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Regulation of cellular senescence by the essential caveolar
component PTRF/Cavin-1
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Polymerase I and transcript release factor (PTRF, also known as Cavin-1) is an essential component in the bio-
genesis and function of caveolae. Here, we show that PTRF expression is increased in senescent human fibroblasts.
Importantly, overexpression of PTRF induced features characteristic of cellular senescence, whereas reduced PTRF
expression extended the cellular replicative lifespan. Interestingly, we found that PTRF localized primarily to the
nuclei of young and quiescent WI-38 human fibroblasts, but translocated to the cytosol and plasma membrane dur-
ing cellular senescence. Furthermore, electron microscopic analysis demonstrated an increased number of caveolar
structures in senescent and PTRF-transfected WI-38 cells. Our data suggest that the role of PTRF in cellular senes-
cence is dependent on its targeting to caveolae and its interaction with caveolin-1, which appeared to be regulated by
the phosphorylation of PTRF. Taken together, our findings identify PTRF as a novel regulator of cellular senescence

that acts through the p53/p21 and caveolar pathways.
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Introduction

Cellular senescence was originally described as a
process of permanent cell cycle arrest after exhaustion
of the replicative potential of cultured human fibroblasts
[1]. Unlike quiescence, a transient growth arrest that is
readily reversed by stimulation with mitogens, cellular
senescence is an essentially irreversible form of cell
cycle arrest and can be classified into two categories:
replicative senescence due to telomere attrition and pre-
mature senescence caused by intrinsic and/or extrinsic
stress factors, including activated oncogenes, DNA dam-
age, oxidative stress, and suboptimal culture conditions
[2]. Replicative senescence and premature senescence
exhibit similar phenotypes characterized by an enlarged
and flattened cell morphology, distinct nuclear structures
of heterochromatin, activated DNA damage responses,
altered gene expression profiles and metabolism, and in-
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duction of senescence-associated [3-galactosidase (SA-f-
gal) activity [3, 4].

Cellular senescence has been proposed to recapitulate
the aspects of organismal aging [5]. Indeed, the number
of senescent cells increases with age, and senescence
phenotypes can be observed with organismal aging and
are considered to be predictive features of age-related pa-
thologies and longevity in humans [6, 7]. Senescence has
also been proposed to be a tumor suppression mechanism
[8, 9]. Recent studies have demonstrated that oncogene-
induced senescence occurs in benign human and mouse
tumors, but not in advanced tumors, which suggests that
senescence is an initial barrier restricting cancer develop-
ment [10-13]. Significantly, the restoration of p53 activ-
ity causes tumor cells to undergo cellular senescence or
apoptosis, and leads to the regression of several different
types of tumors in mice [14-16]. These observations sup-
port the hypothesis that senescence plays a critical role in
tumor suppression in vivo by preventing malignant trans-
formation of benign lesions and that aging and cancer
may share a common biology [17]. Cellular senescence
is mainly controlled by the p53-p21 and p16-pRb tumor
suppressor pathways; however, upstream regulators and
downstream effectors that sense and execute the telom-



ere-based replicative senescence and telomere-indepen-
dent premature senescence programs remain unclear.

Caveolae are specialized invaginations of the plasma
membrane that are implicated in diverse cellular func-
tions including signal transduction, lipid regulation and
endocytosis [18]. The major structural components of
caveolae consist of the caveolin family (caveolin-1, ca-
veolin-2 and caveolin-3) and the Cavin family (PTRF/
Cavin-1, SDPR/Cavin-2, SRBC/Cavin-3 and MURC/
Cavin-4) [19-22]. PTRF was originally identified as a
polymerase I and transcript release factor. It interacts
with TTF-1, Pol I and the 3’ end of pre-rRNA, and en-
hances ribosomal RNA synthesis by dissociating the
ternary complex of RNA polymerase I [23]. Recently, it
was demonstrated that PTRF is an essential component
in the biogenesis and function of caveolae [24]. Mice
that are deficient in PTRF exhibit a global loss of cave-
olae, dyslipidemia and glucose intolerance [25], and hu-
man PTRF mutations have been recently associated with
generalized lipodystrophy [26, 27]. These observations
underscore the physiological importance of PTRF.

Using a quantitative proteomic approach, we have
previously shown that PTRF is upregulated in human
fibroblasts undergoing both replicative and premature
senescence compared to their young and quiescent coun-
terparts [28]. In this study, we identified PTRF as a novel
regulator of cellular senescence that acts through the
pS3/p21 and caveolar pathways.

Results

Upregulation of PTRF in senescent human fibroblasts
Previously, we used a quantitative proteomic approach
to show that PTRF is differentially expressed in young
replicating and senescent WI-38 cells [28]. To further
characterize PTRF in cellular senescence, WI-38 cell
populations at different growth stages were prepared as
described previously [28]. The levels of PTRF expres-
sion, along with those of other senescence-associated
proteins, were examined by western blot analysis. Con-
sistent with the proteomic data, PTRF was specifically
upregulated in senescent WI-38 cells, whereas HSP90
and collagen type I were downregulated in senescent
cells, compared to young replicating or transiently
growth-arrested quiescent cells (Figure 1A), which sug-
gests that the expression of these genes is associated with
cellular senescence. Consistent with a previous report
[29], caveolin-1 protein levels were increased in both
senescent WI-38 cells and quiescent cells (Figure 1A).
We also analyzed the expression of SDPR and SRBC,
the other two members of the Cavin family, in young
replicating, senescent and quiescent WI-38 cells. Both
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SDPR and SRBC were upregulated in quiescent cells,
but SRBC was also upregulated in senescent cells (data
not shown). PTRF expression at the mRNA and proteins
levels was further analyzed in WI-38 and IMR-90 cells.
As shown in Figure 1B, the levels of PTRF protein were
increased in both senescent WI-38 and IMR-90 cells, but
no apparent differences were observed in PTRF mRNA
levels between young and senescent cells. These results
suggest that increased expression of PTRF in senes-
cent human fibroblasts may be due to post-translational
modification(s).

Regulation of cellular senescence by PTRF

To investigate the potential role of PTRF in cellular
senescence, we stably transfected a PTRF expression
construct or control vector into WI-38 cells. Overex-
pression of PTRF significantly suppressed WI-38 cell
growth (Supplementary information, Figure S1A), an ef-
fect that was associated with phenotypes that are charac-
teristic of cellular senescence, including increased DNA
damage foci of histone H2AX phosphorylation (termed
v-H2A.X) (Figure 2A, see Supplementary information,
Figure S1B for a lower magnification image), increased
SA-B-gal expression (Figure 2B), and a reduced replica-
tive lifespan (Figure 2C). PTRF is an essential compo-
nent in the formation and function of caveolae [24, 30],
which are important in the regulation of various signal-
ing events [18, 31, 32]. Thus, we examined the effects of
PTRF overexpression on p53, p21 and pRb, which are
known regulators of cellular senescence, and its effects
on the signaling molecules downstream of caveolae, such
as ERK1/2 and cyclin D1. Transient overexpression of
PTREF resulted in increased levels of caveolin-1, p53 and
p21 expression, but expression levels of pRb remained
unchanged. In addition, overexpression of PTRF resulted
in decreased expression of phosphorylated ERK1/2 and
cyclin D1 (Figure 2D).

To investigate the effects of PTRF downregulation
on cellular senescence, we constructed two shRNA
retroviruses targeting PTRF (shPTRF1 and shPTRF2).
Western blot analysis of PTRF expression in WI-38 cells
that were stably transduced with shPTRF1 and shPTRF2
showed that shPTRF2 efficiently reduced PTRF expres-
sion, whereas shPTRF1 only modestly downregulated
PTRF (data not shown). Subsequent experiments were
performed using WI-38/shPTRF2 stable cell line. Down-
regulation of PTRF expression by shPTRF2 increased
the proliferation potential of WI-38 cells (Supplementary
information, Figure S1C). Furthermore, PTRF downreg-
ulation resulted in reduced numbers of DNA damage foci
of y-H2A.X (Figure 3A, see Supplementary informa-
tion, Figure SI1D for a lower magnification image) and
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Figure 1 Upregulation of PTRF in senescent human fibroblasts. (A) Western blot analysis of PTRF and other senescence-
associated proteins in young replicating, middle-aged replicating, replicatively senescent and young serum-starved quiescent
WI-38 fibroblasts. The relative expression of PTRF and caveolin-1 is shown. (B) The expression of PTRF at the mRNA and
protein levels during replicative senescence of WI-38 and IMR-90 fibroblasts was assayed by RT-PCR and western blot anal-
ysis, respectively. GAPDH and B-actin were used as loading controls.

reduced expression of SA-B-gal (Figure 3B), along with
extended cellular replicative lifespan of WI-38 cells (Fig-
ure 3C). In contrast to overexpression of PTRF, down-
regulation of PTRF expression by shPTRF2 resulted in
decreased expression of caveolin-1, p53 and p21, but in-
creased phosphorylation of ERK1/2 and elevated cyclin
D1 expression (Figure 3D).

To confirm that the effects of shPTRF2 on the regula-
tion of senescence were specifically due to downregu-
lation of PTRF, we transfected the PTRF expression
construct pcDNA3.1-PTRF into the WI-38/shPTRF2
and WI-38/shcon stable cell lines. Given that shPTRF2
targeted the 3’-untranslated region of PTRF mRNA, out-
side of the coding region, which is the shPTRF2 target
is not present in the PTRF expression construct. Thus,
ectopic expression of PTRF by pcDNA3.1-PTRF should
not be affected by shPTRF2 (Figure 4B). Ectopic expres-
sion of PTRF reversed the extended lifespan induced by

shPTRF2 (Figure 4A) and rapidly induced senescence in
both WI-38/shPTRF and WI-38/shcon cell lines. In addi-
tion, it increased the expression of p21 and p53 (Figure
4B) and the number of SA-B-gal-positive cells (Figure
4C). These results confirm that the observed effects of
shPTRF2 on the regulation of senescence were specifi-
cally due to the downregulation of PTRF. Taken together,
these data show that overexpression of PTRF induces se-
nescence, whereas the downregulation of PTRF extends
cellular lifespan, and these effects are associated with the
expression of senescence regulators and caveolar signal-
ing molecules such as p53, p21, ERK and cyclin D1.
These findings suggest that PTRF is a novel regulator of
cellular senescence that acts via the p53/p21 and caveo-
lar pathways.

Telomere maintenance is a critical factor in cellular
senescence, and ectopic expression of the human telom-
erase reverse transcriptase hTERT prevents senescence in
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Figure 2 Overexpression of PTRF induces phenotypes characteristic of cellular senescence. (A) Accumulation of y-H2A.X
induced by overexpression of PTRF. Cells were fixed and stained with antibodies against y-H2A.X (green) and DAPI (blue).
The y-H2A.X staining showed DNA foci in the nuclei of pcDNA3.1-PTRF cells, which is characteristic of senescent cells.
DAPI was used to stain the nuclei. The scale bar represents 10 um. Quantification of cells with >10 y-H2A.X is shown in the
lower panel of (A). At least 200 cells were analyzed per experiment. A lower magnification image is shown in Supplemen-
tary information, Figure S1B. (B) SA-B-gal staining of senescent cells induced by overexpression of PTRF. The percentage
of SA-B-gal-positive cells was calculated from three randomly chosen fields. The experiment was repeated three times, and
the results are presented as mean * s.d. (C) Growth curves of WI-38 cells that were stably transfected with pcDNA3.1 or
pcDNA3.1-PTRF. Cumulative population doubling (PD) was calculated at each time point. The experiment was repeated
three times, and the data shown represent the mean + s.d. The arrows marked under the curve indicate the time points at
which the y-H2A.X staining assay (A) and the SA-B-gal staining assay (B) were performed. (D) Western blot analysis of
PTRF, senescence-associated proteins and caveolae-related proteins in WI-38 cells that were transiently transfected with the
pcDNAS3.1 control vector, or pcDNA3.1-PTRF. A representative blot is shown. Fold changes of the protein levels in pcDNA3.1-
PTRF-transfected cells compared to pcDNA3.1-transfected cells were determined densitometrically as the ratio (mean + s.d.)
from three independent experiments, and are indicated at the right side of the blot. Expression level of each given protein in
pcDNA3.1-transfected cells was arbitrarily set at 1. B-actin was used for normalization.

normal human fibroblasts by maintaining their telomeres  lular senescence involve telomere maintenance, hTERT-
[33]. To investigate whether the effects of PTRF on cel-  immortalized WI-38/hTERT cells and control WI-38/
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GFP cells [34] were transiently transfected with the
PTRF expression construct pcDNA3.1-PTRF or the pcD-
NA3.1 control vector. Overexpression of PTRF induced
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cellular senescence in both cell lines WI-38/hTERT and
WI-38/GFP, along with an upregulation of p21 and p53
expression and an increase in the number of SA-B-gal-
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Figure 3 shRNA-mediated knockdown of PTRF results in lifespan extension. WI-38 cells were stably transduced with the
control retroviral or the shPTRF retroviral constructs. (A) Reduction of y-H2A.X staining induced by shRNA-mediated knock-
down of PTRF. Cells were fixed and stained with antibodies against y-H2A.X (green) and DAPI (blue). DAPI was added to
stain the nuclei. The scale bar represents 10 pm. Quantification of cells with > 10 y-H2A.X is shown in the lower panel of (A).
At least 200 cells were analyzed per experiment. A lower magnification image is shown in Supplementary information, Figure
S1D. (B) SA-B-gal staining of senescent WI-38 cells transduced with the indicated shRNA. The percentage of cells with SA-
B-gal-positive cells was calculated from three randomly chosen fields. The experiment was repeated three times, and the
results represent the mean * s.d. (C) Growth curves of WI-38 cells that were stably transfected with the indicated shRNA.
Cumulative population doubling (PD) was calculated at each time point. The experiment was repeated three times, and data
represent the mean + s.d. The arrows marked under the curve indicate the time points at which y-H2A.X staining (A) and SA-
B-gal staining (B) were performed. (D) Western blot analysis of PTRF, senescence-associated proteins and caveolae-related
proteins in control shRNA-transduced and shPTRF-transduced WI-38 cells. A representative blot is shown. Fold changes of
the protein levels in shPTRF-transduced cells compared to control shRNA-transduced cells were determined densitometri-
cally as the ratio (mean * s.d) from three experiments and are indicated at the right side of the blot. The expression level of
each given protein expression in control shRNA-transduced cells was arbitrarily set at 1. B-actin was used for normalization.
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Figure 4 (A) Ectopic expression of PTRF reverses shPTFR-mediated lifespan extension in WI-38 cells. The WI-38-shPTRF2
stable cell line (PD = 43) was transiently transfected with pcDNA3.1 or pcDNA3.1-PTRF. Growth curves were generated by
cell number at the indicated times. The data presented are from three independent experiments. (B) Western blot analysis of
the cell lines in (A) to detect PTRF, p53 and p21 expression levels. B-actin was used as a loading control. (C) SA-B-gal stain-
ing of the cells indicated in (A). The percentage of SA-B-gal-positive cells was calculated from three randomly chosen fields.
The experiment was repeated three times, and the results represent the mean * s.d.

positive cells, regardless of hTERT expression (Supple-
mentary information, Figure S2). These results indicate
that the effects of PTRF on cellular senescence in WI-38
cells are independent of telomere maintenance.

Differential subcellular distribution of PTRF during cel-
lular senescence

PTRF was originally identified as a nuclear protein
involved in ribosomal RNA synthesis [23] and was re-
cently found to be a critical player in the biogenesis and
function of caveolae in the plasma membrane [24, 30].
Thus, we examined the subcellular distribution of PTRF
during cellular senescence by immunofluorescent stain-
ing. The specificity of the PTRF antibody in immunoflu-
orescent staining was tested using shPTRF knockdown
cells, which demonstrated attenuated PTRF fluorescent
signals compared to control shRNA cells, indicating that
the PTRF antibody was specific in immunofluorescent
staining (Supplementary information, Figure S3). Inter-
estingly, PTRF was localized primarily to the nuclei of
young and quiescent WI-38 cells, whereas it was mainly
present in the cytosol and plasma membrane in senescent
WI-38 cells, in which it colocalized with caveolin-1 (Fig-
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ure 5A). Consistent with these observations, western blot
analysis of subcellular fractions showed that PTRF was
present primarily in the nuclear fraction of young WI-38
cells, whereas it was enriched in the membrane fraction
of senescent WI-38 cells (Figure 5B). To further confirm
this differential subcellular distribution in young and
senescent cells, we performed co-immunoprecipitation
assays to assess the interaction of PTRF with caveolin-1,
a structural component of caveolae. Immunoprecipita-
tion assays were conducted with cell lysates from young
and senescent WI-38 cells that contained an equivalent
amount of PTRF (Figure 5C). Consistent with the results
of the immunofluorescent staining assays (Figure 5A),
PTRF and caveolin-1 co-immunoprecipitated in senes-
cent WI-38 cells, but did so less efficiently in young WI-
38 cells (Figure 5C). These results show that the subcel-
lular distribution of PTRF is regulated during cellular
senescence.

Increased numbers of caveolar structures during cellular
senescence

Given that PTRF is upregulated and translocates to
the plasma membrane in senescent fibroblasts (Figures
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1 and 5), it is conceivable that PTRF may promote = PTRF-transfected WI-38 cells by electron microscopic
the formation of caveolae during cellular senescence.  analysis. Consistent with the previous study showing
Thus, we examined the number of caveolar structures  that senescent cells have an increased number of caveo-
in young replicating and senescent WI-38 cells and in  lar structures compared to young replicating cells [29],
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Figure 5 Subcellular distribution of PTRF in WI-38 cells at different growth stages. (A) Subcellular distribution of PTRF in
young replicating (PD = 33), middle-aged replicating (PD = 43), replicatively senescent (PD = 53) and young quiescent WI38
fibroblasts. Cells were fixed, stained with antibodies against PTRF (green), caveolin-1 (red) and DAPI (blue), and visualized
by laser-scanning confocal microscopy. The scale bar in (A) represents 10 um. (B) Subcellular distribution of PTRF detected
by western blot analysis of PTRF in cytosolic, membrane and nuclear fractions of young replicating and replicatively senes-
cent WI-38 cells. The expression levels of caveolin-1 and histone H2B were used as markers for membrane and nuclear pro-
teins, respectively. (C) Total cell lysates from young replicating and replicatively senescent WI-38 cells were immunoprecipi-
tated with anti-PTRF and anti-lgG and immune complexes were analyzed by western blot using an anti-caveolin-1 antibody.
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we discovered an increased number of caveolar struc-  factors such as SDPR. It has been recently demonstrated
tures in senescent WI-38 cells compared to young WI-  that overexpression of SDPR does not significantly alter
38 cells (Figure 6A). In addition, transfection of PTRF  the total number of caveolae but leads to profuse tubula-
expression constructs into young WI-38 cells resulted in ~ tion of the plasma membrane [21].

an increased number of caveolar structures, further con-

firming the role of PTRF in the formation of caveolae in  Effects of mutations at serine phosphorylation sites of
human fibroblasts. The size of the caveolae induced by  PTRF on its cellular localization

PTRF overexpression, however, was smaller than that The phosphorylations of PTRF at Ser36, Ser40,
observed in replicatively senescent cells (Figure 6B). It~ Ser365 and Ser366 have been previously reported in hu-
is possible that the size of caveolae is regulated by other =~ man adipocytes by proteomic analysis [19]. In an effort
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Figure 6 Increased numbers of caveolar structures in senescent and PTRF-transfected cells. (A) Electron micrographs of
young (PD = 33) and senescent (PD = 53) WI-38 cells show an increased number of caveolae during cellular senescence.
(B) PTRF-transfected WI-38 cells exhibited an increased number of caveolar structures (indicated by arrows). The number of
caveolar structures was statistically analyzed in 10 independent cells. The scale bar represents 200 nm.
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to understand the role of these serine phosphorylation
sites in the cellular localization of PTRF, we generated
GFP fusion constructs of wild-type PTRF or PTRF mu-
tants in which Ser36, Ser40, Ser365 and Ser366 were
replaced with alanine, either individually or in combina-
tion, using site-directed mutagenesis (Figure 7A). Wild-
type PTRF fused to the amino terminus of GFP displayed
nuclear localization in young WI-38 cells but cytosolic
and membrane localization in senescent WI-38 cells,
similar to endogenous PTRF (data not shown). Transient
transfection of the PTRF mutant constructs into young
WI-38 cells revealed that in contrast to wild-type PTRF-
GFP, the S36A, S40A, S36/40A and S36/40/365/366A
mutants displayed cytosolic and membrane localization,
whereas S365A, S366A, S365/366A mutants retained a
nuclear localization (Figure 7B). Western blot analysis
using antibodies against GFP showed that there was no
degradation of any of these fusion proteins (Supplemen-
tary information, Figure S4A), which suggested that the
observed cellular localization of these fusion proteins
was not due to protein degradation. These results sug-
gest that phosphorylation of PTRF at Ser36 and Ser40,
but not at Ser365 and Ser366, is important for its cellular
localization and that the subcellular distribution of PTRF
may be regulated by phosphorylation.

Role of PTRF in cellular senescence depends on its ca-
veolar targeting and its interaction with caveolin-1

As described above, PTRF is upregulated and translo-
cates to the plasma membrane, where it co-localizes with
caveolin-1 during cellular senescence. Thus, we postu-
lated that the role of PTRF in cellular senescence may
depend on its caveolar targeting and its interaction with
caveolin-1. To test this hypothesis, we stably transfected
the wild-type PTRF expression construct; PTRF mutant
S36/40A, S365/366A and S36/40/365/366A expression
constructs; and the pcDNA3.1 control vector into young
WI-38 cells. Western blot analysis indicated that wild-
type PTRF and all of the PTRF mutants were expressed
at comparable levels (Figure 7E) and did not display
degradation due to mutation of serine to alanine at the
four phosphorylation sites (see Supplementary informa-
tion, Figure S4B for western blot detection of wild-type
and mutant PTRF expression). All of these stable cell
lines were then serially passed to generate growth curves.
Similar to wild-type PTRF, the PTRF mutant S36/40A,
which displayed cytosolic and membrane localization,
rapidly induced cellular senescence, whereas the PTRF
mutant S365/366A, which retained nuclear localization,
had no effect on the induction of senescence, similar to
pcDNA3.1 control vector (Figure 7B-7C). Concomi-
tantly, wild-type PTRF and the PTRF mutant S36/40A

induced upregulation of p53 and p21 expression and in-
creased the number of SA-B-gal-positive cells, whereas
the PTRF mutant S365/366A and S36/40/365/366A did
not (Figure 6D-6E).

Interestingly, although the PTRF mutant S36/40/
365/366A was localized to the cytosol and plasma mem-
brane, it had no effect on the induction of senescence
(Figure 7B-7C). To investigate whether the induction
of senescence by PTRF was dependent on its interac-
tion with caveolin-1, we transiently transfected FLAG-
tagged wild-type PTRF and FLAG-tagged PTRF mutant
S36/40A, S365/366A and S36/40/365/366A constructs
into HeLa cells because of their higher transfection effi-
ciency compared to WI-38 cells. The interaction of PTRF
with caveolin-1 was then assessed by co-immunoprecip-
itation. Figure 7F shows the detection of FLAG-tagged
PTRF and mutant PTRF expression using the PTRF an-
tibody, which recognizes both FLAG-tagged and endog-
enous PTRF in cell lysates. The FLAG immunoprecipi-
tates were analyzed by western blot with the caveolin-1
antibody. FLAG-tagged wild-type PTRF and FLAG-
tagged PTRF S36/40A co-immunoprecipitated with
caveolin-1, but the interaction of FLAG-tagged PTRF
S365/366A and S36/40/365/366A with caveolin-1 was
significantly reduced (Figure 7F). This result suggests
that the phosphorylation of PTRF at Ser365 and Ser366
is required for the interaction of PTRF with caveolin-1,
consistent with the observation that wild-type PTRF and
mutant PTRF S36/40A were both able to induce senes-
cence in WI-38 cells, whereas PTRF S365/366A and
S36/40/365/366A were not (Figure 7D).

The role of caveolin-1 in PTRF-induced cellular se-
nescence was further investigated using caveolin-1 RNA
interference. Young WI-38 cells were either co-trans-
fected with pcDNA3.1-PTRF and sicaveolin-1 or control
siRNA, or co-transfected with the pcDNA3.1 vector
and sicaveolin-1 or control siRNA. Consistent with an
earlier report showing that downregulation of caveolin-1
reverses senescence [35], transfection of sicaveolin-1,
but not control siRNA, resulted in an extended lifespan
of WI-38/pcDNA3.1 cells (Figure 8 A-8C). Significantly,
transfection with sicaveolin-1, but not control siRNA,
extended the lifespan of WI-38/pcDNA3.1-PTRF cells,
in addition to downregulating p21 and p53 expression
and decreasing the number of SA-B-gal-positive cells
(Figure 8A-8C). These results suggest that PTRF regu-
lates cellular senescence in association with caveolin-1.

Discussion

Our data show that during cellular senescence, PTRF
is upregulated and translocates to plasma membrane,
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Figure 7 Analysis of serine phosphorylation sites on PTRF with respect to the subcellular distribution of PTRF and cel-
lular senescence. (A) Schematic representation of the domain structure of PTRF protein: putative PEST domain (PEST),
leucine zipper domain (LZ), nuclear localization signal (NLS). The numbers correspond to the first and last amino acids of
each domain in the protein sequence. The previously identified phosphorylation sites, Ser36, Ser40, Ser365 and Ser366,
are indicated by arrows [19]. (B) WI-38 cells transfected with the indicated constructs were fixed and stained with DAPI to
stain the nuclei. Cellular localization of wild-type pEGFP-N1-PTRF and the pEGFP-N1-PTRF mutants was determined by
confocal microscopy. The scale bar represents 50 um. (C) Growth curves of WI38 cells that were stably transfected with the
indicated expression constructs. The data represent the means * s.d of three independent experiments. (D) SA-p-gal stain-
ing of the cells indicated in (C). The percentage of SA-B-gal-positive cells was calculated from three randomly chosen fields.
The experiment was repeated three times, and the results represent the mean + s.d. (E) Western blot analysis of PTRF and
the senescence-associated proteins p53 and p21 in WI-38 cells transfected with the indicated expression constructs. (F) The
interaction of PTRF with caveolin-1 depends on the phosphorylation of PTRF at Ser365 and Ser366. HelLa cells were tran-
siently transfected with the indicated constructs, and total cell lysates were subjected to western blot using anti-PTRF (input)
or to immunoprecipitation with anti-FLAG antibody. Co-immunoprecipitated caveolin-1 was detected by western blot with anti-
caveolin-1.
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where it interacts with caveolin-1 and promotes the for-
mation of caveolae. Overexpression of PTRF induced
phenotypes characteristic of cellular senescence, whereas
knockdown of PTRF by shRNA resulted in the oppo-
site phenotypes and an extended cellular lifespan. We
subsequently showed that the effects of PTRF on cel-
lular senescence were associated with key regulators of
senescence, including p53 and p21, and known signaling
molecules of the caveolar pathway, such as ERK1/2 and
cyclin D1. These results suggest that PTRF regulates cel-
lular senescence by modulating caveolar/p53/p21 path-
ways.

Accumulation of y-H2A.X foci is a common process
in mammalian aging in vivo and in culture. The y-H2A.X
signals randomly co-localize with the telomere signals
in aging mice [36], and in replicatively senescent human
fibroblasts [37]. PTRF-induced senescence was associ-
ated with accumulation of the y-H2A.X foci, although
the etiology of the foci have not been investigated in this
study; however, since our results showed that PTRF-in-
duced senescence was independent of telomeres, the foci
we observed may not specifically at telomeres. During
senescence, senescence-associated heterochromatic foci

are formed by global chromatin structural changes, re-
sulting in widespread epigenetic changes in gene expres-
sion and silencing of cell cycle genes. PTRF may induce
premature senescence by activation of caveolae/p53/p21
pathways, and consequently accumulation of DNA foci
containing y-H2A . X.

Previous studies show that p21 and p16 are upregu-
lated independently in senescence [38]. Similarly, the
insulin-like growth factor binding protein-5 induces cel-
lular senescence dependent on the p53/p21 pathway but
not p16 [39]. We showed that PTRF was upregulated in
senescent cells and promote caveolae formation, which
leads to increased caveolin-1, p53 and p21, suggesting
that PTRF modulates p53 stability through the cave-
olae/caveolin-1 pathway. In addition, we found that
knockdown p53 expression attenuated PTRF-induced
senescence (Supplementary information, Figure S5),
indicating that the ability of PTRF to induce senescence
requires p53. In agreement with our observation, a recent
study demonstrates that caveolin-1 is a novel binding
protein for Mdm?2. After oxidative stress, caveolin-1 se-
questers Mdm?2 away from p53, leading to stabilization
of p53 and upregulation of p21 in human fibroblasts [40].

Cell Research | Vol 21 No 7 | July 2011



Take together, these results suggest that PTRF regulates
cellular senescence by modulating the caveolae/p53/p21
pathway.

It has been proposed that a network of kinases regu-
lates caveolar functions [41, 42]. A number of phospho-
rylation sites have been identified in PTRF in different
cell types [32], which suggests that the phosphorylation
may be an important mechanism in the post-translational
modification of PTRF during cellular senescence. Us-
ing site-directed mutagenesis analysis, we analyzed the
four previously identified phosphorylation sites of PTRF
(Ser36, Serd0, Ser365 and Ser366) [19] and found that
they were important for the cellular localization of PTRF
and its interaction with caveolin-1. Furthermore, the role
of PTRF in cellular senescence was dependent not only
on its caveolar localization but also on its interaction
with caveolin-1.

Human PTRF mutations have been identified in
patients with generalized lipodystrophy [26, 27], and
analysis of skeletal muscle biopsies from these patients
has revealed a deficiency and mislocalization of all three
caveolin family members and a reduction in the number
of caveolar structures [27]. One of these PTRF mutations
with a C-terminal deletion encompassing the Ser356 and
Ser366 phosphorylation sites analyzed in this study dis-
plays a nuclear and cytoplasmic localization [27]. This
finding is consistent with our data showing that PTRF
mutants S365A and S366A retain a nuclear localization,
fail to interact with caveolin-1, and are deficient in the
induction of senescence.

Caveolin family proteins are the best-studied com-
ponents of caveolae [18]. Caveolin-1 has been shown
to regulate cellular senescence [40, 43, 44] in a manner
similar to PTRF in the present study. PTRF is an essen-
tial component in biogenesis and function of caveolae
[24, 30]. Recently, studies have demonstrated that both
SDPR and SRBC are required for caveolar formation
[20, 21]. PTRF, SDPR, SRBC and caveolin-1 appear to
form a protein complex in which the expression of one
member may affect both the expression of other mem-
bers and caveolar dynamics [21, 22, 45]. The underlying
mechanisms for this regulation, however, are currently
unknown. Several questions remain unanswered by the
present study, including how PTRF is regulated by phos-
phorylation and how PTRF regulates caveolar signaling
during cellular senescence. A complete understanding
of the role of caveolae in cellular senescence requires
studies in the context of the emerging picture of caveolar
composition/signaling and dynamic regulation. Under-
standing the mechanisms of caveolar regulation by PTRF
will provide molecular insights into the roles of caveolar
signaling in aging.
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Materials and Methods

Antibodies

The following antibodies were used: anti-B-actin (13ES5), anti-
Rb (4H1), anti-p53, anti-p21™"“"" (12D1), anti-phospho-p44/42
MAP kinase (Thr202/Tyr204), and anti-p44/42 MAP kinase were
from Cell Signaling (Beverly, MA); antibodies against PTRF
and caveolin-1 were from BD Pharmingen (San Jose, CA); anti-
collagen Type I was from US Biological (Swampscott, MA); anti-
HSP90 and anti-hTERT were from Abcam (Cambridge, UK); anti-
v-H2A.X (ser139) was from Upstate Biotechnology (Lake Placid,
NY); and anti-histone H2B and anti-cyclin D1 were from Santa
Cruz Biotechnology (Santa Cruz, CA).

Cell culture and growth curves

WI-38, IMR-90 human diploid fibroblasts and HeLa cells were
cultured in Dulbecco’s modified Eagle’s medium containing 10%
fetal bovine serum, 1% L-glutamine and 1% penicillin/strepto-
mycin at 37 °C and 5% CO,. Quiescent, replicatively senescent
and prematurely senescent WI-38 populations were prepared as
described previously [28]. For the cell proliferation experiments,
cells were seeded in 24-well plates in triplicate, and the cell num-
ber was counted by using a Beckman Coulter Z1 cell counter. Cu-
mulative population doubling (PD) was determined as described
previously [46].

Plasmids, siRNAs and transfection

A full-length cDNA of PTRF was obtained by RT-PCR using
specific primers (forward: 5'-ATGGAGGACCCCACGCTC-
TATA -3'; reverse: 5'-CCGAGAGAGAATGCGAAAGAGG-3")
with total RNA from WI-38 cells. The PTRF ¢cDNA was cloned
into the pGEM-T-easy vector and subcloned into pcDNA3.1,
p3XFLAG-CMV and pEGFP-N1. For the caveolin-1 knockdown
experiments, a mixture of two siRNAs against two targets (sense
5'-AAGGAGATCGACCTGGTCAAC-3' and 5-AAGGGACA-
CACAGTTTTGACG) as described in [47], and non-specific con-
trol siRNA duplexes (sense 5-TTCTCCGAACGTGTCACGT-3")
were purchased from Shanghai Genepharma Co., Ltd (China).
Transfections were performed using Lipofectamine 2000 accord-
ing to the manufacturer’s protocol. Drug selection of the cells was
performed with G418 (0.9 pg/ml for WI-38) for 5-7 days.

shRNA constructs and retroviral infection

For the PTRF shRNA constructs, the hairpin sequences were
as follows: the shPTRF1 sequences spanned nucleotides 1 762-
1 780 of PTRF (forward, 5'-tcgagcgGGAAAGATTGAATC-
CTAAAttgatatccgTTTAGGATTCAATCTTTCC  ttttttccaaag-3',
and reverse, 5'-aattcttggaaaaaaGGAAAGATTGAATCCTAAAcg-
gatatcaaTTTAGGATTCAATCTTTCCcgc-3"), and the shPTRF2
sequence spanned nucleotides 3 096-3 114 of PTRF (forward,
5'-tcgagcgGACACGACCAGGTTCTCAATttgatatccgTT-
GAGAACCTGGTCGTGTC  ttttttecaaag-3', and reverse, S'-aattctt-
ggaaaaaaGACACGACCAGGTTCTCAAcggatatcaaI TGAGAAC-
CTGGTCGTGTCcgc-3'). The negative control shRNA had no
significant homology to any mammalian gene sequences, and its
sequence was as follows: forward, 5'-tcgagcgTTCTCCGAACGT-
GTCACGTttgatatccgACGTGACACGTTCGGAGA Attttttc-
caaag-3’, and reverse, 5'-aattcttggaaaaaaT TCTCCGAACGTGT-
CACGTcggatatcaa ACGTGACACGTTCGGAGAAcge-3'. These
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shRNA sequences were cloned into the MSCV-TMP vector and
confirmed by DNA sequencing.

Retroviral supernatants were produced by PA317 packaging
cells that were stably transfected with the retroviral constructs and
filtered through a 45 pm Millex HA filter (Millipore). Retroviral
infections were performed in the presence of 4 pg/ml polybrene
(Sigma). Drug selection of the cells was performed with puromy-
cin (1 pg/ml for WI-38, 2 ng/ml for PA317) or G418 (0.9 pg/ml
for WI-38) for 5-7 days.

Western blot analysis and immunoprecipitation

For immunoblotting, cell lysates were prepared in RIPA buf-
fer (50 mM Tris-Cl, pH 8.0, 100 mM NacCl, 0.1% SDS, 0.5%
sodium deoxycholate, 1% NP-40, and a protease inhibitor cocktail
(Roche)). Total protein concentrations were measured using BCA
kit, and immunoblotting was performed with a clarified extract
containing 20-60 pg total protein that was separated on 12% SDS-
polyacrylamide gels. Proteins were transferred to PVDF mem-
brane (Millipore) and incubated at 4 °C overnight with primary
antibodies. Alkaline phosphatase-conjugated anti-mouse or anti-
rabbit secondary antibodies were used for detection using a BCIP/
NBT color development substrate (Promega). Subcellular fractions
of cells were prepared using a subcellular proteome extraction kit
(Calbiochem) according to the manufacturer’s protocol. For immu-
noprecipitation, cells were lysed in NP-40 buffer (50 mM Tris-Cl,
pH 7.4, 150 mM NacCl, 0.5% sodium deoxycholate, 1% NP-40 and
protease inhibitor cocktail). Clarified extract was incubated with
20-30 pl M2 anti-FLAG resin (Sigma) for 1-2 h at 4 °C. The as-
sociated proteins were analyzed by immunoblotting.

Immunofluorescence

Cells were plated in six-well plates with glass coverslips,
fixed with 4% paraformaldehyde in phosphate buffered saline
(PBS), and permeabilized in 0.5% Triton X-100. After block-
ing of nonspecific antigens with 5% bovine serum albumin,
hybridization with the primary antibody at a 1:50 dilution was
performed at 37 °C for 1 h. Hybridization with a FITC-conjugated
or TRITC-conjugated secondary antibody was performed at 37 °C
for 30 min, and then the cells were stained with DAPI (1 pg/ml)
for 5 min. Imaging was performed using an Olympus FluoView
confocal laser scanning system, and images were captured using
Olympus FluoView (FV300) software (Tokyo, Japan).

RT-PCR

Total RNA was extracted from WI-38 and IMR-90 cells using
TRIzol reagent (Invitrogen, Paisley, UK) according to the manu-
facturer’s instructions. Genes of interest were amplified from 2
png of DNase I-treated total RNAs using M-MLV Reverse Tran-
scriptase (Promega, Madison, USA) and poly dT primer.

The primers used for PCR were as follows: PTRF (forward:
5'-ACGCCACCACGAGCAATAC-3"; reverse: 5'-CGGCAGCT-
TCACTTCATCC-3', T,,= 60 °C, 26 cycles), and GAPDH (forward:
5'-TGCTAAGCAGTTGGTGGTGCAGGA-3'; reverse: 5'-CG-
GAGTCAACGGATTTGGTCGTAT-3'; T,,= 57 °C, 22 cycles).
After amplification, the PCR products were separated on 1.5%
agarose gels and visualized by ethidium bromide staining.

SA-f3-gal staining
The SA-B-gal assay was performed as described previously
[6]. Briefly, the cells were washed with PBS and fixed with 0.5%

glutaraldehyde in PBS for 5 min at room temperature. After wash-
ing with PBS, the cells were incubated with a freshly prepared
staining solution (1 mg/ml 5-bromo-4-chloro-3-indolyl-B-p-
galactopyranoside (X-gal), 40 mM citric acid/sodium phosphate,
pH 6.0, 5 mM potassium ferrocyanide, 5 mM potassium ferricya-
nide, 15 mM NaCl and 2 mM MgCl,) at 37 °C for 16 h.

Electron microscopic analysis

Subconfluent young replicating and senescent WI-38 cells were
pelleted and fixed with 3% glutaraldehyde in PBS at pH 7.4. The
cell pellets were washed with PBS and treated with 1% osmium
tetroxide in PBS buffer for 1 h. After washing again with PBS, the
cells were dehydrated in graded acetone and embedded in epoxy
resin at 37 °C for 12 h and at 60 °C for 48 h. Ultrathin sections
were cut and stained with uranyl acetate and lead citrate. The sec-
tions were then observed using a transmission electron microscope
(JSM-1230).
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