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Prohibitin is a growth regulatory gene that has pleiotropic functions in the nucleus, mitochondria, and
cytoplasmic compartments. Earlier studies had proposed a role for prohibitin in modulating cellular senes-
cence, but the underlying mechanisms remain unknown. Here we show that senescence induced by DNA-
damaging agents causes the localization of prohibitin to specific heterochromatic foci. Prohibitin could bind to
heterochromatin protein 1 (HP1) family proteins and colocalized with HP1� in senescence-associated hetero-
chromatic foci. Further, HP1� could synergize with prohibitin to repress E2F1-mediated transcriptional
activity. The depletion of prohibitin by small interfering RNA or antisense techniques led to a reduction in the
senescent phenotype, correlating with a reduced expression of senescence-associated �-galactosidase and fewer
numbers of senescence-associated heterochromatic foci. Chromatin immunoprecipitation assays showed that
prohibitin is needed for the recruitment of HP1� to E2F1-regulated proliferative promoters, leading to their
repression. The ablation of prohibitin prevented the recruitment of HPI�, but not Suv39H, to the promoters
upon senescence. Prohibitin-mediated recruitment of HP1� occurred in only senescent cells, not in quiescent
cells; thus, there is a dichotomy in the recruitment of different corepressors by prohibitin, depending on the
type of growth arrest. These studies show that prohibitin plays a vital role in inducing cellular senescence.

Primary mammalian cells in culture undergo a period of
rapid proliferation; however, cell growth eventually deceler-
ates and the cells enter a form of permanent cell cycle arrest
termed senescence (20). While normal senescence limits the
replicative potential of cells by telomere shortening (41), cells
can undergo a similar permanent G1 growth arrest in response
to treatment with drugs like etoposide or adriamycin or in
response to oncogenes like Ras (15, 45, 52, 54, 55). This growth
arrest, also called STASIS (stress- or aberrant signaling- in-
duced senescence), is similar to replicative senescence in that
cells are unable to divide under mitotic stimulation even
though they remain metabolically active. They also show
changes in morphology that are typical of senescence (12, 14,
27). It has been shown that cultures of immortal cell lines can
also undergo permanent cell cycle arrest in response to DNA-
damaging agents, suggesting that senescence may act as a nat-
ural barrier to cancer progression (6, 7, 17, 46, 59, 67).

A senescent cell typically has a flattened morphology and
increased granularity. At the biochemical level, senescence is
accompanied by changes in metabolism and characterized by
the induction of senescence-associated �-galactosidase activity
(5, 13, 53), while at the genetic level, alterations in chromatin
structure and gene expression patterns are observed (2, 25, 37,

49, 57). In senescing cells, the chromatin undergoes remodel-
ing and senescence-associated heterochromatic foci (SAHF)
can be detected (37). Heterochromatin is responsible for epi-
genetic silencing by the sequestration of genes into transcrip-
tionally inactive nuclear neighborhoods, and heterochromatin
protein 1 (HP1) has been shown to play a major role in this
process (8, 16). Elegant studies from the Lowe and Campisi
labs have shown that Rb is hypophosphorylated in senescent
cells, and its function is necessary for inducing the senescent
phenotype (5, 31). The activation of the Rb and/or p53 protein
and the expression of their regulators, such as p16INK4a, p21,
and ARF, are required for the senescence process (2, 25,
31, 57).

Rb family members have been shown to interact with various
transcriptional corepressors, including histone deacetylase 1
(HDAC1), DNA methyltransferase, and Polycomb proteins as
well as chromatin-remodeling complexes like Brg and Brm, to
repress the transcriptional activity of E2F (4, 32, 33, 35, 48, 58,
61, 62, 66). Rb has been shown to associate with HP1 and
histone methyltransferase Suv39H to facilitate senescence (28,
37, 60). This facilitation is achieved by accumulating on E2F-
responsive proliferative promoters, repressing their activity,
and inducing the formation of SAHF (36, 37).

Prohibitin, a potential tumor suppressor gene, is implicated
in cell cycle control (22, 34, 40, 47, 63–65) and has potent
antiproliferative activity (23, 24, 51). Studies from our lab have
shown that like Rb, prohibitin physically interacts with and
represses E2F family members. This interaction is necessary
for the growth-suppressive activity of prohibitin (63, 64). Pro-
hibitin-mediated repression of E2F is involved the recruitment
of corepressors like HDAC1 and N-CoR (62). In addition to its
effects on proliferation, prohibitin has been shown to influence
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the replicative capacity of yeast (Saccharomyces cerevisiae) cells
as well as human diploid fibroblasts (3, 9–11, 29, 43, 56) but the
underlying mechanisms are unknown. The results presented
here show that prohibitin physically interacts with the hetero-
chromatin proteins as well as the histone methyltransferase
Suv39H (1, 38). Interestingly, prohibitin was detected in senes-
cence-associated heterochromatic foci, where it colocalized
with HP1�; the depletion of prohibitin led to a loss of the
senescent phenotype. Prohibitin, Suv39H, and HP1� were de-
tected on E2F-responsive proliferative promoters upon the
induction of senescence, leading to their repression; the abla-
tion of prohibitin prevented the recruitment of HP1� but not
Suv39H. These results suggest that prohibitin, like Rb, con-
tributes to cellular senescence by repressing E2F-responsive
promoters utilizing specific corepressors.

MATERIALS AND METHODS

Cell lines. Breast carcinoma cell lines MCF-7 and T47D were grown in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS). MCF-7 cells expressing tetracycline-inducible prohibitin
were grown in DMEM supplemented with 10% tetracycline free fetal bovine
serum (Clontech), 25 �g/ml zeocin (Invitrogen), and 0.25 �g/ml blasticidin
(Invitrogen). Prohibitin expression was induced by incubation of the cells in
1 �g/ml tetracycline for 24 h. T47D cells stably expressing an antisense
prohibitin construct were cultured in DMEM supplemented with 10% fetal
bovine serum.

Transient transfections. Transient transfections of MCF-7 cells were per-
formed by electroporation using a Bio-Rad gene pulser at 400 mV. Cells were
transfected with 3 �g E2CAT, 3 �g E2F1, and 2 �g prohibitin or 2 �g HP1 family
members. Each reaction mixture contained 2 �g of �-galactosidase to serve as an
internal control for transfection efficiency. Assays for �-galactosidase activity and
chloramphenicol acetyltransferase activity were performed 72 h after transfec-
tion using standard protocols (50).

Drug treatment, antibodies, and immunostaining. Prohibitin monoclonal
and polyclonal antibodies were purchased from NeoMarkers, Inc. (Freemont,
CA). The HP1� polyclonal, Suv39H monoclonal, and histone 3-lysine 9 meth-
ylation-specific monoclonal antibodies were purchased from Upstate Biotech-
nologies. Cells were plated onto poly-D-lysine (Sigma)-coated eight-well glass
chamber slides (10,000 cells per well) for immunostaining. Twenty-four hours
after plating, the cells were treated with 2 �M adriamycin for 24 h (Sigma);
subsequently, cells were washed with phosphate-buffered saline (PBS) and
incubated for 48 h in fresh medium containing 10% FBS. Cells were fixed in
3.5% paraformaldehyde for 25 min, permeabilized in 0.2% Triton X-100–PBS
for 5 min, and blocked in 5% normal goat serum in PBS at room temperature
for 1 h. Primary antibody incubations were performed overnight at 4°C. After
washing the cells, secondary antibody incubation was performed with goat
anti-mouse immunoglobulin G (IgG)–Alexa Fluor-488 and goat anti-rabbit
IgG–Alexa Fluor-546 for 30 min at room temperature. DAPI (4�,6�-dia-
midino-2-phenylindole) was detected using Vectashield mounting medium
with DAPI (Vector Laboratories, Inc.). Control experiments demonstrated
no cross-reactivity between anti-mouse secondary and anti-rabbit primary
antibodies and vice versa; nor was there any detectable staining by secondary
antibodies only (data not shown). Cells were visualized with a Zeiss LSM510
(Zeiss, Thornwood, N.Y.) confocal microscope, and areas of colocalization were
determined using LSM510 software (Zeiss) or slides were observed by fluores-
cence microscopy using a Leica DM LB2 microscope (40� lens objective and
0.75 numerical aperture) with a Qimaging Retiga 1300 camera.

Histochemical and quantitative assessment of SA-�-gal activity. Histochem-
ical detection of senescence-associated �-galactosidase (SA-�-gal) was per-
formed using the method described by Dimri et al. (13). Briefly, cultured cells
were treated with adriamycin as described above. After treatment, the cells were
washed with PBS and fixed with a 3.5% paraformaldehyde solution for 30 min at
room temperature. The cells were washed again in PBS, and SA-�-gal stain
solution (pH 6.0) was added and incubated for 16 h at 37°C. A control assay in
which the SA-�-gal stain solution was adjusted to pH 7.4 was also performed.
The experiment was performed twice, and three fields per treatment in each slide
were analyzed for positively stained cells.

In vitro binding assays. Glutathione S-transferase (GST) fusions of Rb and
prohibitin were prepared as described earlier (63). GST fusions of HP1�, the

HP1� chromodomain (CD) and chromoshadow domain (CSD), were prepared
after the culture was induced with IPTG (isopropyl-�-D-thiogalactopyranoside)
(250 mM) for 2 h at 37°C. 35S-labeled HP1�, -�, -�, and prohibitin proteins were
generated by in vitro transcription translation in rabbit reticulocyte lysates by
using standard protocols. First, 8 to 10 �l of synthesized polypeptide was incu-
bated with glutathione beads carrying equal amounts of GST fusion proteins in
200 �l of protein binding buffer (20 mM Tris [pH 7.5], 50 mM KCl, 0.5 mM
EDTA, 1 mM dithiothreitol, 0.5% NP-40, 3 mg of bovine serum albumin per ml)
at 4°C for 2 h. The beads were then washed six times with 1 ml of protein binding
buffer. Beads were boiled in 2� loading dye, and proteins were separated on a
12% sodium dodecyl sulfate (SDS)-polyacrylamide gel and visualized by auto-
radiography. The protein amounts in control input lanes were approximately
one-fifth of the total used in the binding assay.

GST pull-down assays in cell lysates. GST fusions of HP1�, the HP1� chro-
modomain and chromoshadow domain, were immobilized on glutathione beads
(Amersham). MCF-7 cell lysate (200 �g protein) was incubated with glutathione
beads carrying equal amounts of GST fusion proteins in 200 �l of protein binding
buffer (20 mM Tris [pH 7.5], 50 mM KCl, 0.5 mM EDTA, 1 mM dithiothreitol,
0.5% NP-40, 3 mg of bovine serum albumin per ml) at 4°C for 2 h. The beads
were then washed six times with 1 ml of protein binding buffer. Beads were boiled
in 2� loading dye and proteins were separated on a 12% SDS-polyacrylamide
gel. The blots were probed with the appropriate antibody after semidry
transfer to supported nitrocellulose membranes. The proteins were detected
by using an enhanced chemiluminescence assay system from Amersham.

Immunoprecipitation and Western blotting. Cell lysates (50 to 200 �g) were
treated with 1 �g of the appropriate primary antibody in a volume of 100 �l at
4°C for 1 h. A 3-mg aliquot of protein G-Sepharose in a 100-�l volume was added
to each sample and incubated for an additional hour. The binding was performed
in a buffer containing 20 mM HEPES [pH 7.9], 40 mM KCl, 1 mM MgCl2, 0.1
mM EGTA, 0.1 mM EDTA, 0.1 mM dithiothreitol, 0.1 mM NaF, 0.1 mM
Na3VO4, 0.5% NP-40, and 3 mg of bovine serum albumin per ml. The beads were
washed six times with 600 �l of the same buffer, boiled in 20 �l of SDS sample
buffer, and separated on 8 or 10% polyacrylamide gels. The blots were probed
with the appropriate antibody after semidry transfer to supported nitrocellulose
membranes. The proteins were detected by using an enhanced chemilumines-
cence assay system from Amersham.

Chromatin immunoprecipitation (ChIP) assays. One confluent plate of T47D
or MCF-7 cells (about 3 � 106 cells per plate) was used for each immunopre-
cipitation reaction as described previously (65). The prohibitin monoclonal,
HP1� polyclonal, Suv39H monoclonal, Rb monoclonal, histone H3 modified at
lysine 9 (K9MeH3) monoclonal, and E2F1 monoclonal antibodies were used for
immunoprecipitations. The prohibitin monoclonal antibody was purchased from
NeoMarkers, Inc. (Freemont, CA). PCRs were then performed using 5 �l of the
DNA from the immunoprecipitation reactions or 1 �l of DNA from the input
reaction as a template. PCR cycling conditions were as follows: 94°C for 2 min;
then 35 cycles of 94°C for 30 s, 56°C for 30 s, and 68°C for 30 s; followed by 68°C
for 2 min. The sequences of the PCR primers used in the PCRs were as follows:
5�-TCT GCT GGG AGT TTT CAT TGA CCT C-3� (cdc25A promoter forward
primer), 5�-TTG GCG CCA AAC GGA ATC CAC CAA TC-3� (cdc25A pro-
moter reverse primer), 5�-TGT TGG CTG CAG CCC GCG AGC AGT TC-3�
(fos promoter forward primer), 5�-GGC GCG TGT CCT AAT CTC GTG AGC
AT-3� (fos promoter reverse primer), 5�-TGG CGC ACG CTC TCTAGA GC-3�
(TS promoter forward primer), and 5�-GAC GGA GGC AGG CCA AGT G-3�
(TS promoter reverse primer).

siRNA transfections. Small interfering RNA (siRNA) for prohibitin was pre-
pared from prohibitin cDNA which was PCR amplified using the primer set
5�-GGA TCC ATG GCT GCC AAA GTG TT-3� (forward primer) and 5�-CTC
GAG TTA CTG GGG GAG CTG GAG-3� (reverse primer) and cloned into
pCR2.1 (Invitrogen). Sequence and orientation were verified by sequencing. A
set of plasmids containing the cis and trans orientations of the inserted fragment
with regard to the T7 promoter were used for transcription using T7 RNA
polymerase. RNA products were annealed and subjected to dicer reaction for
17 h. The purification was performed according to manufacturer’s instructions
(BLOCK-iT RNA interference kit; Invitrogen). siRNA oligonucleotides (19 to
21 bp) were purified and checked for integrity and quality on 4% agarose gels. A
second set of siRNAs for prohibitin and control nonhomologous siRNA oligo-
nucleotides were obtained from Santa Cruz Biotechnology. The transfections
were performed in MCF-7 cells using Oligofectamine (Invitrogen). The treat-
ment of cells with drugs was started 24 h after transfections.

RNA isolation and real-time PCR. MCF-7 cells were subjected to serum
starvation or treatment with adriamycin. Unstimulated asynchronous cells were
used as a control. Total RNA was isolated by an RNeasy miniprep kit from
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QIAGEN following the manufacturer’s protocol. One microgram of RNA was
DNase treated using RQ1 DNase (Promega), followed by first-strand cDNA
synthesis using the iScript cDNA synthesis kit (Bio-Rad). A fraction (1/20) of the
final cDNA reaction volume was used in each PCR. Primers sequences are as
follows: 5�-CTG CCA GCT GTA CCA GAG AT-3� (TS forward primer),
5�-ATG TGC ATC TCC CAA AGT GT-3� (TS reverse primer), 5�-AAC CTG
ACC GTC ACT ATG GA-3� (Cdc25a forward primer), 5�-GAA TCT GTT GAC
TCG GAG GA-3� (Cdc25a reverse primer), 5�-ATC CTC ACC CTG AAG TAC
CC-3� (�-actin forward primer), and 5�-TAG AAG GTG TGG TGC CAG AT-3�

(�-actin reverse primer).
All primers were run at an annealing temperature of 58°C. Real-time PCRs

were performed in a volume of 25 �l, which included 200 nM of each forward
and reverse primer and iQ SYBR green Supermix (Bio-Rad). Reactions were
run in duplicate using an iCycler and iQ software (Bio-Rad). Average threshold
cycles (Ct) for TS and Cdc25a were normalized to the average �-actin Ct values
for each cDNA sample, and relative levels of TS and Cdc25a were calculated by
the ��Ct method (30) as follows: 2	TS 	 � 	 actin for TS expression or
2	Cdc25a 	 � 	 actin for Cdc25a expression.

RESULTS

Distribution of prohibitin in the nucleus is altered upon
cellular senescence. Attempts were made to examine the role
of prohibitin in cellular senescence induced by anticancer
agents. Previous studies have shown that exposure to DNA-
damaging agents like adriamycin, etoposide, SN-38, or VM-26,
followed by the removal of the drug, could induce senescence
in mammalian cell lines (46, 59). To examine whether senes-
cence induced by drugs affected prohibitin, human breast car-
cinoma cell lines MCF-7 and T47D were plated on eight-
chamber slides and treated with 2 �M adriamycin for 24 h;
subsequently, cells were washed with PBS and incubated for
48 h in fresh medium containing 10% FBS. It was found that
the drug treatment induced a flattened cell morphology and
increased granularity, characteristic of senescence (14). The
cells were stained for SA-�-gal activity to confirm that the
observed changes were due to the onset of senescence. It was
observed that the drug-treated cells showed staining charac-
teristic of senescence-associated �-galactosidase (Fig. 1A),
confirming that the observed changes correlated with senes-
cence.

Narita et al. have shown that senescence induced by the Ras
oncogene led to characteristic nuclear staining, where distinct
punctuated regions of DNA could be observed by DAPI stain-
ing (37); identical foci were induced by the DNA-damaging
agents in both cell lines (Fig. 1B). The same cells were immu-
nostained with a monoclonal antibody against prohibitin. It

FIG. 1. (A) Senescence-associated �-galactosidase staining in MCF-7
and T47D cells. The cells were cultured in eight-well chamber slides and
treated with adriamycin (2 �M) for 24 h; cells were washed and grown in
fresh medium for 48 h. While untreated cells show little or no staining for
�-galactosidase, the adriamycin-treated cells show �-galactosidase stain-
ing characteristic of senescence. (B) The treatment of cells with adriamy-
cin leads to the appearance of heterochromatic DNA foci. MCF-7 and
T47D cells were treated with adriamycin (2 �M) for 24 h and cultured for
48 h in regular growth medium. Cells were stained with DAPI, and
heterochromatic foci were visualized by fluorescence microscopy. Immu-
nostaining for prohibitin showed its localization in discrete foci in adria-
mycin-treated cells; an overlay of the images shows the localization of
prohibitin on SAHF.

FIG. 2. (A) HP1 family members interact with prohibitin in vitro.
35S-labeled HP1�, -�, and -� were incubated with GST-prohibitin or
unprimed GST beads as a control. GST-Rb was used as a positive
control. (B) 35S-labeled prohibitin binds to the chromodomain and
chromoshadow domain of HP1� (left panel), while Rb binds prefer-
entially to the chromoshadow domain. (C) Prohibitin in the MCF-7
cell lysates binds to the chromodomain and chromoshadow domain of
HP1� while Rb binds only to the chromoshadow domain. (D) 35S-
labeled prohibitin binds to GST-Suv39H in vitro.
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was found that prohibitin was uniformly distributed in the
nucleus in the untreated cells; upon treatment with the DNA-
damaging agent adriamycin, prohibitin localized to discrete
foci. These corresponded to the heterochromatic foci observed

with DAPI staining, as seen by an overlay of the images. This
result clearly shows that the induction of senescence led to the
redistribution of prohibitin to specific heterochromatic foci.

Prohibitin associates with HP1 proteins in vitro. SAHF are
related to heterochromatic regions (37), and HP1 is known to
be a major component of heterochromatin (16). Since prohib-
itin localized to discrete foci upon senescence, we assessed
whether prohibitin could associate with HP1 by an in vitro
GST binding assay. HP1 isoforms �, �, and � were synthesized
by in vitro transcription translation, and their binding to GST
fusions of prohibitin or Rb was tested. As shown in the left
panel of Fig. 2A, there was no binding of HP1� to unprimed
GST or prohibitin-GST beads, while it bound efficiently to
Rb-GST beads. HP1� could bind equally well to both GST-Rb
and GST-prohibitin beads, but not unprimed GST beads (Fig.
2A, middle panel). Similarly, HP1� could bind to both GST-Rb
and GST-prohibitin beads (Fig. 2A, right panel). These results
suggest that prohibitin can directly associate with HP1� and �
proteins.

Additional GST binding assays were carried out to identify
the domains of HP1� involved in binding to prohibitin. The
conserved amino-terminal region of HP1-like proteins features
a CD, which plays a role in gene regulation. The conserved
carboxyl-terminal region, termed the CSD, is related to the CD

FIG. 3. HP1� cooperates with prohibitin to repress E2F-mediated
transcription. MCF-7 cells were transiently transfected with 3 �g of
E2CAT, E2CAT�E2F, and E2CAT�E2F�Phb, alone or in combina-
tion with HP1�, -�, and -�. A total of 2 �g prohibitin or HP1 isoforms
alone had little repressive effect on E2F1; the combination of prohibitin
and HP1� synergized to repress E2F1 activity significantly. Error bars
indicate standard deviations.

FIG. 4. Prohibitin interacts with HP1� in vivo. (A) Lysates from untreated MCF-7 cells or those treated with adriamycin were immunopre-
cipitated with a pan-HP1 antibody and Western blotted for prohibitin; immunoprecipitation (IP) with hemagglutinin (HA) antibody was used as
negative control. The induction of senescence increased the binding of prohibitin to HP1. (B) A double immunofluorescence experiment on
senescent and control MCF-7 cells using a monoclonal antibody against prohibitin and polyclonal antibody against HP1�. MCF-7 cells were treated
with adriamycin (2 �M) for 24 h, washed, and incubated for 48 h in regular growth medium. The slides were fixed and probed with prohibitin and
HP1� antibodies and visualized after staining with goat anti-mouse IgG–Alexa Fluor-488 and goat anti-rabbit IgG–Alexa Fluor-546. It was found
that prohibitin colocalizes with HP1� in senescent cells in discrete SAHF (white and yellow spots), as observed by confocal microsopy. (C) An IP
Western blot experiment as described for panel A, showing the interaction of prohibitin with Suv39H in vivo.
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in primary amino acid sequence. The binding of 35S-labeled
prohibitin to GST fusions of full-length HP1�, the CD and
CSD of HP1�, was tested. As shown in Fig. 2B, left panel,
prohibitin bound to both the CSD and the CD. This was in
contrast to the binding of 35S-labeled Rb, which bound with
high efficiency to the HP1� CSD, while it bound only weakly to
CD (Fig. 2B, right panel). We confirmed these results by per-
forming GST pull-down assays in a different fashion (Fig. 2C).
MCF-7 cell lysates were incubated with the indicated GST
beads; after extensive washing, the bound proteins were eluted
and the presence of Rb or prohibitin was examined by Western
blotting. As shown in Fig. 2C, only GST-HP1� CSD beads
could pull down Rb from MCF-7 cell lysates, while prohibitin
was pulled down by both GST-HP1� CD and GST-HP1� CSD.

Prohibitin thus appears to contact both domains of HP1�,
while Rb interacts preferentially with the chromoshadow domain.

Histone methyltransferases have been implicated in altering
chromatin structure in association with Rb and HP1 (39).
Hence, a GST pull-down experiment was performed to exam-
ine whether prohibitin could bind to Suv39H. As shown in Fig.
2D, 35S-labeled prohibitin synthesized in rabbit reticulocyte
lysates could bind to GST-Suv39H, suggesting that it could
interact with multiple proteins involved in heterochromatin
formation.

HP1� cooperates with prohibitin to repress E2F-mediated
transcription. The growth-suppressive effects of prohibitin
strongly correlate with its ability to repress E2F-mediated tran-
scription, and prohibitin recruits various transcriptional core-

FIG. 5. (A) ChIP assays showing the recruitment of the indicated proteins as well as K9 methylation of histone H3 on cdc25A and TS promoters
upon induction of senescence. The binding of E2F1 was reduced in senescent cells. (B) A ChIP assay showing the recruitment of HDAC1, Brg1,
and Brm on cdc25A and TS promoters in asynchronous, quiescent, or senescent cells. (C) A ChIP assay as described for panel B, showing the
recruitment of the indicated proteins in serum-starved, quiescent MCF-7 cells. IP, immunoprecipitation. (D) PCR for cdc25A and TS promoters
using different amounts of input DNA showing the linear range of the signal. (E) Real-time PCR showing repression of cdc25A and TS in senescent
and quiescent cells. TS and Cdc25a were normalized to the average �-actin values for each cDNA sample. Error bars indicate standard deviations.

VOL. 26, 2006 PROHIBITIN AND CELLULAR SENESCENCE 4165



pressors like HDAC1, N-CoR, and Sin3A as well as chromatin-
remodeling proteins like Brg1 and Brm to repress transcription.
Since prohibitin was found to bind to HP1 family members in
vitro, whether these proteins could cooperate with prohibitin to
repress E2F activity was examined. A transient transfection assay
was used for this purpose. MCF-7 cells were transiently trans-
fected with 3 �g each of E2CAT and E2F1. A total of 2 �g of
prohibitin, HP1�, HP1�, or HP1� was cotransfected with E2F1
(Fig. 3). Prohibitin as well as the HP1 family members had neg-
ligible repressive effects on prohibitin at these concentrations. To
assess the abilities of the three isoforms to cooperate with pro-
hibitin, E2CAT-plus-E2F-plus-Phb-transfected cells were also co-
transfected with 2 �g of either HP1�, -�, or -�. It was found that
neither HP1� nor HP1� could increase the repression achieved
by prohibitin alone; in contrast, HP1� could significantly enhance
the repressive effects of prohibitin. These results suggest that
HP1� can physically and functionally interact with prohibitin to
suppress E2F-mediated transcription.

Prohibitin associates with HP1 proteins in vivo. We exam-
ined whether the prohibitin-HP1 interaction occurs in vivo; an
immunoprecipitation-Western blot analysis was performed to
address this. Cell lysates prepared from untreated MCF-7 cells
or those treated with adriamycin were immunoprecipitated
with a polyclonal antibody to HP1 which recognizes all three
isoforms; the presence of prohibitin in the immunoprecipitates
was examined by Western blotting using a monoclonal prohib-
itin antibody. As shown in Fig. 4A, prohibitin was associated
with HP1 in control as well as adriamycin-treated cell lysates;
however, the binding was more pronounced in the drug-treated
lysate, suggesting that the induction of senescence increased
the interaction of HP1 with prohibitin in vivo. There was no
prohibitin in an immunoprecipitation performed with an anti-
hemagglutinin antibody, which was the negative control.

Since HP1 could associate with prohibitin in vitro and in
vivo, attempts were made to assess whether HP1� colocalizes
with prohibitin in cells. A double immunofluorescence exper-
iment was carried out for this purpose. MCF-7 cells were
plated on chamber slides and treated with adriamycin; immu-
nofluorescence was performed using a monoclonal antibody
against prohibitin and a polyclonal antibody against HP1�. The
binding of these antibodies was visualized by confocal micros-
copy following staining with goat anti-mouse IgG–Alexa Fluor-
488 and goat anti-rabbit IgG–Alexa Fluor-546 secondary anti-
bodies. Prohibitin and HP1� (Fig. 4B) were uniformly
distributed in the nuclei of control MCF-7 cells; upon the
induction of senescence by adriamycin, both proteins localize
into specific heterochromatic foci. Interestingly, both proteins
were found to colocalize in discrete foci in the senescent cells,
as observed by confocal microscopy (Fig. 4B, right panel). It
thus appears that HP1� and prohibitin can physically interact
in vitro and in vivo, and they colocalize in specific heterochro-
matic foci.

Since Suv39H could also bind to prohibitin in vitro, an
immunoprecipitation and Western blotting experiment was
performed to examine whether Suv39H and prohibitin also
associated in vivo. Lysates from MCF-7 cells were immuno-
precipitated with Suv39H antibody; HP1 and Rb antibodies
were used as positive controls, while a Flag antibody was used
as a negative control. Western blotting showed that prohibitin

could be detected in Suv39H immunoprecipitate, suggesting
that it could indeed bind to Suv39H (Fig. 4C).

Prohibitin and transcriptional corepressors associate with
E2F-responsive promoters in senescent cells. Our lab has

FIG. 6. Prohibitin levels affect senescence in MCF-7 cells. (A) MCF-7
cells transfected with control siRNA, prohibitin siRNA, and MCF-7 cells
stably overexpressing tet-inducible prohibitin were treated with adriamy-
cin (2 �M) for 24 h; cells were cultured for 48 h in regular growth
medium, fixed, and stained for SA-�-gal. The number of SA-�-gal-posi-
tive cells were counted in all the treatments to assess senescence. Error
bars indicate standard deviations. (B) Induction of SAHF in control T47D
cells (left panels) or those stably expressing antisense prohibitin. The
numbers of foci are greatly reduced when prohibitin levels are low, as seen
by DAPI staining. (C) An experiment similar to that described for panel
B, where SAHF was assessed in MCF-7 cells transfected with siRNA (Si)
for prohibitin. SAHF are greatly reduced in cells lacking prohibitin.
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shown prohibitin to be recruited to E2F-responsive promoters,
and this association correlated with the transcriptional activity
of the promoter. Attempts were made to evaluate whether the
induction of senescence by DNA-damaging agents also caused
its recruitment to E2F-regulated promoters. Chromatin immu-
noprecipitation assays were used for this purpose. ChIP assay
lysates from control MCF-7 cells or those treated with adria-
mycin were immunoprecipitated using antibodies to HP1�,
Suv39H, K9MeH3, Rb, and prohibitin or an irrelevant anti-
body as control; their association with proliferative promoters
like cdc25A and thymidylate synthase was examined by PCR.
The c-fos promoter was used as a control. As shown in Fig. 5A,
the binding of Rb, prohibitin, HP1�, Suv39H, and K9MeH3 to
cdc25A and thymidylate synthase promoters was increased
upon the induction of senescence. Concurrent with the asso-
ciation of Suv39H, increased methylation of lysine 9 of histone
3 could be observed in the senescent cells; this particular meth-
ylation coincides with transcriptional repression. E2F1 was as-
sociated with the promoters in asynchronous MCF-7 cells, but
this association was lost upon the induction of senescence.

The association of HDAC1, Brg1, and Brm with the TS
promoter was examined in a parallel experiment (Fig. 5B). It
was found that a certain amount of HDAC1 was associated
with the TS promoter in serum-starved as well as asynchronous
cells, but this association was reduced in senescent cells. Brg1
and Brm were associated with the promoter in serum-starved
and asynchronous as well as adriamycin-treated cells. Taken
together, it appears that the induction of senescence leads to
the association of prohibitin, Rb, HP1�, and Suv39H with the

promoters; HDAC1 and Brg/Brm proteins appear to play only
a limited role in the senescence process.

A similar experiment was performed with serum-starved
MCF-7 cells to ascertain whether the association of Rb, pro-
hibitin, HP1�, Suv39H, and K9MeH3 is senescence associated
and does not occur in quiescent cells (Fig. 5C). The PCR for
TS and cdc25A promoters revealed that prohibitin, Rb, and
HDAC were bound to the promoters in quiescent cells; at the
same time, HP1�, Suv39H, and K9MeH3 could not be de-
tected. The recruitment of Rb was significantly higher in qui-
escent cells than in senescent cells, while prohibitin amounts
were comparable in both. It thus appears that different tran-
scriptional corepressors are recruited on proliferative promot-
ers upon senescence and quiescence. The PCR conditions that
were used amplified the DNA in a linear, dose-dependent
manner (Fig. 5D).

Since the ChIP results demonstrated that Rb, prohibitin,
HP1, and Suv39H bind to E2F-responsive proliferative pro-
moters cdc25A and TS, we examined whether the binding cor-
related with the silencing of these genes. Real-time PCRs were
conducted to assess their expression levels in the senescent,
serum-starved, and asynchronous cells.

The results of real-time PCR for cdc25A and TS levels in
RNA from serum-starved, asynchronous, and senescent cells
showed that the treatment of cells with adriamycin led to
decreased expression of both genes compared to that of asyn-
chronously growing cells, which is in agreement with our ChIP
results (Fig. 5E). Though there was a decline in the expression
of both genes in serum-starved cells, the regulation of expres-

FIG. 7. Depletion of prohibitin by siRNA (Si) reduces SAHF formation and recruitment of HP1� to heterochromatic regions as seen by double
immunofluorescence. The cells were transfected with control siRNA or prohibitin siRNA and treated with adriamycin (2 �M) for 24 h; cells were
cultured for 48 h in regular growth medium, fixed, and stained for prohibitin and HP1�.
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sion in serum-starved and adriamycin-treated cells appears to
involve different repressors. These data suggest that the bind-
ing of Rb, prohibitin, HP1, and Suv39H on these promoters
upon senescence correlates with their repression.

Prohibitin levels influence SA-�-gal activity. Since the quan-
titation of foci is difficult, a quantitative assay was used to
assess the relative amount of senescing cells. Towards this
purpose, control MCF-7 cells, MCF-7 cells expressing a tetra-
cycline-inducible prohibitin, or MCF-7 cells transfected with 1
�g prohibitin siRNA (dicer) or prohibitin siRNA (Santa Cruz
Biotechnology) were treated with adriamycin for 24 h. The
cells were washed with PBS, fresh medium with 10% FBS was
added, and cells were further incubated for 48 h. Subsequently,
cells were stained for SA-�-gal activity and positively stained
cells were counted under a microscope (Fig. 6A). About 10%
of the control siRNA-transfected MCF-7 cells showed positive
staining to SA-�-gal; however, treatment with drugs increased
it to about 60%. At the same time, only 30% of cells trans-
fected with diced prohibitin siRNA showed SA-�-gal staining
upon drug treatment, while only 20% of those transfected with
a second Phb siRNA stained positive. Interestingly, almost
100% of cells overexpressing prohibitin showed positive stain-
ing for SA-�-gal, while the number of positively stained cells in
the absence of tetracycline was comparable to that of control
siRNA-transfected cells. Similar results were obtained when

senescence was assessed by a colorimetric assay for SA-�-gal
(data not shown). These results show that prohibitin can in-
deed induce senescence and that the absence of prohibitin
impairs the ability of the cells to undergo senescence.

Prohibitin levels influence the appearance of heterochro-
matic foci. Experiments were done to evaluate whether a re-
duction in prohibitin levels affects the formation of SAHF.
T47D cells stably expressing an antisense prohibitin (19) and
MCF-7 cells transfected with siRNA to prohibitin were stained
for prohibitin and DNA content. T47D cells stably expressing
antisense prohibitin were treated with adriamycin, and cells
were immunostained with a monoclonal antibody against pro-
hibitin. Untreated T47D cells stably expressing an antisense
prohibitin construct showed reduced expression of prohibitin
compared to that of control T47D cells (Fig. 6B). The nuclear
staining of DAPI appears to stain whole nucleus evenly in
these cells. The drug-treated cells, as shown in Fig. 6B, showed
less intense staining for prohibitin, with fewer numbers of foci
when stained with DAPI.

The effect of prohibitin levels on senescence was verified
using prohibitin siRNA generated by the dicer system and
prohibitin siRNA from Santa Cruz Biotechnology (see Fig.
8A). MCF-7 cells were transfected with siRNA; drug treatment
was started after 24 h of transfection. As shown in Fig. 6C, a
reduction in prohibitin levels led to a significant decrease in

FIG. 8. (A) Depletion of prohibitin in MCF-7 cells by siRNA, as seen by Western blotting. (B) A ChIP assay showing the recruitment of HP1� and
Suv39H as well as K9 methylation on Cdc25A and TS promoters in MCF-7 cells transfected with control siRNA. (C and D) Depletion of prohibitin by
siRNA did not affect the recruitment of Suv39H or K9 methylation upon senescence; the recruitment of HP1� is completely inhibited. Si, siRNA.
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foci formation. On an average, about 6.4 
 2.2 foci were
observed per cell on one plane of confocal microscopy; this
number was reduced to 1.97 
 1.47 in cells transfected with
Phb siRNA. It thus appears that prohibitin facilitates the for-
mation of SAHF, and the depletion of prohibitin can impair
the ability of cells to undergo senescence.

Ablation of prohibitin prevents recruitment of HP1 to
SAHF. MCF-7 cells transfected with prohibitin siRNA were
analyzed to see whether a reduction in the levels of prohibitin
affects the recruitment of HP1 to SAHF. Cells were grown on
glass chamber slides and transfected with dicer-generated
siRNA for prohibitin or control siRNA, and drug treatment
was initiated 24 h after transfection. As shown in Fig. 7, the
transfection with siRNA to prohibitin led to decreased num-
bers of foci, as seen by DAPI staining. Interestingly, HP1� also
did not show any punctate staining and was distributed in the
nucleus in a granular fashion. This result suggests that that
reduced prohibitin levels may be responsible for the nonre-
cruitment of HP1� to the SAHF; conversely, it appears likely
that prohibitin is necessary for the recruitment of HP1� to the
heterochromatic foci.

Ablation of prohibitin leads to the dissociation of HP1�
from E2F-responsive promoters. ChIP assays revealed the
binding of Rb, prohibitin, HP1�, Suv39H, and K9MeH3 to the
Cdc25A and TS promoters in senescent cells (Fig. 5A). Since
the binding of HP1�, Suv39H, and K9MeH3 is considered to
be a senescence-associated event, we examined whether the
reduction in prohibitin levels affected the recruitment of these
proteins. Towards this purpose, MCF-7 cells were transfected
with control siRNA or siRNA to prohibitin and either treated
with drugs to induce senescence or serum starved to induce
quiescence. ChIP lysates were immunoprecipitated with

K9MeH3, Suv39H, and HP1� antibodies, and their association
with cdc25A and TS promoters was assessed by PCR. As shown
in Fig. 8C and D, the recruitment of both K9MeH3 and
Suv39H upon drug treatment was not affected by Phb siRNA
transfection; in stark contrast, HP1� was not recruited to ei-
ther of these promoters upon drug treatment, while in control
siRNA-transfected cells, HP1� was recruited to both promot-
ers (Fig. 8B), suggesting that prohibitin is necessary for the
recruitment of HP1� to these promoters upon the induction of
senescence. These results strongly suggest that prohibitin fa-
cilitates the recruitment of HP1� to proliferative promoters as
well as senescence-associated heterochromatic foci, promoting
senescence.

DISCUSSION

Prohibitin was initially cloned on the basis of its ability to
induce G1/S arrest (40) and later studies have correlated its
growth suppressive properties with its ability to repress E2F
transcriptional activity (62–65). While several nuclear and mi-
tochondrial functions have been attributed to prohibitin in the
past (21, 62), recent studies also show that it might regulate cell
surface functions, acting as a receptor for hitherto unknown
ligands (26), and might regulate cell migration in collaboration
with Raf-1 (44). A role for prohibitin in cellular senescence has
been proposed for human fibroblasts and yeast (29, 43). Stud-
ies of human fibroblasts correlated the decreased levels of
prohibitin and passage numbers, leading to the hypothesis that
prohibitin might be affecting senescence (10); no mechanistic
studies were carried out on this observation. Studies described
in this paper provide in-depth analyses of the molecular mech-

FIG. 9. A model showing the recruitment of different corepressors on E2F-regulated promoters in proliferating, quiescent, and senescent cells.
In proliferating cells, E2F is bound to its target sites; Brg1/Brm may also be present, but other corepressors are not, and the promoter is transcribed
(top panel). Upon induction of quiescence, Rb, prohibitin, HDAC1, and Brg1 are recruited; Suv39H and HP1� are not (lower left panel).
Induction of senescence (lower right panel) leads to the recruitment of Rb, prohibitin, HP1�, and Suv39H; K9 methylation occurs on histone 3.
The depletion of prohibitin prevents the recruitment of HP1� to the promoter.
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anisms underlying senescence induced by prohibitin in mam-
malian cells.

It has been demonstrated that various environmental stresses
and DNA-damaging agents induce cell cycle arrest, leading to
STASIS. This growth arrest is similar to replicative senescence
since cells remain metabolically and synthetically active and
show characteristic changes in morphology and physiology.
Our study shows that in addition to SA-�-gal staining, the cells
show unique staining patterns for prohibitin as well as DAPI,
relative to the cells in which senescence was not induced. This
distinct staining pattern was observed in breast cancer cell
lines. It was recently reported that senescent cells accumulate
a distinct type of heterochromatin, which stain brightly with
DAPI and are termed senescent-associated heterochromatic
foci (37); the similarity in staining pattern for DAPI in drug-
treated cells suggests that the foci formation can occur in cell
lines other than fibroblasts. However, an interesting difference
in DAPI staining was that the MCF-7 cells did not show single
large nucleoli as described by Narita et al. but almost all the
drug-treated cells showed irregular nuclear envelopes (37).
The cells transfected with siRNA to prohibitin showed de-
creased foci formation, while those overexpressing prohibitin
had higher numbers of foci. While these observations contra-
dict the report from another group that prohibitin might in-
hibit senescence since its levels are reduced (10), the reduction
in protein levels cannot be indicative of a repression of senes-
cence.

An elegant study from the laboratory of Lowe and cowork-
ers has shown that SAHF are enriched in HP1 family proteins
(37), and other studies have shown that HP1 contributes to
heterochromatin formation (16). We find that prohibitin inter-
acts with HP1 family members in vitro and in vivo. It has been
shown that the association of HP1, Rb, and Suv39H with the
cyclin E promoter correlates with gene silencing (39). Our in
vitro binding assay reveals that HP1� and -� show robust
binding to prohibitin; at the same time, it appears that the
interaction of HP1� with prohibitin has more profound effects
on E2F transcriptional activity than other HP1 family mem-
bers. It was recently reported that, in senescent cells, Rb acts
directly on E2F target promoters to nucleate regions of het-
erochromatin, leading to the silencing of E2F target genes
(37). In addition, Rb was found to interact with HP1 and the
histone methyltransferase Suv39H1, which have been shown to
be required for maintenance of heterochromatin in mamma-
lian cells (42). Our findings on prohibitin and its association
with HP1 suggest that prohibitin might be involved in recruit-
ing HP1� to the heterochromatic foci and E2F-regulated
genes. Based on our findings, we propose the model depicted
in Fig. 9. E2F-regulated proliferative promoters are occupied
by E2F family members in asynchronous cells; repressors like
Rb or prohibitin are not associated. Upon induction of quies-
cence by serum withdrawal, repressors like Rb, prohibitin, and
corepressors like HDAC1 are recruited; corepressors like
HP1� and Suv39H, which are associated with long-term tran-
scriptional repression, are not recruited. In contrast, upon the
induction of senescence, the promoters are occupied by Rb,
prohibitin, HP1�, and Suv39H; further, the methylation of
lysine 9 of histone 3, a hallmark of transcriptional repression
(18), is observed. The ChIP assays also reveal that the deple-
tion of prohibitin prevents the recruitment of HP1� to the

promoters, even though Rb is present. This observation, in
conjunction with the finding that depletion of prohibitin pre-
vents the formation of SAHF and the recruitment of HP1�,
leads us to propose that prohibitin plays a major role in re-
cruiting HP1� to chromatin and inducing senescence.

These results throw new light on prohibitin function and
reveal a new facet in the process of cellular senescence and
STASIS. It appears reasonable to imagine that the ability of
prohibitin to induce and promote senescence contributes to
the proposed tumor suppressive functions of this protein.
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