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Although senescence in oncogenesis has been widely studied, little is known regarding the role of this process in chemotherapy
resistance. Thus, from the standpoint of enhancing and improving cancer therapy, a better understanding of the molecular ma-
chinery involved in chemotherapy-related senescence is paramount. We show for the first time that Mcl-1, a Bcl-2 family mem-
ber, plays an important role in preventing chemotherapy-induced senescence (CIS). Overexpression of Mcl-1 in p53� cell lines
inhibits CIS. Conversely, downregulation of Mcl-1 makes cells sensitive to CIS. Surprisingly, downregulation of Mcl-1 in p53�

cells restored CIS to similar levels as p53� cells. In all cases where senescence can be induced, we observed increased p21 expres-
sion. Moreover, we show that the domain of Mcl-1 responsible for its antisenescent effects is distinct from that known to confer
its antiapoptotic qualities. In vivo we observe that downregulation of Mcl-1 can almost retard tumor growth regardless of p53
status, while overexpression of Mcl-1 in p53� cells conferred resistance to CIS and promoted tumor outgrowth. In summary, our
data reveal that Mcl-1 can inhibit CIS in both a p53-dependent and -independent manner in vitro and in vivo and that this Mcl-
1-mediated inhibition can enhance tumor growth in vivo.

There is growing evidence that senescence is a major barrier in
the development of cancer (1, 4). Recently, a network of se-

creted factors was shown to enforce senescence as a mechanism to
prevent tumorigenesis (12, 23). Many of these senescence path-
ways rely on either p53 or retinoblastoma protein (Rb) tumor
suppressors (7). However, data are accumulating on the existence
of alternative pathways, which are poorly understood (19). Senes-
cence-like processes also appear to be important forms of cell
death induced by both radiation and chemotherapy in cancer
(29). Many chemotherapeutics induce the expression of mole-
cules such as p53, which can induce both apoptosis and senes-
cence (16). However, restoring expression of p53 in actively grow-
ing cancer prevents tumor progression, not through apoptosis but
rather senescence (14, 16). Finally, there is mounting evidence in
patients being treated with current anticancer therapies that se-
nescence is often a consequence of treatment (14). Thus, an un-
derstanding of the mechanisms of senescence induction in cancer
is crucial for designing more effective treatment regimens.

Of the most robust cancer survival molecules are the antiapop-
totic members of the Bcl-2 family. Not surprisingly, these proteins
can also prevent nonapoptotic cell death pathways such as au-
tophagy and are strongly linked to modulating prosenescent mol-
ecules like p53 (1, 11). Furthermore, the senescent state has been
linked to being apoptosis resistant through the upregulation of
Bcl-2 family members (14). However, their role in modulating
senescence is currently poorly understood.

Mcl-1 has a distinct role in the survival and homeostasis of
lymphocytes (28). In addition, Mcl-1 appears to be important in
the survival of both hematogenous and solid tumors and is now
considered a major oncogene (3). For instance, cancer treatment
using a small molecule inhibitor capable of preventing the func-
tion of Bcl-2 family members but not Mcl-1 fails through a mech-
anism involving the upregulation of Mcl-1 (22, 33). Whether Mcl-
1’s survival function includes inhibition of senescence is not

known. We therefore hypothesized that Mcl-1 may play an impor-
tant role in tumor progression through the inhibition of senes-
cence.

Our data show for the first time that Mcl-1 is indeed a major
inhibitor of chemotherapy-induced senescence (CIS). Overex-
pression of Mcl-1 in multiple p53� tumor and nontumor cell
lines was sufficient to block the induction of senescence. Con-
versely, downregulation of Mcl-1 in p53� cells resulted in en-
hanced susceptibility to CIS. We further show that resistance to
drug-induced senescence in cells lacking p53 can be overcome
by the knockdown of Mcl-1 expression and that this ability to
resist senescence in the absence of p53 is unique to Mcl-1 com-
pared to other Bcl-2 family members. We also find that Mcl-1
appears to work downstream of p53 and prevents senescence-
associated upregulation of p21 and loss of phosphorylated Rb
(pRb) through a mechanism involving reactive oxygen species
(ROS) production. Finally, we show that cancer growth and
resistance to chemotherapy treatment in vivo is highly depen-
dent on the expression of Mcl-1 due in part to the inhibition of
senescence and that inhibition of reactive oxygen species
(ROS) by an antioxidant can lead to outgrowth of p53� tumors
with low Mcl-1 expression. Successful cancer therapy requires
the killing of chemotherapy-resistant tumor cells. Focusing on
Mcl-1 from the standpoint of its antisenescence function
promises to broaden current anticancer therapeutic regimens.
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MATERIALS AND METHODS
Cell lines, constructs, and chemotherapies. The HCT116 human colon
cancer cell lines (p53�, p53�, and p21�) were generously provided by
Bert Vogelstein (Johns Hopkins University). The HCT116 vector and
HCT116 Mcl-1up cell lines were generously provided by Hannah Rabi-
nowich (University of Pittsburgh Cancer Institute). Wild-type murine
embryonic fibroblasts (MEFs) were kindly provided by Scott Welford
(Case Western Reserve University). p53� murine embryonic fibroblasts
were derived from p53� C57BL/6 mice as previously described (32).
HCT116, HCT116 p53�, HCT116 p21�, HSC-3, MCF-7, MEF, and MEF
p53� were all grown in Dulbecco modified Eagle medium (DMEM) con-
taining penicillin and streptomycin (pen/strep) antibiotics and 10% fetal
bovine serum (FBS). MCF-10A and MCF-10A p53� cells were generously
provided by David Weber (University of Maryland School of Medicine)
and Ben Ho Park (Johns Hopkins University), respectively. The cells were
grown in DMEM containing 50 �g/ml of epidermal growth factor (EGF)
from stocks of 100 �g/ml in 10 nM acetic acid, 0.5 �g/ml of hydrocorti-
sone from a 1.0 mg/ml stock dissolved in 95% ethanol, 0.1 �g/ml of
cholera toxin, 10 �g/ml human insulin (Sigma, CA), the antibiotics pen/
strep, and 5% horse serum (18). All cell cultures were incubated at 37°C in
a humidified incubator containing 5% CO2.

HCT116 shControl and HCT116 shMcl-1 cells, HCT116 p53�

shControl, HCT116 p53� shMcl-1 and HCT116 p53� shBcl-2 cells,
and HCT116 p21� shControl, and HCT116 p21� shMcl-1 cells are de-
rivatives of HCT116, HCT116 p53�, and HCT116 p21� cells, respec-
tively, in which Mcl-1, Bcl-2, and control were stably knocked down using
transcript-specific short hairpin RNA (shRNA) expression vectors (Open
Biosystems). Sequences that target Mcl-1 are as follows: shMcl-1 cl.1,
GAAATTCTTTCACTTCATT; shMcl-1 cl.2, GCTTGTAAATGTATTT
GTA; shMcl-1 cl.3, AGGATTATGGCTAACAAGA. Sequences that target
Bcl-2 are as follows: shBcl-2 cl.1, CCCTGATTGTGTATATTCA; shBcl-2
cl.2, CGAAGAACCTTGTGTGACA; shBcl-2 cl.3, CCTTGAAACATTGA
TGGAA; shBcl-2 cl.4, CTTGGACAATCATGAAATA. The Mcl-1 BH3
binding domain mutant was generously provided by Hannah Rabinowich
(University of Pittsburgh School of Medicine), identical to the one de-
scribed in Clohessy et al. (13). The Mcl-1�C mutant was generously pro-
vided by Douglas Green (St. Jude’s Hospital) in the pET plasmid (10),
from which the open reading frame (ORF) was PCR cloned into the
pCR4.1 His-tagged mammalian expression vector purchased from Invit-
rogen. Doxorubicin (Sigma) was used in vitro at 100 ng/ml and in vivo at
1.2 mg/kg. Paclitaxel (Cell Signaling) was used at 10 �M to induce senes-
cence in MEF and MEF p53�. TW37 (2 nM) was a gift from Shaomeng
Wang (University of Michigan, Ann Arbor, MI), ABT737 (10 �M) was
provided by Abbott Laboratories (Abbott Park, IL), and AT101 (2.5 �M)
and roscovitine (25 �M) (Sigma) were used in the indicated experiments.

Transient transfections. Transient plasmid transfection into different
cell lines was performed by Lipofectamine 2000 (Invitrogen) according to
the manufacturer’s instructions. Briefly, cells (2.5 � 105 per well) were
seeded into 6-well plates and transfected with 0.5 �g of an Mcl-1 BH3
binding groove mutant, Mcl-1�C mutant, Bcl-2, or Bcl-xL expressing
construct or the empty vector. Transient control and Bcl-xL small inter-
fering RNA (siRNA) transfections were also performed using Lipo-
fectamine 2000 (Invitrogen) according to the manufacturer’s instruc-
tions. Medium was changed after 24 h. Cells were incubated at 37°C in a
5% CO2 incubator for 48 h prior to testing for transgene expression or
knockdown by Western blotting.

Western blotting. Western blot analyses were performed as described
previously (28). In brief, total protein from cell lysates (30 to 50 �g) was
loaded for each sample lane. Proteins were separated by SDS-PAGE and
transferred to a nitrocellulose or polyvinylidene fluoride membrane (Bio-
Rad Laboratories, Hercules, CA). Western blots were developed using the
enhanced chemiluminescence (ECL) reagents (GE Healthcare). Primary
antibodies used for Western blotting were anti-Mcl-1, anti-p53 (Santa
Cruz Biotechnology), anti-p21, anti-pRb (S807/811), anti-Rb (Cell Sig-
naling Technology), anti-Bcl-2 (BD Pharmigen), and anti-�-actin

(Sigma). Horseradish peroxidase (HRP)-linked secondary antibodies
were purchased from Cell Signaling Technology. Comparable protein
loading was ensured by reprobing the blots with a mouse anti-�-actin
monoclonal antibody.

Quantitative in situ SA-�-gal assay. Cells were seeded into 6-well
plates in a DMEM culture medium, and after 24 h, 100 ng/ml doxorubicin
was added. The cells were then incubated for 3 to 6 days. SA-�-gal�

staining was followed by the manufacturer’s protocol (Cell Signaling
Technology). Several representative fields (n � 20) were randomly se-
lected for the quantification of the percentage of SA-�-gal� cells. Frozen
tumor sections were fixed and stained for SA-�-gal activity using X-Gal
(5-bromo-4-chloro-3-indolyl-�-D-galactoside) at pH 6.0, following
the protocol recommended by the manufacturer (Cell Signaling Technol-
ogy).

Quantitative PML body immunohistological staining. Cell lines
were plated at 1.0 � 10^5 to 2.0 � 105 cells per well in each well of a 6-well
plate containing a poly-L-lysine-treated coverslip. Plates were then incu-
bated overnight in 3 ml of medium to allow cells to adhere. The next day,
the chemotherapeutic agent was added to half the samples. Treated cells
were left to incubate for 96 h, at which time the cells were fixed with
ice-cold methanol and then washed in phosphate-buffered saline (PBS).
The cells were permeabilized by incubation in PBS containing 0.25% Tri-
ton X-100 (PBS-T) for 10 min, followed by 3 washes in PBS. The fixed cells
were then placed in a blocking buffer containing PBS-T and 1% bovine
serum albumin (BSA) for 30 min. Next, coverslips were incubated in the
above-described blocking buffer containing a 1:200 dilution of mouse
monoclonal antibody to PML nuclear bodies (Santa Cruz Biotechnology,
Santa Cruz, CA) for 1 h. The coverslips were washed three times in PBS-T
and then incubated for 1 h in the dark with a goat anti-mouse secondary
antibody conjugated with Cy3 (Biolegends, CA). The coverslips were then
washed three times with PBS-T and mounted on microscope slides using
Vectashield mounting medium containing DAPI (4=,6-diamidino-2-phe-
nylindole) for fluorescence (Vector Laboratories, Burlingame, CA). The
slides were then observed using a mercury arc lamp and both Texas Red
and DAPI filters. Images were merged using Qcapture software suite. The
number of PML nuclear bodies per nucleus was determined using a Leica
DM5500 B florescent microscope at both 40� and 100� oil immersion.
Multiple experiments were incorporated into the figures, and at least 30
nuclei from random fields were selected to obtain the number of PML
bodies.

Determination of ROS production. Cells were grown in 6-well plates
for 2 days and then left untreated or treated with 5 �M the antioxidant
N-acetyl-L-cysteine (NAC) (Sigma-Aldrich) for 24 h. The cells were then
treated with 100 ng/ml doxorubicin or left untreated for 6 days as indi-
cated. ROS production was detected using a cell-permeable fluorescent
molecule, RedoxSensor Red CC-1 (R-14060; Molecular Probes), in phe-
nol-red-free medium as described in the manufacturer’s protocol. The
involvement of ROS production in p21 activation was determined by
Western blotting after 6 days of doxorubicin treatment. �-Actin was used
as an internal control.

Clonogenic assay (colony escape assay). Cells were plated at a known
cell density and exposed to doxorubicin at 100 ng/ml the next day. Colo-
nies typically emerged 14 to 21 days following chemotherapy and are
scored from triplicate plates. Colonies were fixed with methanol and
stained with 0.1% crystal violet in 20% methanol for 15 min. Colony
numbers were determined by manual counting.

BrdU incorporation assay. Cells were treated overnight with BrdU
and the extent of BrdU incorporation was assayed using the APC BrdU
flow kit (BD Pharmingen), followed by flow cytometric analysis. BrdU
flow data were tabulated and analyzed using FlowJo (Tree Star, Inc., Ash-
land, OR).

In vivo tumor growth. Female athymic NCr-nu/nu mice (6 weeks
old) were obtained from the National Cancer Institute (NCI). HCT116
shControl, HCT116 shMcl-1, HCT116 vector, HCT116 Mcl-1up,
HCT116 p53� shControl, and HCT116 p53� shMcl-1 tumor cells were
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injected subcutaneously (s.c.) at the right dorsal flank of recipient mice
(1 � 107 cells per mouse). Doxorubicin (Sigma) at 1.2 mg/kg suspended
in PBS (pH 7) was administered intraperitoneally every third day, starting
at day 10, after transplantation of tumor cells. Control animals bearing s.c.
flank tumors were treated with PBS. Antioxidant-treated mice received
drinking water supplemented with 40 mM N-acetylcysteine (NAC;
Sigma) to yield an average dose of 1 g NAC per kg body weight per day
(27). NAC-treated water was replaced every third day. The length (L) and
width (W) of the tumor were measured with calipers every third day, and
the tumor volume (TV) was calculated as TV � (L � W2)/2. All animals
were maintained in pathogen-free animal facilities at the University of
Maryland School of Medicine and Cleveland Clinic Lerner Research In-
stitute, and all procedures were performed under respective institutional
animal care and use committee approved protocols.

Immunohistochemical analysis. Tumor tissues from mice were fixed
overnight in cold 4% paraformaldehyde (prepared in PBS) at 4°C, fol-
lowed by incubation in cold 30% sucrose/PBS solution for 24 h before
embedding in optimal cutting temperature (OCT) medium (Tissue-Tek;
Sakura) on dry ice and stored at �70°C. Tissue sections (7 �m thick) were
mounted on gelatin-coated slides and then stored at �70°C. Immunoflu-
orescence and immunohistochemical staining for Mcl-1 and Ki-67 was
performed as described elsewhere (10, 30). Terminal deoxynucleotidyl-
transferase-mediated dUTP-biotin nick end labeling (TUNEL) staining
was performed using the ApopTag kit using the manufacturer’s protocol
(Millipore) and compared to a commercially prepared positive-control
slide (Millipore).

Statistical analysis. Data are presented as mean � standard deviation
(SD) or mean � standard error of the mean (SEM) from at least three
separate experiments. Differences between various experimental groups
were calculated using Student’s t test, in which P values of 	0.05 were
considered significant. The Mann-Whitney nonparametric test estab-
lished the significance for the change in the number of PML bodies with a
P value of 	0.05 considered significant.

RESULTS
Mcl-1 inhibits CIS in multiple cell types. Mcl-1 is frequently
overexpressed in neoplastic tissues and can confer resistance to
cancer therapies (31, 40). We first sought to determine if Mcl-1
confers resistance to CIS in cancer by utilizing a well-characterized
model of HCT116 colon carcinoma cells expressing an intact copy
of p53 but with an inactive INK4A locus that impairs the expres-
sion of p16 and p14ARF (26). Previous studies have reported that a
low dose of doxorubicin induces senescence in these cells (17). We
therefore exposed derivatives of this cell line (37), either overex-
pressing Mcl-1 (HCT116 Mcl-1up) or an empty vector (HCT116
vector), to a low dose of doxorubicin (100 ng/ml) for 6 days. The
level of Mcl-1 expression in these lines was verified by Western
blot analysis (Fig. 1A). As expected, HCT116 vector cells treated
with doxorubicin adopted a senescent phenotype typified by a
large, flattened shape and enhanced expression of SA-�-galacto-
sidase (SA-�-gal�) in about 60% of cells (Fig. 1A and B). Although
SA-�-gal is the most common assay used to analyze senescence,
others have shown that the formation of PML bodies within the
nuclei along with SA-�-gal� is confirmatory of senescence (28).
Our data are consistent, as control cells induced to senesce have
significant increases in the number of nuclear PML bodies com-
pared to untreated cells. However, cells overexpressing Mcl-1 had
significant abrogation of senescent changes after treatment, in-
cluding reduced SA-�-gal� and no increase in PML foci com-
pared to HCT116 empty vector cells (Fig. 1A and B).

To confirm our results, we overexpressed Mcl-1 in other p53�

cell lines: MCF-7 (breast) and MEL526 (melanoma). Both were
transiently transfected using either empty vector or one over-

expressing Mcl-1. The cells were allowed to rest for 48 h and
were then treated with 100 ng/ml of doxorubicin for 6 days.
MCF-7 and MEL526 cell lines showed statistically significant
reductions in the percentage of SA-�-gal� cells in the Mcl-1
overexpressing cell lines treated with doxorubicin compared to
respective vector controls (Fig. 1C).

We next employed two noncancer cell lines: MCF-10A (im-
mortalized breast epithelium) and mouse embryonic fibroblasts
(MEFs) (31, 32). Both were transiently transfected with either the
empty or Mcl-1 overexpressing vector. In the case of MCF-10A,
after 48 h, cells were exposed to 100 ng/ml of doxorubicin for 6
days. MCF-10A cells containing the empty vector exhibited a se-
nescent morphology when treated with low-dose chemotherapy,
while those overexpressing Mcl-1 had a significant reduction in
SA-�-gal� cells compared to control (Fig. 1C). Finally, we exam-
ined chemotherapy-induced senescence in primary cells (MEFs).
Initially, we attempted to use doxorubicin but found that pacli-
taxel yielded the most robust induction of senescence. Similar to
the previous cell lines described, MEFs overexpressing human
Mcl-1 were relatively resistant to CIS (Fig. 1C). Human Mcl-1
similarly has been described to inhibit apoptosis in mice, thus the
survival functions of Mcl-1 do not appear to be limited to species
from which it was derived (40). Thus, overexpression of Mcl-1 in
p53� cells is sufficient to protect from CIS regardless of cell origin.

In addition to measuring SA-�-gal� cells and PML bodies to
identify senescence, we obtained supporting evidence for the se-
nescent phenotype using a clonogenic escape assay and BrdU in-
corporation (Fig. 1D and E). In the clonogenic assay, the number
of untreated control and Mcl-1 overexpressing colonies was com-
parable on day 15 of the experiment. In contrast, doxorubicin-
treated control cells formed significantly fewer colonies compared
to those overexpressing Mcl-1. In addition, using the BrdU incor-
poration assay, we observe that the proliferation of cells growing
in drug-free media was equivalent regardless of the level of Mcl-1
expression and that doxorubicin treatment of control cells re-
sulted in a marked decrease in BrdU incorporation. However,
overexpression of Mcl-1 resulted in only a slight decline in BrdU
uptake after drug treatment. These results further confirm our
observation that doxorubicin treatment reduced the proliferation
of control cells but had little effect on those overexpressing Mcl-1.

We next examined whether the addition of low-dose chemo-
therapy alters Mcl-1 protein levels either in control or in Mcl-1
overexpressing HCT116 cells. Though we have found Mcl-1 ex-
pression to decrease slightly and then rebound over the first 24 h of
drug treatment (data not shown), we find that Mcl-1 protein levels
are not significantly affected by longer-term culture in doxorubi-
cin for up to 6 days (Fig. 1F). The lack of significant loss of Mcl-1
during CIS is in stark contrast to what has been reported to occur
during chemotherapy-induced apoptosis, which further distin-
guishes senescence from this form of cell death (17).

To understand the role of Mcl-1 in the inhibition of CIS, we
evaluated the expression of some of the key molecules known to be
involved in cellular senescence: p53, p21, Rb, and pRb (S708/711,
pRb). We noticed that the accumulation of p53 in cells overex-
pressing Mcl-1 and treated with doxorubicin is the same as in
control cells despite a significant difference in SA-�-gal-activ-
ity. However, in contrast to controls, Mcl-1 overexpressing
cells had a lower accumulation of p21 and an increased (versus
loss in controls) accumulation of Rb and pRb. These data sug-
gest that Mcl-1 inhibits CIS downstream or at the level of p53
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and subsequently blocks the accumulation of p21 and loss of
pRb (Fig. 1G).

To determine if CIS alters the binding of Mcl-1 to p53, we
used coimmunoprecipitation (co-IP) to assess whether there
are changes in their binding relationship, as we previously de-
scribed during apoptosis (18). We observed that low-dose
doxorubicin treatment did not alter the binding relationship
between p53 and Mcl-1 in cells overexpressing Mcl-1, further
distinguishing CIS from changes observed during apoptosis
(data not shown).

Downregulation of Mcl-1 augments CIS in HCT116 cells. We
next examined if downregulation of Mcl-1 could enhance CIS. We
generated a number of HCT116 cell lines stably expressing a Mcl-
1-specific short hairpin RNA (shRNA) or an irrelevant control.
After verifying the knockdown of Mcl-1 (Fig. 2A), cells were then
treated with doxorubicin and analyzed 6 days later for SA-�-gal
activity. In all treated cell lines, we observed typical increases in
SA-�-gal� cells (Fig. 2A). However, significantly higher percent-
ages of SA-�-gal� cells, as well as higher numbers of PML bodies,
were observed in doxorubicin-treated shMcl-1-expressing cells
compared to controls (Fig. 2A and B). Additionally, Mcl-1 down-
regulation alone did not significantly affect cell proliferation in
clonogenic or BrdU uptake assays, even after low-dose doxorubi-
cin treatment (Fig. 2C and D). We further examined the effect
long-term doxorubicin treatment had on control and shMcl-1
cells. Similar to our previous findings, doxorubicin treatment had
a minimal effect on Mcl-1 levels in control cells, while a noticeable
reduction in Mcl-1 expression was found in shMcl-1 cells over the
first 3 days of treatment (Fig. 2E). Though Mcl-1 levels returned in
these cells by day 4, the expression continued to be reduced com-
pared to those expressing the control vector. Further, despite the
increase in SA-�-gal activity in drug-treated shMcl-1 cells, there
was no difference in p53, p21, Rb, or pRb expression in compari-
son to shControl cells undergoing senescence (Fig. 2F). These data
indicate that base levels of Mcl-1 at least partially prevent senes-
cence induction in response to DNA damage in HCT116 cells.

Downregulation of Mcl-1 allows for CIS in HCT116 p53�

cells. Many tumors have inactive p53, which results in resistance
to both apoptosis and senescence (5, 34). Our data show that
overexpression of Mcl-1 in p53� cells inhibits CIS while down-
regulation can enhance it. Therefore, we wanted to know if down-
regulation of Mcl-1 in p53� cells also sensitizes them to CIS. We
stably transfected a previously developed HCT116 p53� cell line
with either control plasmid or shMcl-1 and generated a number of
clones (6). After verifying the downregulation of Mcl-1 by West-
ern blotting (Fig. 3A), these cells were treated with doxorubicin

and analyzed 6 days later. As expected, HCT116 p53� shControl
cells treated with doxorubicin did not show any senescent pheno-
typic changes, did not lose expression of Mcl-1, had no detectable
SA-�-gal activity, and few PML bodies (Fig. 3A and B). In con-
trast, each HCT116 p53� shMcl-1 clone adopted a senescent phe-
notype and had increased SA-�-gal activity and PML staining,
similar to their p53� counterparts (Fig. 3A and B). We also ob-
serve induction of SA-�-gal activity after knockdown of Mcl-1 in
other p53� cell lines, namely, HSC3 and p53� MEFs (Fig. 3D). In
addition, we obtained the recently derived MCF-10A immor-
talized human mammary cell line possessing a somatic deletion
of p53. MCF-10A p53� cells have a significantly increased sen-
sitivity to DNA-damaging chemotherapies (35); however, their
sensitivity to CIS has not been reported. Unlike HCT116 p53�

cells, doxorubicin treatment of MCF-10A p53� cells resulted in
a significant increase in the percentage of SA-�-gal� cells com-
pared to untreated controls (Fig. 3D). This result required a
change in our strategy, and we instead overexpressed Mcl-1 to
see if enhanced Mcl-1 expression could resist the induction of
CIS. Indeed, we did observe a loss of senescence in these cells
(Fig. 3D). Thus, Mcl-1 appears to have a significant antisenes-
cent role in cells lacking p53.

Consistent with the increased SA-�-gal� activity and PML
body formation in response to low-dose chemotherapy, HCT116
p53� shMcl-1 cells lost the ability to form colonies (Fig. 3E) and
proliferated at a level lower than that observed with treated
HCT116 p53� shControl cells (Fig. 3F). To further understand
this p53-independent pathway of senescence, we evaluated the
expression of p21 and pRb in HCT116 p53� shMcl-1 cells and
HCT116 p53� shControl cells in the presence of doxorubicin (Fig.
3G). Cells expressing lower levels of Mcl-1 and treated with doxo-
rubicin had greater p21 expression than the corresponding con-
trol cells. Furthermore, pRb and levels of total Rb were suppressed
in HCT116 p53� shMcl-1 cells versus controls. These data suggest
that Mcl-1 blocks CIS in p53� cell lines and that by depleting
Mcl-1, senescence is restored via a concomitant induction of p21
and a reduction of pRb.

To further validate the role of Mcl-1 in the induction of senes-
cence in the p53� cells, we employed a cyclin-dependent kinase
(CDK) inhibitor (roscovitine) to block Mcl-1 activity. Data from
several laboratories has established that CDK inhibitors act, at
least in part, by inhibiting CDK9, a kinase intimately involved in
transcription initiation and elongation factor b, resulting in
downregulation of several short-lived proteins, including Mcl-1
(9). Similar to HCT116 p53� shMcl-1 cells, roscovitine (25 �M)
and low-dose doxorubicin treatment of HCT116 p53� cells re-

FIG 1 Overexpression of Mcl-1 in HCT116 cells abrogates CIS. (A) SA-�-gal staining of HCT116 vector and Mcl-1up cells grown with or without 100 ng/ml
doxorubicin (Dox) for 6 days (panels i, iii, v, vii) (magnification, �100). HCT116 vector and Mcl-1up cells grown with or without doxorubicin for 4 days,
followed by staining with anti-PML antibody and secondary antibody conjugated to Cy3 (red) and nuclei counterstained with DAPI (panels ii, iv, vi, viii)
(magnification, �100). Western blot verifying overexpression of Mcl-1. (B) Percentages of SA-�-gal� cells among HCT116 vector and Mcl-1up cells after 6 days
with and without doxorubicin (panel i). Values represent the mean and standard error of the mean (SEM) of at least 3 independent experiments. PML bodies per
nucleus in HCT116 vector and Mcl-1up cells after 4 days with or without doxorubicin (panel ii). Values represent the mean and SEM of at least three independent
experiments. **, P value of 	0.05 between treated and untreated HCT116 vector cells using a Mann-Whitney statistical test. (C) Percentages of SA-�-gal� cells
among MCF-10A, MCF-7, MEL526, and mouse embryonic fibroblast (MEF) cells transformed with either vector or Mcl-1up after 6 days treated with and
without doxorubicin or 10 �M paclitaxel in the case of the MEFs. Values represent the mean �SEM of at least three independent experiments. *, P value of 	0.01
compared to doxorubicin-treated vector control cells of each type. **, P value of 	0.001 between doxorubicin-treated vector and Mcl-1up MEF cells. Western
blots verifying overexpression of Mcl-1 in the indicated cell lines. (D) Colony formation by HCT116 vector and Mcl-1up cells growing with or without
doxorubicin. (E) Quantification of BrdU incorporation by HCT116 vector and Mcl-1up cells. Values represent the mean and standard deviation (SD) of at least
3 independent experiments. (F) Mcl-1 expression in HCT116 cells was verified by Western blotting at the indicated time points after treatment with 100 ng/ml
doxorubicin. (G) Western blot analysis of indicated protein expression in untreated cells (0 days) and 2, 3, 4, 5, and 6 days following doxorubicin treatment.
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sults in an increase in SA-�-gal� activity similar to HCT116 cells
(Fig. 3H). Roscovitine suppresses Mcl-1 expression as previously
reported (Fig. 3I) (24). Interestingly, the reduction of Mcl-1 was
noticed as little as 2 h posttreatment and began to recover by 24 h.

This observation suggests that downregulation of Mcl-1 is needed
only for a few hours after chemotherapy treatment for initiating
senescence. In summary, homeostatic levels of Mcl-1 seem to
block a p53- and pRb-independent pathway of senescence, which

FIG 2 Downregulation of Mcl-1 expression in HCT116 cells enhances CIS. (A) Percentages of SA-�-gal� HCT116 cells expressing shMcl-1 (or a nonspecific control)
after 6 days of growth with or without 100 ng/ml doxorubicin (Dox). Represented on the graph are five independently generated shMcl-1 clones. Clone 1.1 (cl1.1) was
used in subsequent experiments. Western blot analysis verifying Mcl-1 knockdown in each of the five shMcl-1 clones. (B) Average number of PML bodies per nucleus
with or without doxorubicin for 4 days. Values represent the mean � SD of at least three independent experiments. (C) Colony formation by HCT116 shControl and
shMcl-1 cells growing with or without doxorubicin. (D) Quantification of BrdU incorporation. Values represent the mean � SD of at least three independent
experiments. (E) Western blot analysis of Mcl-1 protein expression in untreated cells (0 days) or 2, 3, 4, 5, and 6 days following doxorubicin treatment. (F) Western blot
analysis of the indicated proteins in HCT116 shControl and shMcl-1 cells after doxorubicin treatment for 0, 2, 3, 4, 5, and 6 days.
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FIG 3 Downregulation of Mcl-1 in HCT116 p53� cells allows for the induction of CIS. (A) Percentages of SA-�-gal� HCT116 p53� shControl and 5 shMcl-1
clones after 6 days of growth in media with or without doxorubicin (Dox). Clone 1.1 (cl1.1) was used in subsequent experiments. Western blot analysis of Mcl-1
expression in shControl or shMcl-1 clones after 6 days of treatment with doxorubicin. Average number of PML bodies per nucleus in HCT116 p53� cells with
or without doxorubicin for 4 days. Values represent the mean �SD of at least three independent experiments. (B) SA-�-gal� HCT116 p53� shControl and
shMcl-1 cells after culture with or without 100 ng/ml doxorubicin for 6 days (panels i, iii, v, vii) (magnification, �40). PML body staining (red) of HCT116 p53�

vector and HCT116 Mcl-1up cells grown with or without doxorubicin for 6 days (panels ii, iv, vi, viii). Nuclei were counterstained with DAPI (magnification,
�100). Micrographs are representative of at least 3 independent experiments. (C) Western blot analysis of Mcl-1 expression in shControl or shMcl-1 cells left
untreated (0 days) or 2, 3, 4, 5, and 6 days following doxorubicin treatment. (D) Percentages of SA-�-gal� cells among various p53� cell lines possessing altered
Mcl-1 expression after 6 days treatment with either doxorubicin (HSC3 and MCF-10A) or paclitaxel (MEF). Values represent the mean � SD of at least three
independent experiments. **, P value of 	0.001 for paclitaxel-treated siMcl-1 MEFs compared to treated siControl cells. Western blots indicating Mcl-1
expression in each cell line appear below each graph. (E) Colony formation by HCT116 p53� shControl and shMcl-1 cells growing in media with or without
doxorubicin. (F) Quantification of BrdU incorporation. Values represent the mean � SD of at least three independent experiments. *, P value of 	0.01 for
doxorubicin-treated shMcl-1 cells compared to treated shControl cells. (G) Western blot analysis of the expression of the indicated proteins in p53� shControl
and shMcl-1 cells left untreated (0 days) or after 2, 3, 4, 5, and 6 days of treatment with doxorubicin. (H) Percentages of SA-�-gal� HCT116 p53� cells after 6 days
growing in media with or without doxorubicin in combination with TW-37 (2 nM), AT-101 (2.5 �M), ABT-737 (10 �M), or roscovitine (Rscv) (25 �M). Values
represent the mean � SD of at least three independent experiments. (I) Western blot analysis of Mcl-1 expression after treatment with roscovitine for the
indicated time points.
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can be initiated via low-dose doxorubicin treatment in HCT116
p53� shMcl-1 cells.

Mcl-1 has distinct antisenescent properties compared to
other Bcl-2 family members. We next wanted to determine
whether other Bcl-2 family members play a similar role in CIS
resistance. Using a specific shRNA (shBcl-2), we knocked down
the Bcl-2 protein in HCT116 p53� cells. However, unlike Mcl-1,
downregulation of Bcl-2 did not induce senescence following
doxorubicin treatment (Fig. 4A). We also repeated these experi-
ments using another Bcl-2-specific shRNA and obtained similar
results (data not shown). It is interesting to note that overexpres-
sion of Bcl-2 alone can prevent chemotherapy-induced apoptosis
but does not enhance colony formation (39). In contrast, as
shown in Fig. 1D, overexpression of Mcl-1 did enhance colony
formation in the presence of low-dose chemotherapy. These ob-
servations illustrate a distinct activity for Mcl-1 among Bcl-2 fam-
ily members.

We next wanted to directly compare overexpression of Mcl-1
in p53� (Fig. 4B) and p53� (Fig. 4C) cells with other Bcl-2 family
members (Bcl-2, Bcl-xL). We observe that all Bcl-2 family mem-
bers tested have significant anti-CIS properties in p53� cells (Fig.
4C). In contrast, only overexpression of Mcl-1 significantly abro-
gates CIS in HCT116 p53� cells (Fig. 4B). These differences high-
light a unique role for Mcl-1 in the regulation of a p53-indepen-
dent senescence pathway.

We also employed another approach to inhibit Bcl-2 family
members by using several small molecule inhibitors of Bcl-2 fam-
ily proteins. ABT-737 (a BH3 mimetic) is designed to promote
tumor cell apoptosis by blocking interaction between the prosur-
vival and proapoptotic (BH3-only) members of the Bcl-2 family.
ABT-737 efficiently blocks Bcl-2 and Bcl-xL function but not
Mcl-1 and on its own was shown to induce senescence in some but
not all tumor cell lines (6, 30). Surprisingly, the fraction of SA-�-
gal� cells was moderately reduced in HCT116 cells after treatment
with ABT-737 and doxorubicin (Fig. 4D). This result may be ex-
plained by increased levels of Mcl-1 in ABT-737-treated cells (Fig.
4E). ABT-737 is known to cause the release of Bim, which can then
stabilize and increase the expression of Mcl-1 protein (8). Addi-
tionally, we used a similar small molecule inhibitor, AT-101,
which can block Bcl-2, Bcl-xL, and Mcl-1 in a similar fashion as
ABT-737 (15). AT-101 did not affect the level of senescence in-
duced by low-dose chemotherapy (Fig. 4D). We did confirm that
the dose of AT-101 was sufficient to inhibit these antiapoptotic
Bcl-2 family members and that AT-101 sensitized HCT116 cells to
apoptosis after increasing doses of doxorubicin (data not shown).
Using an additional small molecule inhibitor with similar proper-
ties as AT-101, TW-37, we also observed no increases in CIS (data
not shown). We also tested all three small molecule inhibitors in
HCT116 p53� cells, and none induced or sensitized the induction
of senescence (Fig. 3H). These findings are important, as these
inhibitors, which only target the binding site of BH3-only proapo-
ptotic molecules, appear not to be involved in senescence promo-
tion.

To further confirm that the antisenescent and antiapoptotic
properties of Mcl-1 are unique, we obtained two well-described
mutant versions of Mcl-1. First, we procured the recombinant
Mcl-1�C protein lacking the final C terminus/transmembrane
domain. This mutant has marginally reduced antiapoptotic func-
tion, because the C terminus is in part responsible for the targeting
and retention of Mcl-1 to the mitochondria (10). A second mutant

was obtained containing specific point mutations within the BH3
binding pocket that changes the binding specificity to BH3-only
proteins and has significantly decreased antiapoptotic activity
(13). Therefore, each of these mutants addressed the affect of its
respective altered domain on senescence. Similar to normal
Mcl-1, overexpression of both mutants protects against CIS in
both p53� and p53� cells (Fig. 4B and C). These results indicate
that the mechanism by which Mcl-1 inhibits senescence is neither
dependent on its C-terminal transmembrane domain or its BH3
binding groove. These data, along with the results obtained using
the small molecule inhibitors, indicate that a unique, still unde-
fined area within Mcl-1 is responsible for its antisenescent func-
tion.

CIS is dependent on p21. We have shown that Mcl-1 can reg-
ulate both a p53-dependent and -independent senescence path-
way. Previous work has demonstrated that HCT116 p21� cells
also do not undergo senescence in the presence of low-dose che-
motherapy (18). We next assessed whether Mcl-1 knockdown can
restore senescence in these cells. As shown in Fig. 5A, downregu-
lation of Mcl-1 either by shMcl-1 or by roscovitine did not induce
senescence after treatment with low-dose doxorubicin. The
downregulation of Mcl-1 in HCT116 p21� cells was confirmed by
Western blotting (Fig. 5A, inset). Consistent with the lack of de-
tectable senescence, we also did not observe any significant
changes in p53 or pRb protein expression under these conditions
(Fig. 5B). Thus, Mcl-1 loss, which appears to allow the induction
of a p53-independent senescence pathway, did not affect HCT116
p21� cells, indicating that this pathway relies on p21.

Other studies have shown that p21 acts within the DNA dam-
age response and ROS signaling pathway to induce senescence
(20, 26). Therefore, we examined the kinetics of ROS production
in HCT116 p53� cells left untreated, treated with doxorubicin, or
treated with doxorubicin plus the antioxidant N-acetylcysteine
(NAC). Inhibition of Mcl-1 in HCT116 p53� cells resulted in an
increase in ROS production when treated with doxorubicin,
which could be abrogated by the addition of NAC (Fig. 5C). Con-
sistent with our observation that Mcl-1-mediated resistance to
senescence is not related to the C terminus or BH3 binding pocket,
the expression of our Mcl-1 mutants in HCT116 p53� shMcl-1
cells were just as effective at blocking ROS production as the re-
expression of full-length Mcl-1 (Fig. 5C). HCT116 p53� shMcl-1
cells had greatly enhanced p21 expression within 24 h of doxoru-
bicin treatment, which the addition of NAC blocked (Fig. 5D).
These data suggest that Mcl-1 acts to suppress ROS production,
thereby inhibiting the expression of p21. Further, there was a de-
crease in SA-�-gal� cells when HCT116 p53� shMcl-1 cells were
treated with doxorubicin plus NAC (Fig. 5E). Thus, we demon-
strate that Mcl-1 can suppress ROS production in HCT116 p53�

cells, thereby inhibiting p21 expression and ultimately CIS.
Mcl-1 controls tumor growth in vivo. To evaluate CIS in vivo,

we injected various HCT116 cell lines (HCT116 Mcl-1up, HCT116
vector, HCT116 p53� shMcl-1, HCT116 p53� shControl) into athy-
mic nude mice. Untreated control tumors of both HCT116 and
HCT116 p53� cell lines displayed robust growth (Fig. 6A). How-
ever, downregulation of Mcl-1 (shMcl-1) in both HCT116 and
HCT116 p53� cell lines severely inhibited tumor growth. En-
hanced SA-�-gal� activity was observed in both HCT116 and
HCT116 p53� shMcl-1 tumors as well as a reduction in Ki-67
expression (Fig. 6B and C). We additionally confirmed persistent
Mcl-1 downregulation in vivo in all shMcl-1 tumors and found
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FIG 4 Mcl-1 is unique among Bcl-2 family members in its ability to induce senescence in p53� cells. (A) Percentages of SA-�-gal� HCT116 p53� cells expressing a
shRNA specific for Bcl-2 or an irrelevant control after 6 days culture with or without doxorubicin. Western blot verification of the knockdown of Bcl-2 expression. (B)
Percentages of SA-�-gal� HCT116 p53� shControl cell line or HCT116 p53� shMcl-1 cell line plus vector control, overexpressing exogenous Bcl-2, Bcl-xL, Mcl-1, Mcl-1
with a deleted C-terminal/transmembrane mitochondrial targeting domain (Mcl-1�C), and Mcl-1 with a mutated BH3 binding groove (BH3) grown for 6 days with or
without doxorubicin. Values represent the mean � SD of at least three independent experiments. Western blot verification of exogenous gene expression in each cell line.
(C) Percentages of SA-�-gal� HCT116 p53� cells with control vector or overexpressing exogenous Bcl-2, Bcl-xL, Mcl-1, Mcl-1�C, or BH3 mutant Mcl-1 grown in media
for 6 days with or without doxorubicin. No significant differences were observed between normal Mcl-1 overexpression and the two mutant versions of the Mcl-1
molecule. Values represent the mean � SD of at least three independent experiments. Western blot verification of protein overexpression in each cell line. (D)
Percentages of SA-�-gal� HCT116 cells after 6 days of growth in media alone or with ABT-737 or AT-101 and with or without doxorubicin. Values represent the mean
� SD of at least three independent experiments. (E) Western blot analysis of Mcl-1 expression after treatment with ABT-737 for the indicated time points.
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little apoptosis in all tumors via TUNEL staining (Fig. 6B). These
observations illustrate that forced reduction of Mcl-1 expression
retards tumor growth even in HCT116 p53� cells, and this growth
reduction is associated with senescence.

Inhibition of ROS production restores growth of p53�

shMcl-1 tumors. Because the production of ROS was found to
play a key role in senescence induction in p53� HCT116 cells in
vitro, we next determined whether it could also block senescence
in vivo. Previous reports found that NAC treatment of p53� xe-
nograft tumors could result in a delay in tumor growth, mostly
likely due to the inhibition of ROS-related DNA damage and
genomic instability (27). Using a similar treatment regimen in
which tumor-bearing mice received oral NAC, we observed that
the growth of HCT116 p53� tumors possessing normal Mcl-1
expression could be slightly delayed. In contrast, the growth inhi-
bition caused by knockdown of Mcl-1 expression could be almost
completely abrogated by NAC treatment (Fig. 7A). NAC-treated
p53� shMcl-1 tumors had reduced SA-�-gal activity and greater
Ki-67 expression compared to the untreated shMcl-1 group (Fig.
7B and C). All tumor groups had similar low levels of apoptosis as
measured by TUNEL staining. Tumor outgrowth was not due to
the loss of Mcl-1 knockdown, as treated and untreated tumors had
similarly reduced levels of Mcl-1 expression. Further, the en-
hanced tumor growth caused by ROS inhibition appears to be
specific to the p53-independent senescence pathway, as NAC
treatment of p53� control and shMcl-1 tumors had no observable
effect on tumor growth (data not shown). Collectively, these data
underscore the key role ROS production plays in p53-indepen-
dent senescence pathways and the importance of Mcl-1 in their
inhibition.

Mcl-1 prevents doxorubicin-induced cellular senescence in
vivo. In order to determine if overexpression of Mcl-1 can prevent
senescence induced by a low dose of doxorubicin in vivo, HCT116
tumor cells overexpressing Mcl-1 or an empty vector were trans-
planted into nude mice and then, after 10 days, treated with 1.2
mg/kg doxorubicin once every third day. This dose of doxorubicin
was chosen based on previous reports (38). Doxorubicin effec-
tively inhibited growth and induced SA-�-gal� activity in tumors
expressing empty vector (Fig. 8A and B). Similarly, the percentage
of cells expressing Ki-67 was significantly lower in doxorubicin-
treated tumors expressing empty vector (Fig. 8C). In contrast,
tumors overexpressing Mcl-1 grew robustly despite doxorubicin
treatment and were, from a growth curve standpoint, almost re-
sistant to treatment (Fig. 8A). We also did not observe any reduc-
tion of Ki-67 staining in drug-treated Mcl-1 overexpressing tu-
mors (Fig. 8C). Our data show that overexpression of Mcl-1 in
HCT116 cells promotes tumor growth in vivo and creates resis-
tance to chemotherapy treatment and its resultant induction of
senescence.

FIG 5 Senescence induction in p53� cells requires p21 induction via a path-
way involving reactive oxygen species (ROS) production. (A) The percentages
of SA-�-gal� HCT116 p21� cells expressing shControl, shMcl-1, alone, or
treated with roscovitine after 6 days of culture in media with or without doxo-
rubicin (Dox). (Inset) Western blot verifying knockdown of Mcl-1 in HCT116
p21� cells. (B) Western blot analysis of the indicated proteins in HCT116 p21�

shControl or shMcl-1 cells at the indicated days after treatment with doxoru-
bicin. (C) HCT116 p53� shControl or shMcl-1 cells alone or also expressing

exogenous Mcl-1�C, Mcl-1 BH3 mutant, or Mcl-1 were pretreated with 5 �M
NAC for 24 h followed by doxorubicin treatment for 6 days (magnifica-
tion, �20). Cells were then stained with RedoxSensor Red to visualize ROS
production. (D) Cells were pretreated with NAC or left untreated for 24 h,
followed by treatment with doxorubicin. After 6 days of treatment, lysates were
prepared and assayed for p21 expression by Western blotting. (E) The percent-
ages of SA-�-gal� HCT116 p53� cells after 6 days of culture with or without
doxorubicin in NAC pretreated or untreated cells.
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DISCUSSION

Senescence is a recognized cellular pathway involved in all aspects
of cancer biology from carcinogenesis to tumor proliferation and
treatment sequela and appears to be a major hurdle for cancer
progression (14). Senescence appears to be controlled by distinct
pathways but, in general, is initiated by tumor suppressors like
p53. Interestingly, various oncogenes induce senescence, a re-
sponse which appears to be the major barrier to the development
of cancer (35). Thus, without evasion or loss of tumor suppressor
genes such as p53, cells expressing or even overexpressing onco-
genes fail to become cancerous due to senescence (2). In the realm
of cancer therapy, apoptosis has been the main form of cell death
studied in response to chemotherapy and radiation therapy (25).
However, recent studies have described how similar treatments of
p53� cells in which p53 expression was restored resulted in tumor
regression through the induction of senescence (34, 37). Further,
chemotherapies have been reported to induce senescence in a va-
riety of cancer types in human patients, which is associated with
treatment success (14). In this regard, tumor senescence escape
mechanisms not only have implications in carcinogenesis but
treatment efficacy as well.

Our study reveals that a well-known antiapoptotic gene, Mcl-1,
which is overexpressed in many cancers and has been studied
mainly in hematopoietic malignancies, protects several solid
cancer cell lines from CIS (10, 30, 39). Mcl-1’s homeostatic and
antiapoptotic properties have been well described (28, 39);
however, its senescence-modulating functions have not been
studied until this report. The antisenescent function of Mcl-1 ap-
pears to be distinct from its related Bcl-2 family members. For
instance, Bcl-2 was reported to be unable to inhibit senescence
(29). The differences between these related molecules is further
underscored by the finding that, in complementary mouse models
of leukemia, tumor cells dependent on Mcl-1 were more suscep-
tible to chemotherapy than those dependent on Bcl-2 (5). Our
data reveal that all major Bcl-2 antiapoptotic molecules (Mcl-1,
Bcl-2, and Bcl-xL) are antisenescent in p53� tumors; however,
there appears to be a distinct ability of Mcl-1 to inhibit CIS in
p53� cells. These differences underscore the uniqueness of the
p53� pathway to senescence and highlight the need for its further
characterization.

During the process of senescence induction we observe, in both
p53� and p53� cells, induction and dependence on p21 as well as

FIG 6 Downregulation of Mcl-1 in HCT116 and HCT116 p53� induces senescence in vivo. (A) Growth curves of HCT116 shControl and shMcl-1 in athymic
nude mice. A total of 1 � 107 cells were injected subcutaneously into the right dorsal flank (n � 5). Data points are mean � SD values of tumor volumes. (B)
Immunohistology of HCT116 shControl and shMcl-1 xenograft tumors, staining for Mcl-1, Ki-67, and TUNEL analysis were done using formalin-fixed and
frozen sections. (C) The percentage of Ki-67� cells in the indicated tumor sections. Data are presented as mean � SD. *, P value of 	0.05 for Ki-67 expression
in shMcl-1 cells compared to shControl. Data are indicative of three replicate experiments.
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a loss of pRb. These findings agree with a similar study of doxo-
rubicin- and radiation-induced senescence in p53� cells, which
also required p21 induction and was accompanied by pRb loss
(19). This study further found a role for another pocket protein,
Rb2, which was strongly upregulated during senescence. Another
recent study described how loss of pRb was a senescence escape
mechanism in normal human fibroblasts (9). That study further
showed that pRb loss triggered an additional proliferation barrier
via p21-driven induction of senescence. Based on these studies, we
hypothesize that loss of pRb expression in our model may be part
of a p21-dependent progression into senescence.

Senescence pathways independent of p53 have been described
but are still poorly understood (20). Our results reveal that in
p53� cells (which do not normally undergo CIS), chemotherapy
treatment can induce senescence after knockdown of Mcl-1 ex-
pression. This process causes similar changes to those found in
p53� cells, including increases in p21 expression, loss of pRb,
enhanced PML body formation, and reduced BrdU incorpora-
tion. This implies that homeostatic levels of Mcl-1 govern an al-
ternate pathway which is not dominant when p53 is active.

Similar experiments in HCT116 p21� cells reveal that p21 is
indispensable for senescence induction even when Mcl-1 is

knocked down. Others have shown that p21 expression during
senescence is dependent on the production of ROS (26, 36). We
observe that in the absence of p53, not only does knockdown of
Mcl-1 expression result in enhanced ROS production concomi-
tant with SA-�-gal activity after doxorubicin treatment, but the
addition of an antioxidant is sufficient to block the induction of
both ROS and senescence. This observation is further under-
scored by the use of NAC to block ROS production in vivo.
Whereas we and others have demonstrated the ability of NAC
treatment to slow the growth of p53� tumors, we find that NAC
can accelerate the growth of p53� tumors also lacking Mcl-1, sug-
gesting that NAC’s ability to inhibit senescence and thus promote
tumor growth is stronger than the protective effects of preventing
ROS-related DNA damage in these cells (27). Collectively, these
results imply that in p53� cells, Mcl-1 acts to prevent ROS induc-
tion perhaps in a manner similar to that reported for Bcl-2 in p53�

cells and that chemotherapy induces senescence primarily
through a p53/p21 axis, but without p53, the loss of Mcl-1 can
activate an alternative pathway to senescence that is ROS and p21
dependent (21). The trigger for this pathway is still under investi-
gation but we hypothesize that other tumor suppressors are in-
volved (8).

FIG 7 Antioxidant treatment of HCT116 p53� shMcl-1 tumors in vivo can enhance tumor growth. (A) Growth curves of HCT116 p53� shControl and shMcl-1
tumors implanted in athymic nude mice. A total of 1 � 107 cells were injected subcutaneously into the right dorsal flank (n � 5). N-Acetylcysteine (NAC)
treatment groups received drinking water containing 40 mM NAC. Marked are mean � SD values of tumor volumes. (B) Immunohistology of indicated tumors
after growth in nude mice. SA-�-gal, Mcl-1, Ki-67, and TUNEL staining was performed on formalin-fixed and frozen sections. (C) The percentage of Ki-67� cells
in tumor sections. Data are presented as mean � SD. **, P value of 	0.001 in NAC-treated shMcl-1 tumors compared to untreated shMcl-1. Data are indicative
of three replicate experiments.
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In order to determine whether the canonical BH3 binding do-
main of Mcl-1 is involved in resisting the induction of CIS as it is
for apoptosis, we blocked interaction with this domain through
the use of small molecule inhibitors. BH3 mimetics are in various
levels of preclinical and clinical trials and block the interaction
between antiapoptotic Bcl-2 molecules and their proapoptotic
counterparts, leaving the latter molecule free to induce apoptosis
(15). We show for the first time that a gossypol variant, AT-101,
which targets most major antiapoptotic Bcl-2 family members,
including Mcl-1, did not alter the level of CIS. Interestingly, an-
other BH3 mimetic, ABT-737, which does not target Mcl-1, failed
to increase senescence and actually partially decreased it. We sub-
sequently found that ABT-737 increases Mcl-1 expression, likely
due to its anti-Bcl-2/Bcl-xL effects, and this would explain the
decreased senescence observed in ABT-737-treated cells (33).
Similarly, other studies of ABT-737 reveal its inability to induce
apoptosis in cells overexpressing or selected to overexpress Mcl-1
(38). Taken together, these data demonstrate that BH3 mimetics
do not increase the level of CIS, thus indicating that the BH3

binding domain of Mcl-1 (or other Bcl-2 family members) is not
involved in regulating CIS.

In order to conclusively exclude the BH3 binding domain of
Mcl-1 from its antisenescent activity, we obtained an Mcl-1 mu-
tant containing an inactive BH3 binding pocket (22). While this
mutant possesses severely reduced antiapoptotic activity, we
found that it nonetheless confers resistance to CIS similar to wild-
type Mcl-1. We also obtained an Mcl-1 mutant containing a dele-
tion of the C-terminal transmembrane/mitochondrial targeting
domain,whichwasreportedtohavemoderatelyreducedantiapop-
totic activity, and likewise found that the deletion had minimal
effect on its antisenescent properties (23). These data imply that
Mcl-1-mediated inhibition of senescence is distinct from its anti-
apoptotic function and is not reliant on its ability to bind to BH3
proapoptotic molecules. Further, these data indicate that a dis-
tinct domain of the Mcl-1 molecule is responsible for its antise-
nescent function. Identifying this location within Mcl-1 will be the
basis of further drug discovery.

Our results also indicate that human solid cancer cells require

FIG 8 Overexpression of Mcl-1 in HCT116 prevents CIS in xenograft tumor-bearing nude mice. (A) Growth curves of HCT116 vector control or Mcl-1
overexpressing tumors in nude mice. A total of 1 � 107 cells were injected into the right dorsal flank of female mice, and after 10 days, the animals were distributed
into groups receiving PBS alone (no treatment) or 1.2 mg/kg of doxorubicin (Dox) in PBS every third day intraperitoneally (n � 5). Data points are mean � SD
values of tumor volumes. *, P value of 	0.05 between doxorubicin-treated and untreated groups. (B) Immunohistology of HCT116 vector and Mcl-1up tumors.
SA-�-gal, Ki-67, and TUNEL staining were done using formalin-fixed and frozen sections. (C) The percentage of Ki67� cells was determined in the indicated
tumor sections. Data are presented as mean � SD. **, P value of 	0.001 between the doxorubicin-treated and untreated vector control tumors. Data are
representative of three independent studies.
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Mcl-1 for tumor growth in vivo even in the absence of p53. These
data are striking since loss of p53 is sufficient to initiate not only
tumorigenesis but also cancer progression (34). Our data suggest
that, from a tumor growth retardation standpoint, an Mcl-1-de-
pendent and p53-independent process is dominant. Moreover,
reduced levels of Mcl-1 even without any treatment were associ-
ated with senescence as indicated by SA-�-gal activity and abro-
gation of Ki-67 expression. When we examined CIS in vivo, we
consistently observed that overexpression of Mcl-1 enhanced not
only tumor growth but also resistance to CIS, suggesting that tu-
mors which overexpress Mcl-1 basally or by selection are resistant
to cancer treatment by resisting both apoptosis and senescence.

The implications of this study are that targeting Mcl-1 in can-
cers that either express this molecule or could be selected to ex-
press it may be an important aspect of cancer therapy. Further,
molecular targeting could also be too specific in that “inhibitors”
of a molecule may target only one aspect of its function. In the case
of Mcl-1, small molecule inhibitors of apoptosis-associated do-
mains are available; however, our study demonstrates that Mcl-1
also inhibits CIS via an undefined domain for which there is no
specific inhibitor currently available. Future studies are required
to develop complete inhibitors of Mcl-1 and similar molecules in
order to target all of their cancer-promoting and treatment-resis-
tant functions.
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