which also associated with cdk4/6. In summary, we report that prolonged serum
starvation-induced senescence may provide an additional model for studying biochemical changes in senescence,
including p16 regulation. Furthermore, induction of endogenous p16 in senescent human fibroblasts correlates with the
expression of three distinct p16 variants independent of protein phosphorylation. Lastly, expression of the two cdk-bound
variants is sufficient to induce senescence in human cells. J. Cell. Biochem. 94: 1135–1147, 2005. � 2005Wiley-Liss, Inc.
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INTRODUCTION

The cyclin–cdk complexes play essential roles
during cell cycle progression [Murray, 2004].
Members of the INK4 and KIP family proteins
are inhibitors of cdks, thereby regulating cell
cycle progression [Xiong et al., 1993; Polyak
et al., 1994;Sherr andRoberts, 1995;Cunningham

and Roussel, 2001]. The INK4 family includes
p15INK4B, p16INK4A, p18INK4C, and p19INK4D, while
the KIP family is composed of p21CIP1, p27KIP1,
and p57KIP2 [Cunningham and Roussel, 2001].
The INK4 family proteins are known to spe-
cifically bind to and inhibit cdk4 and cdk6,
leading to the inactivation of cyclin D–cdk4/6
complexes, which are required for Rb phosphor-
ylation during G1-S transition [Serrano et al.,
1993; Medema et al., 1995; Lukas et al., 1995b;
Ruas and Peters, 1998; Sherr, 2000]. Conse-
quently, the Rb proteins remain underpho-
sphorylated, leading to a G1 arrest. Among the
cdk inhibitors, p16 is the only known bona
fide tumor suppressor. Inactivation of p16 is a
frequent event and is found in a wide range of
human cancers [Okamoto et al., 1994; Aagaard
et al., 1995; Rocco and Sidransky, 2001]. In con-
trast, induction of p16 in normal proliferating
cells is a relatively rare event. Interestingly,
elevated expression of p16 is one of the hall-
marks of senescence in human cells, including
fibroblasts, uroepithelial cells, and lymphocytes
[Alcorta et al., 1996; Erickson et al., 1998;
Puthenveettil et al., 1999].
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Numerous in vitro studies suggest that sene-
scence acts to prevent cells from accumulating
mutations that would otherwise lead to neo-
plastic transformation [Campisi, 2001; Mathon
and Lloyd, 2001; Shay and Roninson, 2004].
In the case of replicative senescence, cells
cease proliferation permanently after a defined
number of population doublings, but remain
metabolically active for a long period of time.
Generally, senescent cells display character-
istic changes in cell morphology and at the
molecular level [Dimri and Campisi, 1994;
Dimri et al., 1995; Campisi, 2003; Narita et al.,
2003]. For instance, it has been shown that
senescent cells exhibit elevated levels of the
p53 and p16 tumor suppressors, and that
inactivation of the p53 or p16/Rb tumor sup-
pressor pathways can bypass senescence [Hara
et al., 1991; Bond et al., 1995; Lin et al., 1998;
Ferbeyre et al., 2002; Wei et al., 2003]. Con-
sistent with these findings, p53, p16, or Rb are
found to be frequently inactivated in a wide
range of human cancers. Rising evidence
demonstrates that senescence can be triggered
by various stimuli, including telomere short-
ening, reactive oxygen species, DNA damage,
and oncogenic stimuli [Chen et al., 1995;
Serrano et al., 1997; Zhu et al., 1998; Macip
et al., 2002; te Poele et al., 2002; Herbig et al.,
2004]. Forced expression of oncogenic H-ras
can induce senescence in normal cells, includ-
ing normal human fibroblasts, primary mouse
fibroblasts and skin keratinocytes [Serrano
et al., 1997; Lin et al., 1998; Lin and Lowe,
2001]. The mechanisms by which oncogenic
ras induces senescence depend on cellular
context and signal intensity [Lin and Lowe,
2001; Sharpless et al., 2001; Deng et al., 2004].
For instance, the ARF/p53 pathway is essential
for ras-induced senescence in mouse cells
[Palmero et al., 1998; Lin and Lowe, 2001],
while the p16/Rb pathway plays a critical role
in ras-induced senescence in human fibro-
blasts [Beausejour et al., 2003; Drayton et al.,
2003; Narita et al., 2003; Wei et al., 2003;
Mallette et al., 2004]. Indeed, human fibroblasts
that carry inactivating mutations in the p16
gene are resistant to ras-induced senescence,
suggesting that p16 plays a critical role in
mediating senescence in human cells [Brookes
et al., 2002; Huot et al., 2002; Narita et al.,
2003].

The mechanisms by which p16 is inactivated
in cancers is well studied. Point mutations,

homozygous deletion, and DNA methylation of
the p16 promoter have been shown to be highly
associated with p16 inactivation [Ranade
et al., 1995; Parry and Peters, 1996; Ruas
et al., 1999; Florl et al., 2000]. In contrast, the
activation mechanism for p16 is less character-
ized. Several studies have shown that p16 can
be regulated transcriptionally by the balance
between a positive factor, Id-1, and negative
regulators Ets1/2 [Alani et al., 2001; Ohtani
et al., 2001; Zebedee and Hara, 2001]. Addition-
ally, Bmi-1, a member of the polycomb group
gene product, has been shown to be a repres-
sor of p16 expression [Jacobs et al., 1999;
Itahana et al., 2003]. Post-translational re-
gulation of p16 has only begun to be explored
in recent years. A study using senescent
prostatic epithelial cells detected phosphory-
lated p16 variants [Sandhu et al., 2000].
Additionally, proliferating normal human WI38
fibroblasts exhibit p16 protein phosphorylation
[Gump et al., 2003]. Here, we investigate the
expression pattern and potential modification
of the p16 proteins in relation to its activity in
senescent human cells induced by various
triggers.

MATERIALS AND METHODS

Cell Culture

Early passage normal human diploid IMR90
fibroblasts, osteosarcoma U2OS cells, HeLa
cells, and Pheonix retrovirus packaging cells
were obtained from ATCC and maintained in
DMEM (Mediatech, Herdon, VA) supplemented
with 10% FBS (HyClone, Logan, UT), as
described previously [Lin et al., 1998].

Replicative senescent cells were generated by
culturing early passage normal human IMR90
fibroblasts in DMEM containing 10% FBS
for approximately 25 passages (�60 population
doublings). Senescence was determined based
on the upregulation of Senescence associated-b-
galactosidase (SA-b-gal) activity and p16 pro-
tein expression.

For serum starvation, early passage IMR90
fibroblasts were plated at low-density in DMEM
with 10% FBS. After overnight incubation,
cells were collected (designated as ‘‘Day 0’’) or
washed with PBS three times and cultured in
DMEM containing 0.1% FBS for the indicated
days. Medium (containing 0.1% FBS) was re-
placed twice a week and cells were collected at
the indicated days.
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Plasmids and Retroviral Gene Transfer

Retroviral constructs expressing H-RasV12
(H-RasV12-pBabe-puroorH-RasV12-pWzl-Hygro),
human p16 (p16-pWzl-Hygro), or controls (pBabe-
puro or pWzl-hygro) were used to transduce into
cells via retroviral gene transfer [Serrano et al.,
1997; Narita et al., 2003]. Briefly, helper virus-
free retroviruses expressing H-RasV12 or p16 or
empty vectors were produced by the Phoenix
packaging cells and used to transfect early
passage IMR90 fibroblasts or osteosarcoma U2OS
cells, as described previously [Lin et al., 1998].

SDS–PAGE and Western Blot Analysis

For one-dimensional (1D) SDS–PAGE analy-
sis cells were lysed in Laemmli buffer [Laemmli,
1970] as described previously [Lin et al., 1998].
For two-dimensional (2D) SDS–PAGE analy-
sis, cells were lysed in ice-cold lysis buffer (4%
CHAPS, 2M thiourea, 7M urea, 40 mM Tris,
2 mM tributylphosphine, and 2% pharmalite)
and centrifuged at 14,000g for 10 min at 48C
[Rabilloud, 2000]. Protein concentration of the
cell extract was determined using the Bio-Rad
Protein Assay Kit (Bio-Rad, Hercules, CA).
Typically, a total of 75–100 mg protein lysate
was solubilized in the rehydration buffer (65 mM
dithiothreitol, 8M urea, 2% CHAPS, 2% IPG
buffer (pH 4–7), and 0.002% bromophenol blue)
in a final volume of 125 ml. Isoelectric focusing
was performed using 7 cm, 4–7 linear immobi-
line IPG strips on the IPGphore Isoelectric
Focusing System following the manufacturer’s
instructions (Amersham, Piscataway, NJ).
Briefly, immobiline strips were rehydrated with
the solubilized sample in the strip holders for
16 h at 208C. Subsequently, isoelectric focusing
was carried out using a three-step protocol
(500 V for 30 min, 1000 V for 30 min, and
5000 V for 2 h 40 min) to achieve a final of 8000 V
hours. Following isoelectric focusing, IPG strips
were first incubated in the equilibration buffer
(50 mM Tris [pH 8.8], 6M urea, 30% glycerol, 2%
SDS, 0.0002% bromophenol blue) with 65 mM
dithiothreitol at room temperature for 30 min
followed by incubating in the equilibration buf-
fer with 135 mM iodoacetamide with agitation
for an additional 30 min. After equilibration,
IPG strips were mounted onto a 15% SDS–
PAGE gel and electrophoresis was carried out at
20 mAmp/gel.

Western blot analysis was carried out as pre-
viously described [Serrano et al., 1997]. Briefly,

proteins were transferred to Immobilon-P mem-
branes (Millipore, Bedford, MA). Subsequently,
blots and incubated with various primary
antibodies (described below) followed by sec-
ondary antibody. Antibody binding was
detected using ECL (Amersham) or Super
Signal (Pierce, Rockford, IL).

Antibodies

The following primary antibodies were used:
p16 (C-20, Santa Cruz, Santa Cruz, CA), p16
(Delta BioLabs, Campbell, CA), p16 (Ab1, Onco-
gene, San Diego, CA), p16 (NCL-p16 mAb,
Novocastra, Burlingame, CA), Rb (Pharmingen,
Palo Alto, CA), p53 (CM1, Novocastra), Phos-
pho-Ser15 p53 (Cell Signaling, Beverly, CA), p53
(Ab-2, Oncogene), H-Ras (Oncogene), anti-a
Tubulin (Sigma, St. Louis, MO), cdk4 (Upstate,
Charlottsville, VA), cdk6 (Santa Cruz), and
anti-p-Ser (Zymed, San Francisco, CA). HRP-
conjugated anti-mouse or anti-rabbit antibodies
(Amersham) were used as secondary antibody.

Immunoprecipitation

Cells were collected, lysed in ice-cold immu-
noprecipitation buffer, sonicated on ice for three
10-s cycles (Sonic dismembrator-100, Fisher
scientific, Pittsburg, PA) and centrifuged at
10,000g for 10 min at 48C. NP-40 lysis buffer
(0.1% NP-40, 150 mM NaCl, 50 mM Tris pH 8.0)
was used as the immunoprecipitation buffer for
immunoprecipitation of p16 (Delta BioLabs) or
p53 (Ab-2, Oncogene). As a negative control, im-
munorprecipitation was also carried out using a
normal rabbit serum (Biosource, Carmarillo,
CA). For immunoprecipitation of cdk4 or cdk6,
the immunoprecipitation buffer contained 50 mM
HEPES, pH 7.0, 150 mM NaCl, 1 mM EDTA,
2.5mMEGTA,10%glycerol,1mMdithiothreitol,
0.1% Tween 20, 10 mM b-glycerophosphate,
1 mM NaF, 0.1 mM NaVO4, 1 mM PMSF, and
5 mg/ml leupeptin [Gump et al., 2003]. The
supernatant was collected and protein concen-
tration was measured as described above. In
general, a total of 500–1000 mg of protein
extract was subjected to immunoprecipitation
with the indicated antibody. Antibody com-
plexes were captured with protein G-Sepharose
beads (Amersham) for 1 h at 48C. The resulted
immunocomplex was collected by centrifuga-
tion at 2,000g for 2 min at 48C. The pellet was
washed twice in ice-cold immunoprecipitation
buffer followed by centrifugation. Subsequently,
the pellet was resuspended in Laemmli buffer

p16 Variants in Senescent Human Fibroblasts 1137



and boiled for 4 min prior to 1D SDS–PAGE
analysis. For 2D SDS–PAGE analysis, immu-
nocomplex was eluted in rehydration buffer (2M
thiourea, 8M urea, 2% CHAPS, 0.5% IPG buffer,
60 mM DTT, 0.002% bromophenol blue) and
loaded onto 7-cm strip holders and rehydrated
with pH 4–7 IPG strips (Amersham) overnight.

Phosphatase Assay

Immunoprecipitation of p16, cdk4, or cdk6
was performed from 500 to 1000 mg of cellular
extract as described above. For treatment using
l acid phosphatase (New England BioLabs),
immunocomplexes were washed twice in lysis
buffer and three times in l acid phosphatase
buffer (New England BioLabs). For treatment
using potato acid phosphatase (Sigma), immu-
nocomplexes were washed three times in wash-
ing buffer (50 mM PIPES, 1 mM DTT, pH 6) and
subsequently, incubated with 100 U of l acid
phosphatase [Gump et al., 2003], or 12 U of
potato acid phosphatase [Sandhu et al., 2000]
for 3 h at 308C. In parallel, immunocomplexes
were incubated in the absence of the phospha-
tase as a negative control. a-casein and BSA
were used as a positive and negative control,
respectively.

32P Labeling of Cells

32P labeling of oncogenic ras-induced senes-
cent IMR90 fibroblasts (day 6 post selection) or
HeLa cells was performed using 32P Orthopho-
sphate (Amersham). Briefly, cells were washed
in phosphate-free DMEM medium (GIBCO,
Carlsbad, CA) three times and incubated in
phosphate-free DMEM medium (GIBCO) con-
taining 10% dialyzed FBS (GIBCO) for 30 min
and the medium was replaced with medium
containing 150 mCi/4 ml 32P Orthophosphate
(Amersham) and incubated for 5 h at 378C.
Subsequently, cells were washed with ice-cold
PBS and were lysed by incubating in ice-cold
lysis buffer for 15 min on ice. Cell lysates were
collected and centrifuged and the supernatant
was subjected to immunoprecipitation with a
p16 antibody (Delta BioLabs), a p53 antibody
(Oncogene), or a normal rabbit serum (Bio-
source) as described above.

SA-b-gal Activity Assay

SA-b-gal activity was analyzed as previously
described [Serrano et al., 1997]. Briefly, cells
were washed with PBS (pH 6.0) and fixed with
0.5% glutaraldehyde. After fixation, cells were

washed with PBS (pH 6.0) supplemented with
1 mM MgCl2 followed by incubation in X-Gal
solution at 378C. At least 200 cells were counted.
Cell populations exhibiting more than 60%
positive cells were considered senescent.

RESULTS

Oncogenic ras-Induced Senescent Human
Fibroblasts and Replicative Senescent Fibroblasts

Express Three Distinct p16 Variants

We investigated potential p16 protein modi-
fications associated with senescence in human
fibroblasts, including oncogenic H-ras-induced
senescent cells and cells that had undergone
replicative senescence. Early passage normal
human IMR90 fibroblasts were transduced with
oncogenic H-ras via retroviral gene transfer.
By day 6 post-selection, cells that had been
stably transduced with oncogenic H-ras exhib-
ited flat and enlarged cell morphology and
increased senescence-associated-b galactosi-
dase (SA-b-gal) activity (Fig. 1A). Additionally,
cells expressing oncogenic H-ras displayed
elevated expression of p16 protein relative to
the vector control (Fig. 1B). The activity of p16 is
to block phosphorylation of the Rb proteins
by binding to and inhibiting cdk4 and cdk6,
leading to G1 arrest [Lukas et al., 1995a,b].
Consistent with this notion, oncogenic H-ras-
induced senescent cells exhibited underpho-
sphorylated and reduced Rb expression (Fig. 1B).
Normal IMR90 fibroblasts that had been cul-
tured for more than 25 passages also demon-
strated flat and enlarged cell morphology,
increased SA-b-gal activity and induction of
p16 and were considered replicative senescent
cells (R.S., Fig. 1A,B).

Western blot analysis of p16 following 1D
SDS–PAGE consistently resolved only a single
band that immunoreacted with the p16 anti-
body (Fig. 1B). However, it is known that a
better resolution of protein variants can be
achieved by 2D SDS–PAGE (2D SDS–PAGE).
Hence, IMR90 cells expressing either oncogenic
H-ras or vector control were subjected to 2D
SDS–PAGE followed by Western blot analysis
of p16. Strikingly, 2D SDS–PAGE analysis of
oncogenic ras-induced senescent cells reprodu-
cibly resolved three distinct protein spots that
were immunoreactive with a p16 polyclonal
antibody, while no immunoreactive protein
spots were detected in the lysates derived from
cells expressing the empty vector (Fig. 1C). The
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isoelectric points (pI) of these three protein
spots span between pH 5 and 6, which coincides
with the predicted pI of human p16. The pI of
these three protein spots were more precisely
determined as 5.2, 5.4, and 5.6, by using micro-
range immobilized pH gradient strips (pH 4.7–
5.9) (Fig. 1D). To further verify whether these
three immunoreactive protein spots were in-
deed p16 species, three additional p16 anti-
bodies were used for Western blot analysis
following 2D electrophoresis. The results showed
that the three protein spots reacted with all p16
antibodies tested, including three polyclonal
antibodies and one monoclonal antibody (Fig. 1E),
suggesting that these protein spots are likely
bona fide p16 variants. Significantly, these
three p16 variants were also reproducibly
detected in IMR90 fibroblasts that had under-
gone replicative senescence (Fig. 1F). We have
designated these three protein spots p16(5.2),
p16(5.4), and p16(5.6). Of note, the occasionally
observed vertically duplicated protein spots in
this report were due to an artifact commonly
seen in 2D SDS–PAGE analysis [Berkelman
and Stestedt, 2004].

Prolonged Serum Starvation Triggers an
Irreversible Growth Arrest That is Associated
With the Induction of Three p16 Variants

p16 upregulation in normal proliferating
human cells is a rare event. However, it is highly
specific to senescent cells, but not quiescent cells
[Alcorta et al., 1996; McConnell et al., 1998].
In contrast to the irreversible nature of growth
arrest in senescence, quiescent cells are able
to re-enter the cell cycle once the trigger is
removed. It is known that quiescence can be
triggered by culturing cells in low serum condi-
tion [Burmer et al., 1984]. We next examined
whether prolonged serum starvation can trig-
ger an irreversible growth arrest or senescence.
Early passage normal IMR90 fibroblasts were
plated at low densities and cultured in DMEM
containing 0.1% FBS for 14 or 21 days, with
medium changed twice a week. Cells from
various time points were analyzed for bio-
chemical markers of senescence and for their
ability to re-enter the cell cycle after being
replenished with 10% serum. The results
showed that serum starvation of IMR90 fibro-
blasts for 48 h was sufficient to trigger quies-
cence, as judged by G1 arrest and expression of
under-phosphorylated Rb (data not shown and
Fig. 2A). At this point, cells did not exhibit p16

Fig. 1. Senescent human fibroblasts express three distinct p16
variants. A: Representative photomicrographs of the indicated
cell populations stained for SA-b-gal activity.Vector: IMR90cells
expressing empty vector. Ras: IMR90 cells expressing oncogenic
ras. R.S.: Replicative senescent IMR90 cells. B: Western blot
analysis of the indicated proteins in IMR90 cells transducedwith
an empty vector (V), oncogenic ras (R), or replicative senescent
IMR90 cells (R.S.). Osteosarcoma U2OS cells were used as a
negative control (‘‘� Ctl’’) for p16 protein expression. C: 2D
Western blot analysis of p16 in the indicated cell types. V: IMR90
cells transducedwith an empty vector. R: IMR90 cells expressing
oncogenic ras. IPG strips of pH 4–7 were used for isoelectric
focusing. D: 2D Western blot analysis of p16 of IMR90 cells
expressing oncogenic ras. A micro-range (pH 4.7–5.9) IPG strip
was used for isolectric focusing. The three p16 variants exhibited
pI of 5.2, 5.4, and5.6, respectively. E: 2DWesternblot analysis of
IMR90 cells expressing oncogenic ras. Four antibodies specific
for human p16 were used, including three rabbit polyclonal
antibodies from different resources: Delta-Biolabs (DBL), Onco-
gene (Onc), Santa Cruz (SC), and one mouse monoclonal
antibody from Novocastra (NCL). The regions between pH 5
and 6 were shown. F: Western blotting of p16 resolved by 2D
SDS–PAGE analysis of replicative senescent IMR90 fibroblasts
(R.S.). A micro-range (pH 4.7–5.9) IPG strip was used. The three
p16 variants exhibited pI of 5.2, 5.4, and 5.6, respectively.
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induction and they maintained the ability to
resume proliferation upon the addition of 10%
serum (Fig. 2A and data not shown). In contrast,
cells that were cultured in low serum for up to
14 or 21 days exhibited a significant induction of
p16 (Fig. 2A). Moreover, these cells displayed
elevated SA-b-gal activity and failed to re-enter
the cell cycle even after the culture was
replenished with 10% serum (Fig. 2B and data
not shown). These results suggested that pro-
longed serum starvation could also induce a
senescence phenotype in normal IMR90 fibro-
blasts. Significantly, the 2D SDS–PAGE ana-
lysis also resolved three p16 variants in serum
starvation-induced senescent cells that reacted
with the p16 antibody (Fig. 2C). Thus, prolonged

serum starvation of normal IMR90 fibroblasts
induced a senescence phenotype that was
associated with the expression of three p16
variants.

Forced Expression of p16 Induces Senescence
in IMR90 Fibroblasts and Osteosarcoma

U2OS Cells Associated With the
Expression of Two p16 Variants

Upregulation of p16 is not merely a biomarker
of senescence. Forced expression of p16 in early
passage human fibroblasts can also lead to
senescence [Medema et al., 1995; Lukas et al.,
1995a; McConnell et al., 1998]. We next exam-
ined the expression pattern of p16 in senescent
cells induced by forced expression of p16. Early
passage IMR90 fibroblasts were transduced
with p16 or an empty vector via retroviral gene
transfer. Following selection, p16 expression
pattern in these cells was assessed by 2D SDS–
PAGE and Western blotting. Consistent with
previous studies [Dimri and Campisi, 1994],
IMR90 fibroblasts transduced with p16 exhibi-
ted biochemical and morphological changes
that were characteristic of senescence (Fig. 3A).
The 2D SDS–PAGE analysis of IMR90 cells
transduced with p16 consistently resolved only
two p16 variants, which aligned more closely
with p16(5.2) and p16(5.4) (Fig. 3B). The least
acidic variant of p16(5.6) that was highly expres-
sed in oncogenic ras-induced senescent cells,
replicative senescent cells and serum starva-
tion-induced senescent cells was not detected in
p16-induced senescent IMR90 cells. To further
examine the expression pattern of p16 in a
different cellular context, the p16-null osteo-
sarcoma U2OS cells were transduced with p16
or and empty vector. As expected, U2OS cells
transduced with p16, exhibited expression of
underphosphorylated Rb (Fig. 3A). Moreover,
forced expression of p16 in osteosarcoma U2OS
cells also induced a senescence-like growth
arrest, as evidenced by the flat and enlarged
cell morphology and elevated SA-b-gal activity
(Fig. 3A). Consistent with our finding in p16-
induced senescent IMR90 cells, 2D SDS–PAGE
analysis of U2OS cells expressing p16 also
resolved only the two more acidic p16 variants,
p16(5.2) and p16(5.4) (Fig. 3B).

The observation that overexpression of p16
resulted in only two p16 variants raised the
question whether expression of the endogenous
p16(5.6) was tissue-type specific. Therefore, we
examined the expression pattern of p16 in a

Fig. 2. Prolonged serum starvation-induced senescence is
accompanied by the expression of three p16 variants in human
IMR90 fibroblasts. A: Western blot analysis of the indicated
proteins in early passage normal IMR90 cells (N), replicative
senescent IMR90cells (R.S.) or IMR90cells cultured in lowserum
for the indicated days. B: Representative photomicrographs of
cell populations stained for SA-b-gal activity. IMR90 cell
populations were cultured in low serum for 4 days (Day 4) or
21 days (Day 21). IMR90 cells cultured in 10% FBS (Day 0) and
replicative senescent IMR90 cells (R.S.) were used as a negative
and positive control, respectively.C: 2DWestern blot analysis of
serum starvation-induced senescent IMR90 fibroblasts. A pH 4-7
IPG strip was used for isoelectric focusing.
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different cell type that exhibits high levels of
p16. Human cervical carcinoma HeLa cells are
known to express high level of wild type func-
tional p16, although Rb function in these cells is
altered by the HPV E7 protein [Khleif et al.,
1996]. 2D SDS–PAGE analysis of HeLa cells
consistently resolved three p16 variants that

exhibited pI indistinguishable from those de-
tected in senescent IMR90 fibroblasts (Fig. 3C).
These data suggest that expression of all three
p16 variants may be common in cells that
express high levels of endogenous p16 protein.
Nevertheless, accumulation of the two more
acidic p16 variants, p16(5.2) and p16(5.4), may be
sufficient to mediate senescence.

p16 Variants Arise via a Mechanism
Independent of Protein Phosphorylation

Phosphorylation is one of the most common
mechanisms for post-translational regulation of
proteins. Based on evidence that p16 phosphor-
ylation occurs in senescent prostatic epithelial
cells and early passage WI 38 fibroblasts (51,
[Gump et al., 2003], we examined the possibility
that some of the p16 variants that were ex-
pressed in senescent IMR90 fibroblasts were
modified through phosphorylation.

There are seven serine residues in human
p16, of which serine 7, 8, and 43 are predicted to
be phosphorylation residues (http://us.expasy.
org/tools/pi_tool.htm). Hence, we first investi-
gated the phosphorylation status of p16 in
oncogenic ras-induced senescent cells using
anti-phospho-Ser antibody. p16 proteins were
immunoprecipitated from oncogenic H-ras-
induced senescent cell lysates using p16 anti-
bodies as previously described [Gump et al.,
2003]. The immunocomplex was subjected to 2D
SDS–PAGE analysis followed by Western blot-
ting using antibodies against phospho-serine.
Intriguingly, the antibody reacted with the posi-
tive control, a-casein, but failed to react with
the immunoprecipitated p16 (Fig. 4A).

Although p16 is upregulated in senescent
cells, the absolute amount of p16 protein present
in these cells is low. To exclude the possibility
that our inability to detect phosphorylation of
p16 was due to low protein yield and/or insuf-

Fig. 3. Forced expression of p16 in IMR90 cells and osteosar-
coma cells induces senescence accompanied by the expression
of two p16 variants. A (upper panel): Representative photo-
micrographs of SA-b-gal activity analysis of IMR90 and U2OS
cell populations transduced with an empty vector (Vector) or
human p16 cDNA (p16). Lower panel: Western blot analysis of
the indicated proteins in IMR90 cells or U2OS cells transduced
with the indicated transgene. V: empty vector. R: oncogenic ras.
p16: p16. B: 2DWestern blot analysis of IMR90 cells transduced
with oncogenic ras (Ras), p16 (p16-IMR90), or U2OS cells
transducedwith p16 (p16-U2OS). IPG strips of pH 4.7–5.9 were
used. C: 2DWestern blot analysis of p16 in HeLa cells (HeLa) as
compared with that of IMR90 cells expressing oncogenic ras
(Ras). IPG strips of pH 4–7 were used for isoelectric focusing.
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ficient sensitivity of the assays, we performed
an additional more sensitive phosphatase assay.
Immunoprecipitation of p16 from oncogenic
H-ras-induced senescent fibroblasts was car-
ried out as previously described [Sandhu et al.,
2000]. The immunoprecipitated p16 was sub-
jected to l acid phosphatase or a control treat-

ment, as described in ‘‘Materials and Methods’’
[Gump et al., 2003]. It is expected that phos-
phatase sensitive protein spots would exhibit
changes in electrophoretic mobility (i.e., shift in
molecular weight and/or pI) relative to the
control. As a positive control, immunoprecipita-
tion of p53 from HeLa cells was subjected to
phosphatase treatment followed by Western
blotting using antibodies against phospho-
Ser15 p53 and total p53, respectively. As ex-
pected, the phosphatase-treated p53 immuno-
complex exhibited reduced immunoreactivity
with the anti-phospho-Ser15 antibody (Fig. 4B).
Notably, total p53 protein levels remained
unchanged in the presence of the phosphatase
(Fig. 4B). In contrast, the p16 variants immu-
noprecipitated from oncogenic ras-induced
senescent IMR90 fibroblasts did not show any
appreciable change in their electrophoretic
mobility following treatment with l acid phos-
phatase (Fig. 4B) or potato acid phosphatase
(data not shown).

We further investigated the potential phos-
phorylation of p16 by 32P orthophosphate
labeling of Ras-induced senescent human fibro-
blasts. HeLa cells were also used since they
exhibit high expression level of the three p16
variants that are expressed in senescent human

Fig. 4. Protein phosphorylation of p16 was not detected in
IMR90 cells expressing oncogenic ras. A: Western blot analysis
of p16 immunoprecipitated from IMR90 cells expressing
oncogenic ras using an antibody specific for phospho-serine
residues or p16. The immunocomplexes were treated with l
acid phosphatase (‘‘þ PPTase’’) or a control (‘‘� PPTase’’). BSA
and a-casein were used as a negative control and a positive
control, respectively. B: Western blot analysis of p16 immuno-
precipitated (IP 16) from IMR90 cells expressing oncogenic ras
in the presence (‘‘þ PPTase’’) or absence (‘‘� PPTase’’) of
phosphatase treatment. Immunoprecipitated p53 (IP p53) from
HeLa cells was used as a control for phosphatase treatment. p53
protein levels and phosphorylation status were assessed using
antibodies specific for p53 (Novocastra) or phospho-serine15 p53
(Cell Signaling). C: SDS–PAGE analysis of immunoprecipitated
p53 or p16 from 32P-labelled HeLa cells (left top panel) or Ras-
induced senescent fibroblasts (left bottom panel) using anti-
bodies against p53 (p53), p16 (p16), or cdk4 (cdk4). Gel was
dried and exposed to the X-ray film for 50 h, and no radioactivity
was detected in the immunoprecipitated p16 (left panel). As
positive controls, the same samples were subjected to Western
blot analysis for p16 and p53 using specific antibodies (right
panel). Normal rabbit serum (N.S.)was used as a negative control
for immunoprecipitation. Representative data from three inde-
pendent experiments are shown.D: 2DWestern blot analysis of
immunoprecipitated p16. Immunoprecipitated p16 was pre-
pared from IMR90 cells expressing oncogenic ras in the presence
(‘‘þPPTase’’) or absence (‘‘�PPTase’’) of phosphatase treatment.
IPG strips of pH 4–7 were used for isoelectric focusing.
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fibroblasts. Immunoprecipitated p53 from 32P-
labelled HeLa cells demonstrated active incor-
poration of 32P to the p53 proteins (Fig. 4C, left
panel). In contrast, immunoprecipitated p16
from 32P-radiolabelled HeLa cells (Fig. 4C, left
top panel) or Ras-induced senescent IMR90
fibroblasts (Fig. 4C, left bottom panel) exhibited
no detectable radioactivity. Taken together,
these studies suggest that expression of the
p16 variants in senescent fibroblasts does not
involve protein phosphorylation.

Selective Binding of p16 Variants to
cdk4 and cdk6

p16 executes its growth inhibitory function
by binding to and inhibiting the kinase activity
of cdk4/6 [Serrano et al., 1993]. The function of
p16 as a cdk inhibitor is critical in causing G1
arrest in senescent human cells [Medema et al.,
1995]. Hence, we next examined the association
of p16 variants with cdk4 and cdk6 in senescent
cells by performing co-immunoprecipitation
studies. p16, cdk4, or cdk6 protein was immu-
noprecipitated from total cell lysates of senes-
cent cells, including oncogenic ras-induced and
replicative senescent cells; normal rabbit serum
was used as a control. The immunocomplexes
were subjected to both 1D (Fig. 5A,B) and 2D
SDS–PAGE (Fig. 5C,D) followed by Western
blotting. Interestingly, while immunoprecipita-
tion of p16 using a p16 polyclonal antibody
consistently pulled down two major p16 var-
iants, p16(5.4) and p16(5.6) (Fig. 5C,D), the cdk4
or cdk6 immunocomplex repeatedly pulled down
p16(5.4) with a trace of p16(5.2) (Fig 5C,D). The
low levels of p16(5.2) co-immunoprecipitated
with cdk4 and cdk6 might be, in part, due to
its low expression levels. The least acidic p16
variant, p16(5.6), which is expressed at high
levels in senescent cells, consistently failed to
co-immunoprecipitate with either cdk4 or cdk6
(Fig. 5C,D). To further confirm this observation,
we examined whether the p16(5.6) variant re-
mained in the cell extract following depletion of
cdk4/6-bound p16. Cdk4- and cdk6-bound p16
was depleted by immunoprecipitation with a
cocktail containing both cdk4 and cdk6 anti-
bodies. The cdk4/6-depleted supernatant was
then subjected to an additional p16 immuno-
precipitation using a p16 polyclonal antibody.
Consistent with data from cdk4/6 immunopre-
cipitation analysis (Fig. 5C,D), only one p16
variant remained unbound to cdk4 and cdk6
(Fig. 5E). The cdk-unbound p16 variant exhib-

ited an approximate pI of 5.6, although a slight
shift in pI was observed (Fig. 5E). Moreover,
immunoprecipitation of cdk4/6 from U2OS cells
or IMR90 cells transduced with p16 also pulled

Fig. 5. Selective association of two specific p16 variants with
cdk4 and cdk6 in senescent human fibroblasts.A and B:Western
blot analysis of the indicated proteins immunoprecipitated (IP)
from IMR90 cells expressing oncogenic ras (A) or replicative
senescent cells (B). Immunocomplexes pulled down by anti-
bodies specific for p16, cdk4, or cdk6, or normal serum (NS)were
resolved by SDS–PAGE and blotted for cdk6, and cdk4, and p16.
C and D: 2D Western blot analysis of total cell lysates or
immunocomplexes prepared from IMR90 cells expressing
oncogenic ras (C) or replicative senescent cells (D). Ras: IMR90
cells expressing oncogenic ras. R.S.: Replicative senescent cells.
Immunocomplexes prepared from each cell type using anti-
bodies specific for p16 (IP p16), cdk4 (IP cdk4), or cdk6 (IP cdk6)
were resolvedon2DSDS–PAGEusingpH4–7 strips followedby
Western blotting for p16. The regions between pH 5 and 6 were
shown. E: 2DWestern blot analysis of ras-expressing IMR90 cells
(Ras) and cells depleted of cdk4/6 complexes (cdk4/6 depleted).
IPG strips of pH4.7–5.9were used for isoelectric focusing. F: 2D
Western blot analysis of p16 from total cell lysate (p16-U2OS)
or immunocomplexes (IP cdk4/6) prepared from U2OS cells
transduced with p16. IPG strips of pH 4.7–5.9 were used for
isoelectric focusing. The resolved two p16 variants exhibited
approximate pI of 5.2 and 5.4, respectively.
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down two p16 variants with pI of 5.2 and 5.4,
respectively (Fig. 5F and data not shown).
Lastly, cdk4/6-bound p16 from ras-induced
senescent fibroblasts remained resistant to
phosphatase treatment (Fig. 6), further sup-
porting the notion that these p16 variants are
not phosphorylated.

DISCUSSION

Normal proliferating cells express p16 pro-
tein at extremely low or undetectable levels
[Harland et al., 1997]. Unlike many other tumor
suppressors, induction or activation of the p16
tumor suppressor is less characterized. This
may be attributed, at least in part, to the fact
that p16 induction is a relatively rare event,
although it is highly specific in senescent cells
[Alcorta et al., 1996; Hara et al., 1996; Serrano,
1997; Serrano et al., 1997]. In this study, we
examined the expression pattern and potential
protein modification of p16 in relation to its
activity in senescent IMR90 fibroblasts induced
to senesce by culture passage, expression of
oncogenic ras, or prolonged serum starvation.

Expression of three distinct p16 variants
was reproducibly detected in oncogenic ras-
induced senescent fibroblasts and replicative
senescent fibroblasts. Moreover, normal human
fibroblasts cultured in low serum for an extend-
ed period of time also underwent senescence
with associated expression of three p16 variants.
This finding provides an additional example
of stress-induced, and perhaps telomere-inde-

pendent, senescence in normal human fibro-
blasts, and suggests that the observed p16
expression pattern was independent of the
triggerof senescence. Additionally,human cervi-
cal carcinoma HeLa cells also expressed three
p16 variants [Yeager et al., 1995; Khleif et al.,
1996; Xiong et al., 1996; Jarrard et al., 1999]
whose expression pattern was indistinguish-
able from that in senescent human fibroblasts,
indicating that the expression of the three p16
variants was not limited to human fibroblasts.

Among the three p16 variants, the least acidic
variant (p16(5.6)) reproducibly appeared to be
the most abundant form, while the most acidic
variant (p16(5.2)) is the least abundant form.
Interestingly, the most abundant p16(5.6) var-
iant showed no affinity for cdk4 and cdk6, and
was not expressed in cells transduced with p16.
One possibility is that expression of the p16(5.6)

variant in senescent cells is regulated by an
intrinsic post-transcriptional mechanism. This
is unlikely since the reported p16 splicing
variants are associated with melanoma and
are shown to have arisen from germline splicing
mutation [Loo et al., 2003]. At this stage, the
basis on which the p16 cDNA construct only
gave rise to two specific p16 variants remains
unclear; however, our results suggest that
expression of the two specific p16 variants is
sufficient to induce a senescence phenotype.

p16 protein expressed in prostatic epithelial
cells has been shown to be exclusively phos-
phorylated, with four phosphorylated p16 spe-
cies identified [Sandhu et al., 2000]. Two of
the identified phosphorylated p16 forms in the
prostatic epithelial cells exhibit increased mole-
cular weight and slightly alkaline pI relative
to the native p16 protein. Additionally, pho-
sphorylation of p16 at Ser152 has been reported
in proliferating WI38 fibroblasts, and the phos-
phorylated p16 detected in these cells exhibit
more acidic pI compared to the unphosph-
orylated counterpart [Gump et al., 2003]. In
contrast, we showed that senescent human
fibroblasts and HeLa cells expressed three p16
variants and each exhibited a pI close to the
predicted value of the p16 protein (i.e., 5.52)
(http://us.expasy.org/tools/pi_tool.htm). However,
no protein phosphorylation was detected in
either the cdk4/6-bound or unbound p16 var-
iants. Consistent with this result, phosphoryla-
tion of p16 detected in WI38 fibroblasts is not
required for its binding activity to cdk4/6 [Gump
et al., 2003]. Based on these observations, we

Fig. 6. Cdk4/6-bound p16 in senescent fibroblasts were
resistant to phosphatase treatment. 2D Western blot analysis of
immnocomplexes prepared from IMR90 cells expressing onco-
genic ras. Immunocomplexes were prepared using an antibody
specific for p16 (IP p16), or a cocktail containing antibodies
specific for cdk4 or cdk6 (IP cdk4/6). Immnocomplex pulled
down by cdk4/6 were treated with phosphatase (‘‘þ PPTase’’) or
a control (‘‘� PPTase’’) prior to 2D SDS–PAGE analysis. IPG
strips of pH 4.7–5.9 were used for isoelectric focusing.
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cannot rule out the possibility that differential
protein modifications ofp16 may exist depending
on the cellular context. Nevertheless, protein
phosphorylation does not appear to be essential
for p16 to bind to cdk4/6. Indeed, p16 expressed
in E. coli is able to interact effectively with cdk4
and cdk6 in in vitro binding assays [Parry and
Peters, 1996; Ruas et al., 1999].

The expression pattern of p16 in senescent
cells was closely associated with its activity.
The two more acidic p16 variants, p16(5.2) and
p16(5.4), exhibited binding activity to cdk4/6 and
were consistently expressed in senescent cells
generated by forced expression of p16. The
function of the p16(5.6) variant is not yet under-
stood, although it’s likely that its activity is
independent of cdk4/6 binding. A recent study
suggests that p16 can also control the cell cycle
progression through modulating the cdk-CTD
kinase activity, which is crucial for transcrip-
tion mediated by RNA polymerase II [Serizawa,
1998; Nishiwaki et al., 2000]. It remains to be
examined which, if any, of these p16 variants
play a role in suppressing transcription.

The biological mechanism by which these
p16 variants were generated in senescent
cells remains unclear. In addition to protein
phosphorylation, protein modification such as
acetylation, methylation or deamidation can
potentially result in changes in pI [Bjellqvist
et al., 1993, 1994]. However, the lack of lysine
residues in human p16 rules out the possibility
of protein acetylation. Deamidation of Asp or
methylation of Arg in a protein can result in a
reduction of pI [Aletta et al., 1998; Cimato et al.,
2002]. However, deamidation is thought to
be a modification mechanism favoring protein
degradation, while the consequences of protein
methylation are relatively unknown. Purifi-
cation of these p16 variants from senescent
cells would help to determine the mechanism(s)
by which these variants are generated. How-
ever, while the p16 protein is upregulated in
senescent cells, the expression level of p16 in
these cells remains extremely low. The low
expression level of p16, together with its low
molecular weight, presents a practical barrier
in further identifying these p16 variants. How-
ever, we anticipate this technical difficulty to be
resolved in near future by using the more power-
ful and efficient Mass Spectrometry technique.

In conclusion, this study reports, for the first
time, the identification of three p16 variants
with distinct pI that were consistently asso-

ciated with upregulation of endogenous p16 in
human cells, including senescent human fibro-
blasts induced by various stimuli and tumor
cells that exhibit high expression levels of p16.
Additionally, we show that the expression of
these p16 variants and their cdk binding acti-
vity is independent of protein phosphorylation.
Lastly, expression of the two functional cdk4/6-
binding variants of p16 correlates with the
occurrence of the senescent phenotype in human
cells triggered by various stimuli.
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