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The heat shock protein Hsp72 is expressed at the elevated levels in various human tumors, and its levels
often correlate with poor prognosis. Previously we reported that knockdown of Hsp72 in certain cancer cells,
but not in untransformed breast epithelial cells, triggers senescence via p53-dependent and p53-independent
mechanisms. Here we demonstrate that the p53-dependent pathway controlled by Hsp72 depends on the
oncogenic form of phosphatidylinositol 3-kinase (PI3K). Indeed, upon expression of the oncogenic PI3K,
epithelial cells began responding to Hsp72 depletion by activating the p53 pathway. Moreover, in cancer cell
lines, activation of the p53 pathway caused by depletion of Hsp72 was dependent on oncogenes that activate the
PI3K pathway. On the other hand, the p53-independent senescence pathway controlled by Hsp72 was associ-
ated with the Ras oncogene. In this pathway, extracellular signal-regulated kinases (ERKs) were critical for
senescence, and Hsp72 controlled the ERK-activating kinase cascade at the level of Raf-1. Importantly, upon
Ras expression, untransformed cells started responding to knockdown of Hsp72 by constitutive activation of
ERKs, culminating in senescence. Therefore, Hsp72 is intimately involved in suppression of at least two
separate senescence signaling pathways that are regulated by distinct oncogenes in transformed cells, which
explains why cancer cells become “addicted” to this heat shock protein.

Two recent reports demonstrated that tumorigenesis in sev-
eral models strictly requires the heat shock transcription factor
Hsf1. In first report, crossing of p53�/� mice with hsf�/� mice
almost completely prevented lymphoma development but not
the appearance of certain other cancers (34). In the second
study, hsf1 knockout dramatically delayed overall development
of various tumors and increased survival of p53 knock-in mu-
tant (R172H) mice (15). Similarly, Hsf1 deficiency drastically
delayed chemical skin carcinogenesis and increased survival
from 30 to 90% (15). Since Hsf1 controls induction of heat
shock proteins (Hsps), these findings suggest the importance of
Hsps (e.g., Hsp72) for tumor development.

Originally, Hsp72 was described as a stress-inducible protein
that protects cells from a variety of harmful conditions. Hsp72
and other members of the Hsp70 protein family function as
molecular chaperones in protein folding, transport, and deg-
radation, and overproduction of Hsp72 reduces stress-induced
denaturation and aggregation of certain proteins (33, 45, 46).
Compilation of these results has led to the common assump-
tion that refolding and antiaggregating activities of Hsp72 de-
termine its role in cellular protection against stresses. In addi-
tion, we and others have found that Hsp72 plays a distinct role
in cell signaling, contributing to cell protection under condi-
tions which activate apoptosis unrelated to protein damage,
such as antineoplastic drugs, radiation, or tumor necrosis fac-
tor (3, 20, 23–25, 28, 36). Besides apoptosis, Hsp72 is appar-

ently involved in protection of cells from other forms of cell
death such as mitotic catastrophe (19, 39), autophagy (16, 37),
and necrosis (26, 51), which also play an important role in
tumor growth and resistance to antineoplastic therapy (1, 41)
(31). Not surprisingly, there have been many reports that
Hsp72 is present at elevated levels in human tumors, especially
of epithelial origin (8, 13). Furthermore, in many types of
cancer levels of Hsp72 closely correlate with the tumor grade
and poor prognosis (13).

Previous data from this laboratory suggest that among pos-
sible mechanisms by which Hsp72 contributes to tumorigene-
sis, suppression of the senescence program may play the major
role (52). Cellular senescence was originally described as a
limit to the number of divisions that a normal cell can undergo.
Senescence is a complex program with multiple end points that
include growth arrest, enlargement of cells, extensive vacuol-
ization, repression and derepression of certain sets of genes,
secretion of various signaling molecules, inhibition of the heat
shock response, and other manifestations (10, 11, 18, 21). The
senescence program in normal cells is triggered by DNA dam-
age that results from the telomere shortening or stressful treat-
ments and is associated with activation of p53 and accumula-
tion of the cell cycle inhibitor p21 and/or p16 (4, 18, 42, 47).

Importantly, the senescence program could also be triggered
upon activation of certain oncogenes. For example, Ras or
RAF oncogenes can trigger senescence via several mecha-
nisms, both p53-dependent and p53-independent (2, 5, 6, 17,
18, 48). Activation of the phosphatidylinositol 3-kinase (PI3K)
pathway by certain oncogenes in prostate, breast, and other
cancers also can trigger senescence. Indeed, knockout of the
phosphatase PTEN, which activates PI3K, causes senescence
of prostate epithelial cells via activation of p53 (12). In line
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with this observation, expression of active Akt, a component of
the PI3K pathway, also activates the p53 pathway and triggers
cell senescence (35). Similarly, expression of the mutant con-
stitutively active oncogenic form of PI3K (PIK3CA), also leads
to activation of p53 and accumulation of p21 (30).

Based on these observations, a novel paradigm has emerged
that the oncogene-induced senescence (along with apoptosis)
provides a major break on neoplastic transformation. Indeed,
multiple observations with animal models and human tumors
indicate a massive process of cell senescence in early neoplastic
lesions (7, 18). It appears that permanent activation of certain
oncogenic pathways (e.g., Ras or PI3K pathways) causes se-
nescence by default. Therefore, the proliferating cancer cells
with activated oncogenes represent progeny of cells that have
acquired mechanisms to suppress such senescence. In some
cases, suppression of the oncogene-induced senescence could
be associated with a negative feedback loop in regulation of the
mitogenic signaling, while in other cases the suppression is
associated with a specific block of the senescence program
without affecting the mitogenic signaling (e.g., mutations that
disable the p53 pathway). The latter mechanism appears to be
very important, since mutations affecting components of the
p53 pathway are very common in human cancers (about 50%).
On the other hand, in many tumors the p53 pathway remains
functional. Furthermore, certain senescence programs are p53
independent (see, e.g., references 5 and 17). Therefore, alter-
native mechanisms of suppression of the oncogene-induced
senescence must operate in these tumors.

Here we hypothesized that Hsp72 is the major player in
suppression of the oncogene-induced senescence. To test this
possibility, we investigated whether Hsp72 becomes essential
for suppression of the latent senescence programs upon ex-
pression of the major oncogenes. These studies uncovered a
critical role of Hsp72 in the control of the PI3K-induced p53-
dependent and Ras-induced p53-independent senescence pro-
grams.

MATERIALS AND METHODS

Cell cultures, treatments, and reagents. MCF10A, HCT116, MDA-MB231,
HEK293, DU-145, PC-3, BT20, Hs578T, PANC1, A549, and MCF-7 were from
ATCC; OVCAR5 was from NCI. HCT116 p53�/� and HCT116 p21�/� cells
were kindly provided by B. Vogelstein, HeLa cells were a kind gift from M.
Borelli. MCF10A cells expressing PIK3CA were described before (30). MCF10A
p21�/� cells were kindly provided by B. Park (27). MCF10A cells were cultivated
in Dulbecco’s modified Eagle’s medium-F12 medium supplemented with 5%
horse serum, hydrocortisone (500 ng/ml), insulin (10 �g/ml), cholera toxin (100
ng/ml), and epidermal growth factor ([20 ng/ml]). HCT116 cells were cultivated
in 5� McCoy’s medium supplemented with 10% fetal bovine serum (FBS);
MDA-MB231, PC-3, and DU-145 were cultivated in RPMI 1640 supplemented
with 10% FBS; all other cells were cultivated in Dulbecco’s modified Eagle’s
medium supplemented with 10% FBS.

Recombinant retroviral vectors. For knockout of Hsp72 expression, we used
RNAi-Ready pSIREN-RetroQ vector from BD Biosciences. The vector is pro-
vided prelinearized for ligation with a double-stranded oligonucleotide encoding
a hairpin small interfering RNA; it also contains a puromycin resistance gene for
selection of stably expressing cells. The sequence of the human Hsp72 gene was
selected as reported before (52): sh72-1 (start, 474), CAGGTGATCAACGAC
GGAGAC; and sh72-2 (start, 1961), GAAGGACGAGTTTGAGCACAA.
sh72-2 was used in most experiments if not otherwise mentioned. As an unre-
lated (control) small interfering RNA, we used shLuciferase vector as reported
before (39). The sequence of the human p21 gene that was selected as a target
for shp21 is CCGCGACTGTGATGCGCTAAT. The sequence of the human
p53 gene that was selected as the target for shp53 is GACUCCAGUGGUAA

UCUAC. The corresponding double-stranded oligonucleotides were cloned into
pLPCX-bsd-H1RNA as a vector.

H-RAS V12 and control (Babe) retroviral vectors were kindly provided by S.
Lowe.

For production of retroviruses, we used 293T cells, which were cotransfected
using GenePORTER (GTS, San Diego, CA) or Lipofectamine 2000 (Invitro-
gene) with plasmids expressing retroviral proteins Gag-Pol, G (vesicular stoma-
titis virus G protein pseudotype), and constructs of interest or enhanced green
fluorescent protein (kindly provided by Jeng-Shin Lee, Harvard Medical School).
At 48 h after transfection, supernatants containing the retrovirus were collected
and frozen at �70°C. Cells were infected with supernatant diluted 2� and 10
�g/ml Polybrene overnight and washed, and selection with puromycin (0.5 �g/
ml) or/and blastocidin (10 �g/ml) was started 48 h after infection. Retroviral
vector expressing enhanced green fluorescent protein was used as a control for
infection efficiency: usually 70 to 90% of cells were fluorescent 2 to 3 days after
infection.

Immunoblotting and antibodies. Cells were washed twice with PBS, aspirated,
and lysed in lysis buffer (40 mM HEPES [pH 7.5], 50 mM KCl, 1% Triton X-100,
1 mM Na3VO4, 50 mM glycerophosphate, 50 mM NaF, 5 mM EDTA, 5 mM
EGTA, 1 mM phenylmethylsulfonyl fluoride, 1 mM benzamidine, and 5 �g/ml
each leupeptin, pepstatin A, and aprotinin). Total protein concentration was
measured in supernatants with the Bio-Rad protein assay, after which they were
diluted with lysis buffer to achieve equal protein concentrations in all samples.

The following antibodies were used: anti-�-actin from Sigma; anti-Hsp72
(SPA810) from Stressgen; anti-p53 (DO-1) from Santa Cruz; anti-p21 from BD
PharMingen; and anti-phospho-p38 Thr180/Tyr182, anti-p-Ser473 Akt, anti-p-
MEK1 and -2, anti-p-Ser338-Raf, anti-p-JNK, anti-phospho-extracellular signal-
regulated kinase (p-ERK), and anti-ERK from Cell Signaling.

�-Galactosidase assay. The �-galactosidase assay was performed using X-Gal
(5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside) at pH 6.0 as described pre-
viously (52).

Dephosphorylation assay. Cells were washed two times with PBS and left in
PBS supplemented with 5 �M rotenone and 10 mM 2-deoxyglucose to prevent
further phosphorylation, as described previously (32). Cells were harvested at the
indicated times.

Statistical analysis. The data shown are means � standard errors of the mean
of three to four independent experiments. Statistical significance was assessed by
Student’s t test.

RESULTS

Hsp72 controls the PI3K-activated p53 pathway. Previously,
we have demonstrated that specific depletion of the major heat
shock protein Hsp72 in several cancer cell lines (e.g., HCT116
and MCF7) activates the p53 pathway and triggers growth
cessation and cell senescence (52). These data suggested that
in certain cancers there is an endogenous mechanism of acti-
vation of the p53 pathway, which is latent because of the
Hsp72-mediated control.

Here we tested if depletion of Hsp72 can cause these effects
in untransformed MCF10A breast epithelial cells, naturally
immortalized by inactivation of p16 (14). Accordingly,
MCF10A cells were infected with retroviruses that express two
different short hairpin (shRNAs) against Hsp72 (Fig. 1C), and
cell senescence was monitored by the acidic �-galactosidase
assay, as well as changes in cell shape and proliferation. In
untransformed MCF10A cells, in contrast to transformed cells
(e.g., HCT116 or MCF7) (52), depletion of the Hsp72 by either
of the two shRNAs neither caused significant senescence nor
triggered cell death or reduced cell number (Fig. 1A and B,
wild-type [WT] columns). Furthermore, it did not lead to ac-
cumulation of the p53 target, senescence-associated protein
p21 (Fig. 1C and E, WT), indicating the lack of activation of
the p53 pathway. Therefore, untransformed epithelial cells are
not sensitive to depletion of Hsp72, while proliferation of can-
cer lines is dependent on Hsp72 (52). In other words, trans-
formed cells appear to become “addicted” to Hsp72.
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Since activation of the p53 pathway and triggering senes-
cence upon depletion of Hsp72 were specific for cancer cells
and were not seen in untransformed epithelial cells, we pro-
posed that these processes could require the permanent pres-
ence of active oncogenes. We decided to focus on the onco-
genic PIK3CA, a mutant catalytic subunit of PI3K, because
previously this oncogene was demonstrated to activate the p53
pathway in breast epithelial cells (30). Similarly, deletion of
PTEN, a tumor suppressor regulating the PI3K pathway, was
shown to upregulate the p53 pathway in cellular and animal

models of prostate cancer (12, 30). Very importantly, both
HCT116 and MCF7 cell lines, which are strictly “addicted” to
Hsp72, carry oncogenic forms of PIK3CA (22). Accordingly,
we hypothesized that Hsp72 can suppress the PI3K-activated
p53 pathway, thus allowing cancer cells to proliferate.

To test the possibility that PI3K is responsible for maintaining
the latent Hsp72-controlled p53-p21 pathway, we tested whether
expression of recombinant PIK3CA oncogene can make untrans-
formed cells sensitive to Hsp72 depletion. Accordingly, we ex-
pressed mutant PIK3CA (E545/K) in MCF10A cells using lenti-

FIG. 1. Expression of PIK3CA in MCF10A cells is necessary for accumulation of p21- and p53-dependent cell death upon depletion of Hsp72.
(A) Bright-field microscopy of cells following expression of PIK3CA and/or depletion of Hsp72 and p53. The picture demonstrates that depletion
of Hsp72 alone does not significantly affect control (con) cells but leads to growth inhibition and death of cells expressing PIK3CA. Importantly,
knockdown of p53 reverses deleterious effects of Hsp72 depletion in PIK3CA-expressing cells and leads to extensive focus formation, as seen in
the phase-contrast pictures (left panels) and following hematoxylin staining (right panels). (B) Cell numbers at day 4 postinfection upon expression
of PIK3CA, sh72, and shp53 were quantified; sh72 reduces growth in PIK3CA-expressing cells much stronger than in control cells, and shp53
reverses the effects of sh72. (C) Effects of depletion of Hsp72 by sh72-1 or sh72-2 retrovirus in control and PIK3CA-expressing cells on p21. Levels
of Hsp72, p21, and pAkt were measured by immunoblotting on day 5 postinfection with sh72 retroviruses. (D) Expression of p21 in PIK3CA-
expressing cells is dependent on p53. p53 was depleted by infection of cells with shp53 retrovirus. (E) Depletion of Hsp72 leads to accumulation
of p21 in PIK3CA-infected cells specifically. Accumulation of p21 is sensitive to the PI3K inhibitor LY294002 (LY).
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viral infection (30). This expression led to a strong activation of
Akt (phosphorylation of Ser473) (Fig. 1C) and little induction of
p21 (Fig. 1C and E). On the other hand, PIK3CA-expressing
MCF10A cells lost contact inhibition and started forming foci and
colonies in soft agar (30), demonstrating signs of neoplastic trans-
formation. Hsp72 was depleted in these cells using sh72-1 or
sh72-2 viruses, and levels of p21 were monitored by immunoblot-
ting. In contrast to parental MCF10A cells, depletion of Hsp72 in
the PIK3CA-expressing MCF10A cells led to a more than fivefold
accumulation of p21 (Fig. 1C and E). Expression of p21 required
p53, since knockdown of p53 using shRNA retrovirus reduced
levels of p21 (Fig. 1D). Furthermore, induction of p21 was sen-
sitive to the PI3K inhibitor LY294002 (Fig. 1E). Therefore in-
deed, endogenous Hsp72 appears to keep under control the
PIK3CA-activated p53 pathway.

Interestingly, unlike HCT116 or MCF7 cells (52), depletion
of Hsp72 in PIK3CA-expressing MCF10A cells did not cause
senescence, but rather severe growth inhibition and cell death
(Fig. 1A and B). Of note, cell death was not associated with
activation of caspase 3 and poly(ADP-ribose) polymerase
(PARP) cleavage (not shown). Nevertheless, these effects were
fully reversed by knockdown of p53 (Fig. 1A and B), indicating
that cell demise in this system observed upon Hsp72 depletion
is due to the PI3K-triggered activation of the p53 pathway.
Furthermore, knockdown of p53 led to efficient transformation
(focus formation) in both control and Hsp72-depleted cells
expressing PIK3CA (Fig. 1A), but not in WT cells (not shown).
It appears that in MCF10A cells the balance in activation of
the p53 target genes is in favor of the death-promoting factors,
while in HCT116 or MCF7 cells this balance is shifted toward
senescence-related genes. Importantly, depletion of Hsp72 ac-
tivated the p53-p21 pathway in this system selectively following
expression of PIK3CA, indicating that the PIK3CA oncogene
makes these cells “addicted” to Hsp72.

Control of the PI3K-p53 pathway by Hsp72 in tumor lines.
We further tested a possibility that the Hsp72-controlled ac-
tivity of the p53-p21 pathway in tumor-derived cancer cell lines
requires the presence of functional PIK3CA. Accordingly, we
tested if accumulation of p53 and a subsequent buildup of p21
observed in cancer cells upon depletion of Hsp72 can be pre-
vented by inhibition of PI3K. Of note, we previously demon-
strated that in controlling the p53 pathway, Hsp72 regulates
the activity of the p53 ubiquitin ligase Hdm2 (52).

For these experiments, we employed MCF7 cell line, which
is known to carry a single known oncogene mutant PIK3CA
(E545/K) (22). These cells were infected with shHsp72 retro-
virus to deplete Hsp72, and on day 5 postinfection, the levels of
Hsp72 were measured by immunoblotting to confirm the de-
gree of depletion (Fig. 2A). Depletion of Hsp72 in MCF7 cells
led to accumulation of p21 and caused typical signs of senes-
cence, including growth inhibition, cell flattening, and appear-
ance of acidic �-galactosidase activity (Fig. 2B and C). Fur-
thermore, knockdown of p21 in MCF7 cells with shp21
retrovirus suppressed senescence caused by depletion of
Hsp72 by more than 80% (Fig. 2B and C), indicating that in
MCF7 cells the latent senescence almost entirely depends on
the p53-p21 pathway.

Next we tested whether the PI3K activity is critical for acti-
vation of the p53-p21 pathway upon depletion of Hsp72. Ac-
cordingly, on day 5 postinfection with shHsp72, cells were

treated with the PI3K inhibitor LY294002 for 16 h and levels
of p21 were monitored. As seen in Fig. 2D, this PI3K inhibitor
almost completely suppressed the buildup of p21 in Hsp72-
depleted cells.

To further investigate the Hsp72-mediated control of the
PI3K-dependent activation of the p53 pathway, we used
HCT116 cells that also carry the oncogenic PI3K mutation
(H1047R) and undergo senescence upon depletion of Hsp72
(52). Cells were infected with shHsp72 retrovirus to deplete
Hsp72. On day 5 postinfection, when the level of p21 in-
creased, cells were treated with PI3K inhibitors LY294002 (10
to 50 �M) or wortmannin (100 to 200 nM) at concentrations

FIG. 2. Depletion of Hsp72 leads to activation of the p53 pathway
in cancer lines expressing oncogenic PIK3CA. (A) Depletion of Hsp72
and accumulation of p21 in MCF7 cells upon infection with sh72
retrovirus. Levels of Hsp72 and p21 were monitored by immunoblot-
ting on day 5 postinfection. Cont., control. (B) Depletion of Hsp72 in
MCF7 cells leads to cell senescence, which requires p21. p21 knock-
down was done by infection with shp21 virus. Control and shp21 cells
were infected with sh72 virus, and on day 6 postinfection, the cultures
were stained for the acidic �-galactosidase activity. (C) Quantification
of data from panel B. C, control. (D) Depletion of Hsp72 leads to
accumulation of p21 in MCF7 cells, which is sensitive to the PI3K
inhibitor LY294002 (LY). con, control; rel., relative. (E) Depletion of
Hsp72 leads to accumulation of p53 and p21 in HCT116 cells. Accu-
mulation of both p53 and p21 is sensitive to the PI3K inhibitors
LY294002 (LY) and wortmannin (WM). Of note, accumulation of p21
in this system requires p53 (52).
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that inhibited the PI3K-dependent phosphorylation of Akt
(not shown). After 16 h of incubation with these inhibitors,
samples were taken, and levels of p53 and p21 were evaluated
by immunoblotting with the corresponding antibodies. Both
LY294002 and wortmannin suppressed the buildup of p53 and
subsequent accumulation of p21 upon Hsp72 depletion (Fig.
2E). Interestingly, as with MCF7 cells (Fig. 2D), the back-
ground level of p21 was not affected by either LY294002 or
wortmannin (Fig. 2E). This experiment clearly demonstrates
that upon inhibition of PI3K, depletion of Hsp72 can no longer
cause upregulation of p21. Considering that upregulation of
p21 under these conditions is almost entirely p53 dependent
(52; data not shown), these data indicate that in HCT116 cells
the PI3K pathway is required for activation of the p53 pathway
upon depletion of Hsp72. Therefore, permanent activity of
PI3K in transformed HCT116 and MCF7 cells was essential for
the latent activity of the p53-p21 pathway, which is normally
suppressed by Hsp72.

These data together indicate that activity of the PIK3CA
oncogene is both necessary and sufficient for activation of the
p53-p21 pathway upon depletion of Hsp72. Therefore, Hsp72
appears to control the p53-p21 senescence pathway activated
by the PIK3CA oncogene and thus allows cells to escape latent
senescence/cell demise programs and to continue proliferating.

Correlation of Hsp72 levels with p53 status in cell lines and
tumors. The Hsp72-mediated control of p53 could represent a
mechanism of suppression of senescence pathways that is al-
ternative to mutations in p53, which are often found in tumors.
A prediction of this hypothesis is that there might be a negative
correlation between expression of Hsp72 and mutations in p53
in cancer lines and tumor biopsies.

To address this possibility, we measured levels of Hsp72 in
several cancer cell lines of epithelial origin with normal or
mutant p53. Among 11 analyzed common cancer lines, cells
with normal p53 had higher levels of Hsp72 (e.g., MCF7 or
HEK293), while cell lines with mutant p53 had lower levels of
this chaperone (e.g., DU-145 or H1299) (Fig. 3A and B).
Therefore, there was a clear trend suggesting that mutations in
p53 and increased expression of Hsp72 are mutually exclusive.
In spite of a limited number of tested cell lines, this finding was
statistically significant (P � 0.01). We realized, however, that
this negative correlation could be partially obscured, since
Hsp72 is also involved in p53-independent senescence path-
ways (see below).

To further address the interaction of Hsp72 with the p53
pathway, we searched for the reverse correlation between ex-
pression of Hsp72 and mutations in p53 in cancer biopsies
using the major cancer microarray data resource ONCOMINE
(http://www.oncomine.org/). We specifically focused on breast
cancer, since the PIK3CA oncogene is expressed in more than
25% of these tumors. Indeed, there was a significant (P � 0.02)
difference between elevated expression of Hsp72 and muta-
tions in p53 (Fig. 3C). Being statistically significant, the
difference in expression was not big, most likely because
Hsp72 can also suppress p53-independent senescence path-
ways in cancer cells (see below) and because we did not
account for alternative ways of suppressing the p53 pathway,
e.g., inactivation of Arf, or overexpression of Hdm2. The
reverse correlation between the elevated expression of
Hsp72 and mutations in p53 is consistent with the idea that

in cancer lines and biopsies overexpression of Hsp72 and
mutations in p53 represent alternative mechanisms that pro-
vide selective advantage to cancer cells by affecting the same
p53 signaling pathway.

Hsp72 controls the Ras-stimulated ERK-dependent senes-
cence pathway. Our prior work indicated that Hsp72 can con-

FIG. 3. Reverse correlation between levels of Hsp72 and mutations
in p53 in human cancer lines and biopsies. (A and B) Levels of Hsp72
in various tumor cell lines. The panels show the trend that lines with
mutant (mut) p53 usually have lower levels of Hsp72. (C) Levels of
Hsp72 (measured by gene arrays) in 179 (p53 wt) and 72 (p53 mut)
breast cancer biopsies (data from www.oncomine.org). The box shows
the interquartile range (25 to 75%), the whiskers represent the range
10 to 90%, and the asterisks indicate the minimum and the maximum.
t test, �3.97; P value, 1.2E�4.
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FIG. 4. Upon expression of the oncogenic Ras, depletion of Hsp72 triggers senescence in MCF10A cells. (A) Hsp72 depletion enhances
Ras-induced activation of ERKs. Cells were first infected with sh72 virus (sh72-1 or sh72-2), selected for 3 days, and then infected with
Ras-expressing retrovirus at a concentration (1 U) that does not cause significant activation of ERKs and senescence on day 5 postinfection. ERK
activation was measured by immunoblotting with p-ERK antibody. con, control. (B) Hsp72 depletion increases ERK activity at various concen-
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trol both p53-dependent and p53-independent senescence
pathways (52). For example, depletion of Hsp72 caused senes-
cence in 40% of the WT HCT116 cells, and in 25% of the p53
knockout (KO) HCT116 cells (52), indicating that the p53-
independent pathway significantly contributes to the overall
senescence in this cell line. We suggested that a distinct onco-
gene can stimulate a p53-independent senescence pathway,
which is also controlled by Hsp72. This oncogene could be Ras
for the following reasons. (i) The oncogenic form of Ras (K-
Ras G13D) is present in HCT116 cells, in addition to PIK3CA
(22). (ii) K-Ras G13D, when expressed at high levels, triggers
the p53-independent senescence in certain cell lines (5). (iii)
Ras-activated senescence resulted from a constitutive activity
of the ERK signaling cascade (5, 48), while Hsp72 can partially
suppress the ERK pathway (44, 50). Therefore, we hypothe-
sized that Hsp72 can keep the Ras-activated senescence path-
way under control. Accordingly, we investigated whether upon
expression of the oncogenic Ras, untransformed breast epithe-
lium MCF10A cells start responding to Hsp72 depletion by
enhancing the ERK signaling, culminating in the p53-indepen-
dent senescence.

Importantly, as shown above (WT panels in Fig. 1A), deple-
tion of Hsp72 in MCF10A cells does not trigger senescence.
We tested whether depletion of Hsp72 can activate ERKs in
MCF10A cells, and in line with the lack of senescence, no
significant ERK activation was seen (Fig. 4A).

To address the role of the oncogenic Ras in senescence trig-
gered by downregulation of Hsp72, we expressed H-Ras G13D in
MCF10A cells using a retroviral expression system. As with many
other cell lines, high expression of the oncogenic Ras in MCF10A
cells triggered senescence on its own (not shown). This senes-
cence was p53 and p21 independent, since it was not suppressed
by knocking down p53 by shRNA or knocking out p21 (not
shown). To study the effects of depletion of Hsp72, we titrated
down the Ras-expressing retrovirus to achieve a low infection that
does not cause senescence in MCF10A cells. In fact, when these
cells were infected with fourfold-diluted Ras virus, followed by
selection of infected cells, we observed only a minor elevation of
ERKs activity and no signs of senescence (Fig. 4A and C). Im-
portantly, depletion of Hsp72 by either sh72-1 or sh72-2 retrovi-
ruses in these cells, in contrast to the parental MCF10A cells
without Ras, caused stimulation of ERKs by up to fourfold (Fig.
4A and B) and senescence in about 50% of cells (Fig. 4C and D).
(Incubation with inhibitors of the ERK pathway U0126 or
PD98059 reversed senescence under these conditions [Fig. 4C
and D].) Therefore, Hsp72 depletion stimulates Ras-dependent
activation of the ERK pathway, triggering the p53-independent
senescence.

Hsp72-mediated control of the ERK-dependent senescence
in human cancer cells. To address the role of Hsp72 in ERK-
dependent senescence in human cancer cells, we have focused
on the HCT116 line, which in addition to oncogenic PIK3CA,
carries the oncogenic form of K-Ras (22). Using the HCT116
p53KO strain excluded the effects of the PI3K-p53 pathway.

We first tested whether ERKs are activated upon depletion of
Hsp72 in p53KO HCT116 cells. Hsp72 was depleted in these
cells by sh72-1 or sh72-2 as described above, and activation of
ERKs was monitored by immunoblotting at various time
points. Figure 5A and B demonstrate that Hsp72 depletion
indeed led to robust activation of both ERK1 and ERK2 iso-
forms. Importantly, activation of ERKs was quite specific since
we did not observe significant activation of distinct mitogen-
activated protein kinases p38 and JNK (Fig. 5C).

As with MCF10A cells, to address the role of ERK activa-
tion in senescence of HCT116 cells observed upon depletion of
Hsp72, we utilized specific inhibitors of the ERK pathway
U0126 and PD98059. We found that in a range of 2 to 5 �M,
U0126 strongly inhibits activation of ERKs (Fig. 5D) without
causing significant growth inhibition (not shown). Of note,
U0126 did not affect the levels of p21 (Fig. 5D). Similarly,
PD98059 at concentrations of 10 to 20 �M inhibits ERKs
without significantly suppressing cell growth (not shown).
p53KO HCT116 cells were infected with sh72-2 retrovirus, and
at day 4 postinfection treated with either U0126 (2 �M or 5
�M) or PD98059 (10 �M or 20 �M). After 48 h, cell senes-
cence was monitored by the acidic �-galactosidase assay and
counting the percentage of flattened cells. As seen in Fig. 5E,
incubation with 2 �M of U0126 reduced the fraction of senes-
cent cells from 18% to 9%. Strong suppression of senescence
(down to 7%) was also seen with cells treated with PD98059
(Fig. 5E). Therefore, ERK activation appears to be critical for
the p53-independent cell senescence of human cancer cells
triggered by the Hsp72 depletion.

Downregulation of the ERK pathway by Hsp72 was de-
scribed by several groups, including ours (44, 50). Indeed, in
various systems Hsp72 either suppresses the upstream ki-
nase of the pathway Raf (44) or promotes activity of ERK
phosphatases MKP1 and MKP3 (50). Therefore, to dissect
mechanisms of ERK activation in p53KO HCT116 cells
upon depletion of Hsp72, we monitored the rate of the ERK
dephosphorylation in vivo, using a previously developed
method (50). ERKs were activated by the depletion of
Hsp72 in HCT116 cells, as described above, and further
phosphorylation by the MEK1 and -2 kinases was blocked
(50). Samples were taken at different time points, and levels
of ERK phosphorylation were monitored by immunoblot-
ting. In shHsp72-infected cells, the half-life of phospho-
ERKs was not slower (rather a little higher) than that in the
control (Fig. 5F), indicating that changes in the rate of ERK
dephosphorylation cannot account for ERK activation fol-
lowing depletion of Hsp72. These results suggested that
ERK activation under these conditions results from stimu-
lation of upstream kinases of the mitogen-activated protein
kinase cascade. In fact, strong increase in the level of phos-
pho-MEK1 and -2 was seen in the Hsp72-depleted cells (Fig.
5G). Since MEK1 and -2 are phosphorylated by Raf, the
levels of MEK1 and -2 phosphorylation indicate enhanced
Raf activity. Accordingly, depletion of Hsp72 significantly

trations of Ras virus. Cont., control. (C) Depletion of Hsp72 in MCF10A cells that express Ras causes senescence (enlarged, flattened, highly
vacuolized cells with �-galactosidase staining), which is sensitive to the ERK inhibitor U0126. Addition of 5 �M of U0126 on day 2 postinfection
with RAS (1 U) and incubation for 48 h relieve the effect. (D) Quantification of data from panel C.
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enhanced the activating phosphorylation (Ser339) of Raf-1
(Fig. 5G). Therefore, in HCT116 cells Hsp72 controls the
pathway through regulation of the upstream kinase cascade
rather than ERK phosphatases. These data together indi-
cate that in the human cancer cell line Hsp72 can control the
ERK signaling pathway leading to suppression of the p53-
independent senescence.

We could not assess the role of the Ras oncogene in this pathway
in a direct experiment since due to the phenomenon of “oncogene
addiction,” shRNA-mediated depletion of Ras in these cells leads to
a rapid death (not shown). Furthermore, Ras knockout HCT116
cells, although viable, may acquire additional adaptation that ob-
scures the effects of Hsp72. Therefore, below we investigated the role
of Ras in the correlative study using several cancer cell lines.

FIG. 5. Depletion of Hs72 causes activation of ERKs and triggers the p53-independent senescence in HCT116 cells. (A and B) Depletion of
Hsp72 activates ERKs in both WT (A) and p53KO (B) HCT116 cells. ERK activation was measured on day 6 postinfection with sh72-1 or sh72-2
by immunoblotting with p-ERK antibody. C. or Cont., control. (C) Depletion of Hsp72 does not activate either JNK or p38 in HCT116 cells. JNK
and p38 activation was measured on day 5 postinfection by immunoblotting with p-JNK and p-p38 antibodies. (D) U0126 (U) inhibits activation
of ERKs but does not affect levels of p21. (E) Inhibition of ERKs by U0128 (U) or PD98059 (PD) inhibits senescence caused by sh72 in the p53KO
HCT116 cells. C, control. (F) Depletion of Hsp72 does not reduce the rate of ERK dephosphorylation. Dephosphorylation of ERKs was measured
in control and sh72 HCT116 cells, as described in Materials and Methods. (G) Depletion of Hsp72 leads to activation of MEK1 and -2 and Raf-1.
Phosphorylation of these proteins was measured with p-MEK and p-Raf antibodies.
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Hsp72 dependence of proliferation of cancer cell lines ex-
pressing PIK3CA and K-Ras oncogenes. Based on the data
described in previous sections, we proposed that Ras and PI3K
pathways constitute two distinct oncogenic pathways regulated
by Hsp72. To further address this issue, we investigated effects
of depletion of Hsp72 in several cancer cell lines (mostly from
the NCI60 collection) that express either PIK3CA or K-Ras
oncogenes. Among these lines, besides HCT116 and MCF7,
there were no lines that both express the PIK3CA oncogene
and have normal p53. In MCF7, depletion of Hsp72 caused
induction of p21 and senescence. On the other hand, in the
BT20 breast cancer line, which expresses the PIK3CA onco-
gene but has mutant p53, neither induction of p21 nor senes-
cence was seen upon Hsp72 depletion (Table 1). Importantly,
in both MCF7 and BT20 cells we did not observe activation of
ERKs. These findings are consistent with the idea that in
cancer lines with oncogenes activating the PI3K pathway, de-
pletion of Hsp72 leads to the p53-dependent senescence or
apoptosis.

Importantly, depletion of Hsp72 in cells expressing K-Ras
oncogene, including A549, OVCAR5, MDA-MB231, and
Hs578T, led to activation of ERKs but not of the p53/p21
pathway (judged by accumulation of p21). Under these con-
ditions, all of these cells underwent senescence (Table 1). Of
note, MDA-MB231, PANC1, and Hs578T cells have defec-
tive p53, clearly indicating that the Hsp72-controlled senes-
cence in these cancer lines is independent of p53. Interest-
ingly, in PANC1 cells which carry oncogenic Ras, depletion
of Hsp72 while causing a robust activation of ERK also led
to a minor but reproducible accumulation of p21 (Table 1).
This accumulation possibly reflected the cross talk between
the pathways. Therefore, in cancer lines with Ras oncogene,
depletion of Hsp72 leads to stimulation of the ERK pathway
and p53-independent senescence. Thus, Hsp72 can control
distinct senescence pathways that are activated by different
oncogenes.

DISCUSSION

Here, we attempted to understand a special role of Hsp72 in
human cancer, which was previously proposed based on cor-
relations between the expression levels of Hsp72 and various
parameters of the disease, including poor prognosis (13).
These earlier findings led to articulating a paradigm that
Hsp72 provides a selective advantage to cancer cells, compared
to normal cells, but mechanistic aspects of this advantage have
not been explored. Based on our previous observation that
depletion of Hsp72 triggers senescence programs in certain
cancer lines, we suggested that this Hsp keeps the endogenous
latent senescence programs under the control. This model,
however, did not stipulate the nature of these senescence pro-
grams, and their specificity to cancer cells.

Here, we uncover the link between Hsp72 and the onco-
gene-induced latent senescence programs, thus explaining why
cancer cells are specifically “addicted” to Hsp72. Indeed, we
found that expression of the recombinant oncogenic forms of
PI3K or Ras makes breast epithelial cell line MCF10A depen-
dent on Hsp72. In contrast to parental MCF10A cells, these
cells could no longer proliferate upon depletion of Hsp72 and
underwent p53-independent senescence (in case of Ras expres-
sion) or p53-dependent death (in case of PIK3CA expression).
These data indicate that Hsp72 plays an essential role in main-
taining cell growth upon activation of oncogenic signaling
pathways, specifically.

Detailed mechanisms of regulation of the p53 pathway by
Hsp72 are not understood at present, although certain aspects
of these regulatory mechanisms have been explored. For ex-
ample, we have previously shown that depletion of Hsp72
regulates activity of Hdm2 ubiquitin ligase, which affects sta-
bility and activity of p53 (52). The mechanistic aspect of reg-
ulation of the ERK signaling cascade by Hsp72 is more devel-
oped. Since as we showed here the regulation is at the level of
c-Raf, most likely it involves competition for Bag1, a regulatory

TABLE 1. Effect of Hsp72 knockdown on p21 and ERK activation in tumor cell lines

Cell line Tissue type Oncogene product p53 type
Result fora:

p21 increase ERK activation Senescence

MCF7 Breast PIK3CA WT � � �

BT20 Breast PIK3CA Mutant � � �

HCT116 Colon PIK3CA � K-RAS WT � � �
KO � � �

A549 Lung K-RAS WT � � �

OVCAR5 Ovary K-RAS WTb � � �

PANC1 Pancreas K-RAS Mutant �/� � �

MDA-MB231 Breast K-RAS � B-RAF Mutant � � �

Hs578T Breast K-RAS Mutant � � �

a �, positive; �, negative.
b Although according to information provided by NCI, the OVCAR5 line has normal p53 (22), we could detect neither p53 nor p21 under normal conditions or with

Hsp72 depletion or UV irradiation (not shown).
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protein that interacts with and inhibits both Hsp72 and c-Raf
(44).

Interestingly, Hsp72 controls different latent senescence
pathways upon expression of different oncogenes. In fact, it
suppresses the p53-dependent senescence pathway in cells that
express the oncogenic PI3K, and p53-independent ERK-
dependent pathway in cells that express Ras. Furthermore, in
a related study with both cell culture and xenograft models, we
demonstrate that Hsp72 is critical for maintaining proliferation
and formation of tumors by MCF10A cells transformed with
Her2/NeuT oncogene, which causes activation of both p53-
dependent and p53-independent senescence pathways (Le
Meng et al., unpublished data). Therefore, Hsp72 plays a gen-
eral role in control of various oncogene-activated senescence
pathways. These findings appear to be relevant to cancer cell
lines isolated from human tumors. Indeed, we observed that in
cell lines that express PIK3CA oncogene, Hsp72 depletion
triggered senescence via the p53 pathway, but did not activate
ERK. In contrast, in cell lines expressing Ras, Hsp72 con-
trolled the ERK-dependent pathways, but not p53 (Table 1).
In HCT116 cells which carry both PIK3CA and Ras onco-
genes, Hsp72 depletion triggered both p53 and ERK pathways
(Table 1).

Although this work specifically focused on the role of Hsp72
in neoplastic transformation, at present it is clear that other
Hsps are also important for cancer development and may play
similar roles. For example, there have been several reports
from this and other groups that downregulation of Hsp27 (38),
Hsp70-2 (40), or mitochondrial Hsp70 (mortalin) (29) triggers
p53-dependent senescence specifically in cancer cells (see ref-
erence 43 for review). Furthermore, Hsp27 is apparently in-
volved in control of p53-independent senescence as well (38),
and its knockdown, similar to Hsp72 knockdown, activated
ERK pathway in RAS-transformed cells (unpublished data). It
is not clear at the moment whether these chaperones cooper-
ate with each other in suppressing the endogenous senescence
programs and supporting proliferation of cancer cells, or they
affect different steps of the senescence pathways. A possibility
is that they control one of the common cofactors, like BAG3,
which can cooperate with both Hsp70 and small Hsp family
members (9). Independently of the mechanisms, it appears
that upon neoplastic transformation the entire chaperone ma-
chinery becomes especially important, explaining the depen-
dence of tumorigenesis on Hsf1 (15).

The nononcogenic “addiction” to Hsp72 by cancer cells sug-
gests a novel approach toward drug design. Indeed, Hsp72 may
be targeted to specifically prevent proliferation and eventually
eliminate transformed cells. Accordingly, small molecules
could be developed that target either Hsp72 or the entire heat
shock response. Indeed, recently several inhibitors of the heat
shock response have been developed and demonstrated signif-
icant anticancer effects both in cell culture and in xenograft
models. Importantly, here we showed that depletion of Hsp72
could trigger senescence and growth suppression via both p53-
dependent and p53-independent pathways, and this effect was
seen with cancer cells with mutant p53 (e.g., BT-20 and MDA-
MB231). Therefore, inhibitors of Hsp72 or the heat shock
response potentially could have a broad specificity with cancers
independently of p53 status.

There is a fundamental difference between mechanisms of

action of the Hsp inhibitors and inhibitors of oncogenes, like
inhibitory antibodies against Her2 (herceptin) or vascular en-
dothelial growth factor or small molecules that inhibit the
ERK signaling pathway (see reference 49 for review). Indeed,
based on the findings in this work, it is clear that cell growth
suppression by inhibition of Hsps or the entire heat shock
response is dependent on high activity of the oncogenic signal-
ing pathways. Furthermore, inhibition of Hsp72 enhances the
oncogenic signaling, which results in triggering cell senescence
or death. Therefore, potential inhibitors of Hsp72 or the heat
shock response have an opposite activity from suppressors of
oncogenic signaling pathways.
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