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Conclusion: Up-regulation of survivin is intrinsically linked to silencing of p16™42,
Significance: Resistance to oxidative stress may facilitate oncogenic transformation of immortal cells.
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Survivin is an essential component of the chromosomal pas-
senger complex and a member of the inhibitor of apoptosis fam-
ily. It is expressed at high levels in a large variety of malignan-
cies, where it has been implicated in drug resistance. It was also
shown previously that survivin is up-regulated during telomer-
ase-mediated immortalization, which occurs at a relatively early
stage during carcinogenesis. This study shows that up-regula-
tion of survivin during immortalization of human myofibro-
blasts is an indirect consequence of the repression of p16™ 42,
Survivin and p16™** were functionally linked by assays that
showed that either the up-regulation of survivin or repression of
pl6™X42 rendered telomerase-transduced MRC-5 myofibro-
blasts resistant to oxidative stress. Conversely, siRNA-mediated
down-regulation of survivin activated caspases and enhanced
the sensitivity of immortal MRC-5 cells to oxidative stress. The
E2F1 transcription factor, which is negatively regulated by the
pRB/p16™5* tumor suppressor pathway, was implicated in
the up-regulation of survivin. Using the ChIP assay, it was
shown that E2F1 directly interacted with the survivin gene
(BIRCS) promoter in cells that spontaneously silenced
p16™%*2 during telomerase-mediated immortalization. E2F1
binding to the BIRCS5 was also enhanced in telomerase-trans-
duced cells subjected to shRNA-mediated repression of
p16™X*2 Together, these data show that repression of
p16™%*2 contributes to the up-regulation of survivin and
thereby provides a survival advantage to cells exposed to oxi-
dative stress during immortalization. The up-regulation of
survivin during immortalization likely contributes to the vul-
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nerability of immortal cells to transformation by oncogenes
that alter intracellular redox state.

Cellular immortalization is an essential step in the develop-
ment of most human cancers and a defining property of cancer
stem cells (1). In vitro models have demonstrated the crucial
role of telomere maintenance mechanisms in the process of
immortalization (2—4). It has also been established that inacti-
vation of tumor suppressor pathways governed by the retino-
blastoma protein (pRB) and p16™%*?is required for the immor-
talization of a variety of epithelial, epidermal, and mesenchymal
cell types (5-7). The very high frequency with which telomere
maintenance mechanisms are activated and the p16™***/pRB
pathway is disabled in human cancers attests to the relevance of
these in vitro models of immortalization to the study of funda-
mental aspects of cancer cell biology (8, 9).

In normal cells that lack a telomere maintenance mecha-
nism, telomere length shortens with each round of cell replica-
tion (10). When telomeres reach a critically short length, a DNA
damage response is elicited. This involves the activation of p53,
up-regulation of p16™%**, and hypophosphorylation of pRB,
which induces an irreversible proliferative arrest, referred to as
senescence (11). Excessive exposure to oxidative stress hastens
senescence by damaging telomeric, genomic and/or mitochon-
drial DNA, resulting in the activation of tumor suppressor
pathways (12—15). Conversely, limiting exposure to oxidative
stress has been shown to favor the replication and immortaliza-
tion of human cells (16 -18).

Our previous studies and numerous others have shown
that reconstitution of telomerase activity by overexpression
of human telomerase reverse transcriptase (hnTERT),? elon-
gates telomeres and extends the replicative life span of nor-

3 The abbreviations used are: hTERT, human telomerase reverse transcrip-
tase; tBOOH, tert-butylhydroperoxide; PD, population doubling; APC, allo-
phycocyanin; Pl, propidium iodide; gRT-PCR, real-time reverse transcrip-
tase PCR; ANOVA, analysis of variance; SURV, MIGR1-survivin.
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mal human cells (4, 19-21). However, the overexpression of
hTERT is insufficient for in vitro immortalization of many
different cell strains, which eventually succumb to a growth
crisis or delayed senescence when cultured under standard
growth conditions (6, 18, 20, 22). Down-regulation of
p16™ *A is thought to be required for these cell types to
overcome the telomere-independent stresses that impede
immortalization.

In addition to the frequent inactivation of p16™%*2, the inhibi-
tor of apoptosis protein family member survivin is up-regulated
during immortalization of human MRC5 and WI38 myofibro-
blasts (23). The up-regulation of survivin during immortalization
poses a likely explanation for the abundance of survivin in virtually
all cancers (24). In tumor cells, high expression of survivin protects
against apoptotic cell death through direct interactions with other
inhibitor of apoptosis proteins that bind and quench caspase activ-
ity (25, 26). Survivin has been shown to be of prognostic value in
certain cancers and was specifically implicated in drug resistance
(27). However, the functional significance of the up-regulation of
survivin during the immortalization process and in premalignant
cells is less clear. In this study, it is shown that the up-regulation of
survivin in hTERT-immortalized myofibroblasts is intrinsically
linked to repression of p16™** and underpins the resistance of
immortal cells to oxidative stress, which may be advantageous dur-
ing malignant transformation.

EXPERIMENTAL PROCEDURES

Cell Culture—MRC-5 human fetal lung fibroblasts were pur-
chased from the ATCC. hTERT-immortalized WI-38 clones
were provided by Prof. Varda Rotter (Weizmann Institute of
Science, Israel). MRC5ShTERT-1 was established by retroviral
transduction of MRC5 cells with hTERT and then subcloned
by limiting the dilution to establish MRC5hTERT-24,
MRC5hTERT-30, and MRC5hTERT-36 (20, 28). MRC-5 and
genetically modified derivative cell lines were grown in « min-
imal essential medium with 2 mm L-glutamine, 100 units/ml
penicillin, and 100 pg/ml streptomycin (Invitrogen) plus 10%
FBS (ThermoTrace, Noble Park, Australia) and grown in a
humidified incubator at 37 °C with 5% CO,. To assess the
effects of alleviating oxidative stress, MRC5hTERT clones were
cultured in 5% O, in a PRO OX model 110 C chamber fitted
with a PRO OX oxygen controller (BioSpherix, Lacona, NY).
Cells were treated with the oxidant tert-butylhydroperoxide
(tBOOH) (Sigma-Aldrich, St. Louis, MO) as indicated in the
text. Cell expansion and viability was assessed by trypan blue
exclusion, with expansion defined as the number of viable cells
harvested divided by the initial number of cells seeded. Popu-
lation doublings (PD) were calculated using the formula PD =
[log (expansion)/log 2], where expansion was the number of
cells harvested divided by the initial number of cells seeded.

Retroviral Transductions and siRNA Transfection—The
retroviral vectors MIGR1-survivin, MIGR1, Babepuro-
shRNAp53, Babepuro-shRNAGFP, RetroSuper-16shRNA, and
control RetroSuper were described previously (29 -32). Trans-
ductions were performed using Phoenix A packaging cells
according to our published method (28). The design and vali-
dation of siRNA targeting survivin (S1) and control oligonu-
cleotide (Sc) were also published previously (23). Cells were
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transfected with 100 nm siRNA using Lipofectamine™
RNAiIMAX reagent (Invitrogen) according to the protocol of
the manufacturer.

Apoptosis Assays—The proportion of apoptotic cells was
assessed by costaining with allophycocyanin (APC)-labeled
annexin V antibody (BD Biosciences) and propidium iodide
(PI) (BD Biosciences) according to the instructions of the man-
ufacturer. Annexin V-positive and PI-negative cells were quan-
tified using a FACSCalibur flow cytometer (BD Biosciences).
Caspase activity was measured using the Apolert™ caspase
assay plate (BD Biosciences) according to the instructions of the
manufacturer. Briefly, cells were suspended at 5 X 10°/ml in
cell lysis buffer and then incubated on ice for 10 min. The lysate
was cleared of debris by centrifugation, and then 50 ul of lysate
was added to 50 ul of 2X reaction buffer in a 96-well plate. After
2 h of incubation at 37 °C, caspase activity was quantified by
measuring fluorescence using a Victor™ plate reader
(PerkinElmer Life Sciences) with a 380 nMm excitation filter and
460 nM emission filter.

Immunoblotting—Immunoblotting was performed as
described previously (28). The antibodies used were rabbit anti-
survivin NB500-201 (Novus Biologicals, Littleton, CO), rabbit
anti-actin (Sigma-Aldrich), mouse anti-p16INK4a (BD Biosci-
ences), mouse anti-p53 clone D0 -1 (Santa Cruz Biotechnology,
Inc.), mouse anti-p21°P* (BD Biosciences). Membranes were
stripped with 25 mm glycine-HCI (pH 2) and 1% SDS buffer.

Senescence-associated B-Galactosidase Staining—Cells were
assayed for senescence-associated B-galactosidase activity at
pH 6.0 as described previously (33). At least three fields of
50-300 cells were scored for each sample assayed.

Real-time Reverse Transcriptase PCR (qRT-PCR)—RNA was
extracted using the Qiagen RNeasy mini kit (Qiagen, Australia)
followed by reverse transcription using SuperScript® IIl reverse
transcriptase (Invitrogen) according to the instructions of the
manufacturer. qRT-PCR was performed using iQ™ SYBR
Green (Bio-Rad). PCR conditions and primers for quantitation
of p16™%* and survivin mRNA were as described previously
(23, 34). B2-microglobin mRNA was used as a normalization
control. All samples were assayed in duplicates, and average
values were calculated from two to five assays.

ChIP Assay—ChIP assays were performed as described pre-
viously using an anti-E2F1 antibody or control IgG antibody
(Santa Cruz Biotechnology, Inc.) and real-time PCR primers
targeting an E2F1 binding site or upstream region of the BIRC5
gene promoter as a control (35). E2F1 binding was quantified as
the fold enrichment of the E2F1 target region in real-time PCR
products relative to the PCR amplification of the upstream
region. PCR primers targeting the E2F1 binding site were
as follows: 5'-AGCCCCTTCTGGTCCTAACTT-3’ (forward)
and CCG GCCTAACTCCTTTTCACTTCT (reverse). PCR
primers targeting the upstream region were as follows: 5'-AAG-
ATCTGTTCGCCTGACATCCT-3’ (forward) and 5'-CCCACC-
TCCTTTCTCCTTACCTT-3' (reverse).

RESULTS

TERT-transduced MRC5 Cells Acquire Resistance to Oxida-
tive Stress during Immortalization—hTERT-transduced myo-
fibroblasts (MRC5hTERT cells) cultured in atmospheric oxy-
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FIGURE 1. MRCS5 cells acquire resistance to oxidative stress during immortalization. A, precrisis MRC5hTERT clones were thawed and propagated in either
5% O, or 21% O,. The dashed line indicates the beginning of crisis under control (21% O,) conditions. Band C, MRC5, early-passage MRC5hTERT, and immortal
MRC5hTERT cells were treated with tBOOH at the indicated concentrations for 48 h. B, cell expansion determined by trypan blue exclusion. C, quantification of
apoptotic cells by annexin V-APC and PI staining. Values are presented as means = S.E. relative to untreated cells and calculated from four independent
experiments. The p value indicates the overall difference between cell lines determined by two-way ANOVA. *, p < 0.05 in Bonferroni post-test comparisons

with EP-MRC5hTERT-1 cells at the indicated tBOOH concentrations.

gen (~21% O,) proliferate beyond the point at which normal
MRCS cells senesce (~62 PD) but are subsequently subject to a
telomere length-independent growth crisis at ~110-120 PD
(20, 28, 36). Some clones do not proliferate beyond crisis (e.g
MRC5hTERT-30 and MRC5hTERT-24, Fig. 1A), whereas oth-
ers recover spontaneously from crisis after a significant growth
delay to become immortal (e.g. MRC5hTERT-36, Fig. 14).

Our previous studies demonstrated that pl6™%** is
expressed and p53 is functional in precrisis MRC5hTERT cells
(28). However, MRC5hTERT-1 cells and most subclones
down-regulated p16™"** as they escaped crisis and became
immortal. p53 function was retained in the immortal cells until
at least 398 PD. There is a mixture of senescent-like cells and
apoptotic cells in MRC5hTERT cultures in crisis, which is con-
sistent with the reported effects of oxidative stress on diploid
human fibroblasts (28, 37). To determine whether oxidative
stress contributes to the proliferative impairment observed
during the crisis period, the proliferation of MRC5hTERT
clones was compared in 21% and 5% oxygen (Fig. 14). The
growth curves of three MRC5hTERT clones cultured under
these alternate conditions for ~200 days clearly demonstrate
that crisis was lessened and immortalization facilitated when
oxidative stress was alleviated by growth in 5% oxygen.

We tested whether MRC5hTERT cells that escaped crisis at
21% oxygen acquired resistance to oxidative stress by compar-
ing the response of immortal MRC5hTERT-1, early-passage
MRC5hTERT-1 (EP MRC5hTERT-1) and normal MRC-5 cells
to increasing concentrations of the model organic peroxide
tBOOH (38). Cell counts revealed that 48-hour treatment with
tBOOH caused a dose-dependent reduction in cell expansion,
with an overall greater impact on proliferation observed in EP
MRC5hTERT-1 cultures compared with cultures of immortal
MRC5hTERT-1 cells (Fig. 1B) (p < 0.01, two-way ANOVA).
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There was no significant difference in expansion of normal
MRC5 versus EP MRC5hTERT-1 cells, indicating that the
enhanced proliferation of immortal MRC5hTERT-1 cells was a
consequence of changes that occurred during the immortaliza-
tion process rather than a direct result of hTERT transduction.

Annexin V/PI staining demonstrated an increased rate of
apoptosis in each of the cultures treated with tBOOH, with the
rate of apoptosis significantly higher in EP MRC5hTERT-1 cells
than in immortal MRC5hTERT-1 cells (Fig. 1C, p < 0.01, two-
way ANOVA). Together, these results confirm that oxidative
stress presents a significant replicative barrier to myofibro-
blasts and demonstrates that these cells acquired resistance to
oxidative stress during telomerase-mediated immortalization.

Survivin Confers Resistance to Oxidant-induced Cell Death—
Because survivin is up-regulated during telomerase-mediated
immortalization of myofibroblasts (Fig. 24, left panel, and Ref.
23), we investigated whether high levels of survivin contributed
to the resistance of immortal MRC5hTERT-1 cells to oxidative
stress. For these investigations, EP MRC5hTERT-1 cells were
transduced with a retroviral vector encoding survivin and GFP
(SURYV), or a control vector encoding GFP alone (GFP) (30).
Following confirmation of survivin overexpression (Fig. 24,
right panel), the transduced cells were treated with tBOOH for
48 h and assayed for proliferation and apoptosis (Fig. 2, B and
C). Although the proliferative rate of MRC5hTERT-1 cells cul-
tured under control conditions (no tBOOH) was unaltered by
overexpression of survivin, SURV-transduced cells exhibited a
higher rate of proliferation (Fig. 2B, left panel) and a lower rate
of apoptotic cell death compared with GFP-transduced cells
when exposed to tBOOH (p < 0.05 and p < 0.01 respectively,
two-way ANOVA).

To further confirm that survivin played a central role in the
survival of cells subject to oxidative stress, immortal
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FIGURE 2. Up-regulation of survivin during immortalization confers
resistance to tBOOH. A, immunoblot analysis of survivin and p16™%*? in
parental MRC5 cellsand MRC5hTERT-1 cells at the indicated PDs (left panel) as
well as precrisis MRC5hTERT cells transduced with MIGR1-survivin (SURV) or
MIGR1 control vector (GFP) (right panel). HeLa cells were included as a positive
control for detection of survivin and p16'™¥*2, B, MRCShTERT-1 cells trans-
duced with SURV or GFP retroviral vectors were treated with tBOOH for 48 h.
Cell expansion was determined by trypan blue exclusion. C, quantification of
apoptotic cells by annexin V-APC/PI staining. Values in B and C are presented
as means = S.E. calculated from four to five independent experiments. p
values indicate the overall effect of retroviral transduction as determined by
two-way ANOVA. *, p < 0.05 in Bonferroni post-test comparisons with normal
GFP cells.

MRC5hTERT-1 cells that express high levels of endogenous
survivin were transfected with siRNA targeting survivin or con-
trol siRNA (Sc) before being treated with tBOOH. A number of
siRNAs targeting survivin were screened previously, and
the siRNA that showed the greatest efficacy was utilized in this
study (23). Transfection with survivin siRNA effectively ablated
survivin protein expression and activated caspases in immortal
MRC5hTERT-1 (Fig. 3, A and B). Annexin V/PI staining
revealed that the survivin siRNA-transfected cells had a height-
ened sensitivity to tBOOH relative to Sc-transfected cells.
Indeed, the survivin-depleted cells exhibited an ~3-fold
increase in apoptosis relative to control cells when treated with
50 uMm tBOOH (p < 0.001, Bonferroni post-test) (Fig. 3C).
Together these results demonstrate that an abundance of sur-
vivin in immortal MRC5hTERT cells is a crucial determinant of
their vulnerability to oxidant-induced cell death.
Oxidant-induced Cell Death in Survivin-depleted Cells Is
Mediated by p53—We have shown previously that immortal
MRC5hTERT-1 cells retain p53 function (28). In this study,
immunoblotting revealed that p53 and its transcriptional tar-
get, p219P!, were elevated when survivin was depleted in
MRC5hTERT-1 cells (Fig. 3A4). To determine whether p53 was
required for oxidant-induced death when cells were depleted of
survivin, immortal MRC5hTERT-1 cells (321 PD) were stably
transduced with retroviral vectors encoding shRNA that tar-
geted either p53 or GFP (control) (29). After confirming that
p53 and p21°P! were effectively repressed in the p53shRNA-
transduced cells (Fig. 3D), the cells were transfected with sur-
vivin siRNA or Sc and/or treated with 50 um tBOOH. Staining
with annexin V/PI demonstrated that apoptosis was reduced

APRIL 26, 2013 +VOLUME 288-NUMBER 17

Repression of p1

6"N**? and Up-regulation of Survivin

significantly in MRC5hTERT-p53shRNA cells compared with
MRC5hTERT-GFPshRNA cells (Fig. 3E, p < 0.001, two-way
ANOVA). The survival effect of p53 down-regulation was par-
ticularly evident with the combined treatment with survivin
siRNA and tBOOH (p < 0.01, Bonferroni post-test). These
results demonstrate that p53 is a critical mediator of oxidative
stress-induced apoptotic death when survivin levels are low.

Up-regulation of Survivin Does Not Circumvent Crisis—To
determine whether the up-regulation of survivin would rescue
MRCS5hTERT cells from crisis and facilitate immortalization,
EP MRC5hTERT-1 cells transduced with SURV and GFP vec-
tors at precrisis time points were maintained in culture for
more than 400 days (Fig. 3F). In two independent experiments,
overexpression of survivin had no effect on the rate of prolifer-
ation of EP MRC5hTERT-1 cells and did not appear to alter the
overall expansion of the cultures during crisis. Thus, although a
high level of survivin protects cells against tBOOH-induced
apoptosis, it was not sufficient to overcome the stresses that
induce crisis during immortalization.

Repression of p16™ ** Confers Resistance to Oxidative Stress
and Circumvents Crisis—Because past studies suggest that the
silencing of p16™"**is required for overcoming “culture stress”
associated with long-term exposure to 21% oxygen (18), we
directly investigated whether repression of p16™"** would
protect EP MRC5hTERT-1 cells from oxidative stress. Precrisis
MRCS5hTERT cells were transduced with retroviral vectors
encoding shRNA targeting p16™** (p16 shRNA) or a control
shRNA (31). Cells transduced with pl6 shRNA expressed
p16™** mRNA at less than 20% of control cells (Fig. 4A). Fol-
lowing 48-hour exposure to increasing concentrations of
tBOOH (20-200 uM), the shRNA-transduced MRC5hTERT
cells were assessed for proliferation and death (Fig. 4, B and C).
The results demonstrate that cells transduced with p16shRNA
had improved survival and increased proliferation when subject
to 48-hour treatment with tBOOH compared with control
cells. The survival effect associated with p16™%** repression
was apparent when annexin V-positive/PI-negative (early apo-
ptotic) cells or Pl-positive cells were quantified (Fig. 4C and
data not shown).

To examine the influence of p1 expression on pro-
liferation of cells under conditions of chronic hyperoxia,
MRC5hTERT cells transduced with control or p16shRNA vec-
tors were subject to low concentrations of tBOOH (10 um and
20 uM) over an extended period (2 weeks). Replicate cultures
were stained with X-Gal on days 7 and 14 for detection of senes-
cent cells (Fig. 4D). Quantitation of the percentage of senes-
cence-associated B-galactosidase-positive cells showed that a
substantial portion of the control cells underwent a senescence-
like growth arrest when exposed to 20 wm of tBOOH. Overall,
the proportion of senescent cells was significantly less in cul-
tures transduced with p16shRNA compared with control vec-
tor-transduced cultures (p < 0.001, two-way ANOVA).

To determine whether repression of 16™%** would also
enable MRC5hTERT cells to overcome stresses encountered at
crisis, EP MRC5hTERT-1 cells expressing p16 shRNA or the
control vector were maintained in long-term culture (more
than 500 days). The cells were harvested at regular intervals to
confirm stable suppression of p16"™*** mRNA and protein (Fig.
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senescent cells. Values are expressed as means + S.E. calculated from seven independent experiments. p values are from two-way ANOVA analysis of the effect
of shRNA. *, p < 0.05; *** p < 0.001 in Bonferroni post-test comparisons of p16 shRNA and control shRNA at the indicated tBOOH concentrations.
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each performed with duplicates.

5, A and B). At early time points post-transduction, shRNA-
mediated repression of p16™** had no apparent effect on the
rate of proliferation (Fig. 5C). However, p16shRNA-transduced
cells had a clear proliferative advantage during the crisis period.
Together, the analyses of the p16 shRNA-transduced cells show
that p16™"* is a major determinant of the replicative potential
of MRC5hTERT cells when cultured under stress conditions
and that the down-regulation of p16™*** facilitates prolifera-
tion and immortalization by mitigating both cell death and
senescence.

Up-regulation of Survivin Is Linked to Repression of p1
and E2F1 Binding at the Promoter of the Gene Encoding Sur-
vivin (BIRC5)—Because the repression of p16™*** is known to
be involved in senescence but has not been directly linked pre-
viously to cell death pathways, we investigated the possibility
that expression of p16™*** and survivin may be linked. This
possibility was brought to light by the observation that survivin
gene expression increased in control vector-transduced cells
around the same time that p16™%** was spontaneously
repressed in these cells (~170 PD) (Fig. 5A). The detection of
high levels of survivin mRNA and protein in p16 shRNA-trans-
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duced MRC5hTERT-1 cells provided further evidence of an
intrinsic link between the repression of p16™%** and up-regu-
lation of survivin (Fig. 5, A and B). The inverse regulation of
p16™** and survivin gene expression observed during immor-
talization of MRC5hTERT-1 cells was also evident in another
fibroblast cell strain, WI-38, which was transduced with
hTERT and immortalized in an independent laboratory (Fig.
5D) (21).

The functional significance of the link between p16™
repression and up-regulation of survivin was investigated by
down-regulating survivin in cells transduced with shRNA tar-
geting p16™"*? or control shRNA. The cells were then exposed
to tBOOH for 48 h and assayed for apoptotic death using
annexin/PI staining. Consistent with the data shown in Fig. 4C,
repression of p16™*** rendered MRC5hTERT cells resistant to
oxidant-induced death (Fig. 64, p < 0.05 at 50 um tBOOH).
However, this survival effect was completely abrogated by
siRNA-mediated down-regulation of survivin. Taken together
with the expression data (Fig. 5, A-C), these results identify
survivin as a crucial mediator of cell survival associated with
p16™5* repression.
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A possible mechanism by which p16™** may influence gene
expression is via its well described role in the regulation of pRB
phosphorylation (39, 40). By inhibiting pRB phosphorylation,
p16™%*2 limits the availability of the E2F-1 transcription factor,
which is sequestered into an inactive complex with hypophos-
phorylated pRB. Because it has been shown previously that
E2F-1 directly binds and transactivates the promoter of the
gene encoding survivin (BIRC5) (41), we employed the ChIP
method to determine whether p16™** expression alters the
interaction of E2F-1 with BIRC5 in MRC5hTERT-1 cells. These
investigations confirmed that E2F-1 was bound to the BIRC5
promoter in immortal MRC5hTERT-1 cells (279 PD) that
spontaneously repressed p16™ ** (Fig. 6B). Moreover, com-
parison of EP MRC5hTERT cells (98 PD) transduced with
p16shRNA or control vector revealed a 7-fold enrichment of
E2F1 protein at the BIRCS5 promoter in the pl6shRNA-trans-
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duced cells. These results indicate that p16™"**is an important
determinant of survivin expression and suggest that immortal
cells acquire resistance to oxidative stress as a result of the
spontaneous repression of p16™** and consequential up-reg-
ulation of survivin via E2F1 binding.

DISCUSSION

Past studies have established that an abundance of survivin
contributes to drug resistance in advanced cancers and tumor-
derived cell lines (27). However, prior to these investigations,
the significance of high levels of survivin in premalignant cells
was unclear (42, 43). Results from this study show that the up-
regulation of survivin confers non-transformed immortal cell
resistance to oxidative stress, a property that would potentially
provide an advantage during the early stages of carcinogenesis
and the transition to the high intracellular redox state induced
by oncogenic activation (44 —47).

It has been shown previously that the down-regulation of
survivin activates TP53 and stimulates caspase activity in tumor
cell lines (48, 49). In this study, repression of survivin in non-
transformed immortal cells resulted in an accumulation of p53
and p21'P! as well as the activation of the caspases 3, 8, and 9.
This was accompanied by a moderate increase in basal apopto-
sis and heightened sensitivity to the organic peroxide tBOOH.
Additional results from this study showing that repression of
p53 rescued survivin-depleted cells from oxidant-induced cell
death indicate that p53 plays a central role in mediating oxida-
tive stress-induced cell death in survivin-deficient cells.

Although the up-regulation of survivin conferred resistance
to oxidant-induced cell death, increased expression of survivin
was not sufficient to rescue hTERT-transduced cells from a
proliferative crisis that was mitigated by growth in low oxygen.
These results suggest that survivin may protect against the spe-
cific type of oxidative damage elicited by tBOOH and/or that
that crisis was the result of a combination of antiproliferative
pathways. tBOOH has been used extensively in previous studies
to model the effects of oxidative stress (38, 50—52). Its mecha-
nism of action involves the generation of methyl and tert-bu-
toxyl radicals that elicit cytotoxicity through lipid peroxidation,
glutathione oxidation, and perturbation of intracellular Ca**
(38, 52). These changes culminate in mitochondrial swelling,
release of cytochrome ¢, and caspase activation. Mitochondrial
apoptosis induced by tBOOH is overcome by diverse antioxi-
dants or overexpression of Bcl-2 (53). These investigations are
the first to demonstrate that the up-regulation of survivin also
protects against tBOOH-induced apoptotic cell death.

The possibility that the proliferative impairment observed at
crisis was the result of multiple pathways is supported by results
from our previous study that showed evidence of both cell
death and senescence-like growth arrest in cultures engaged in
crisis (28). This is also consistent with the diverse effects of
oxidative stress that have been documented (37). Results show-
ing that p16™ ** repression circumvented crisis extend to
prior studies that have shown that inactivation of p16™*
increases the replicative lifespan of normal and premalignant
human cells by overcoming telomere-independent stresses (6,
54, 55). In this study, it was shown that p16™** repression
suppressed the senescence response to chronic exposure to
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low-dose tBOOH and mitigated cell death induced by acute
oxidant exposure. The capacity of p16™* repression to avert
both senescence and cell death presents a probable explanation
for the highly efficient means by which the down-regulation of
p16™% 2 gvercame crisis and promoted immortalization.

The function of p16™** in the regulation of G,-S phase cell
cycle progression accounts for the means by which p16™
repression circumvents senescence (39, 56). In contrast to this
well described paradigm, little is known about the interplay of
p16™%** and cell death pathways. Past studies that have drawn
a link between p16™%** expression and cell death include
reports that showed enhanced survival of kidney epithelial cells
in p16™* null mice, as well as a study that demonstrated
resistance to mitochondrial- and death receptor-mediated apo-
ptosis in human leukemia cell lines with deficient p16™*®
expression (57-59). In this study, spontaneous or shRNA-me-
diated down-regulation of p16™*** rendered MRC5hTERT
cells resistant to oxidative stress. siRNA-mediated down-regu-
lation of survivin showed that the abundance of survivin was
central to the relative resistance of p16™***-deficient immortal
cells to oxidative stress. Collectively, our results demonstrate
that loss of p16™ ** expression during immortalization pro-
motes resistance to cell death and implicate survivin as an
essential mediator of this effect. Because expression of survivin
is tuned precisely to the cell cycle in both normal and immortal
cells (23, 41), it will be of considerable interest for future studies
to determine whether the survival effect of p16™"* is cell
cycle-dependent.

Our results linking the up-regulation of survivin to repres-
sion of p16™**? add to past studies that demonstrated tran-
scriptional activation of BIRC5 following the inactivation of
tumor suppressors TP53, PTEN, and RB (41, 49, 60, 61). In our
previous investigations, it was noted that the up-regulation of
survivin in a panel of immortal MRC5hTERT clones did not
always correspond to p16™**? silencing (23). Those observa-
tions may be explained by defects in other tumor suppressors
that regulate survivin. This study directly demonstrates that
shRNA-mediated down-regulation of p16™** in TP53-com-
petent cells increases the expression of survivin. This may be
mediated (at least in part) by the E2F1 transcription factor,
which has been shown previously to directly bind and transac-
tivate the BIRCS promoter (41). In the latter study, normal
human fibroblasts (W1-38) were synchronized to ensure opti-
mal E2F availability at the time of the ChIP assay. In contrast,
our study employed unsynchronized hTERT-transduced cells
with and without p16™"* repression. Only a very low level of
E2F-1 binding was detectable in unsynchronized, early-passage
control cells that express p16™ *?, This is consistent with the
low level of survivin mRNA detected in these cells. Results from
this study further show that E2F1 binding at the BIRCS pro-
moter was increased when p16™** was either repressed spon-
taneously during immortalization or quenched by shRNA.
These data strongly implicate E2F1 in the regulation of survivin
gene expression during immortalization.

Collectively, these investigations show that repression of
p16™%** during immortalization of human myofibroblasts
results in an up-regulation of survivin and consequential resis-
tance to oxidative stress. Repression of p16™* overcame both
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senescence and cell death and thereby very effectively pro-
moted immortalization of telomerase-transduced cells. In con-
trast, the up-regulation of survivin was not sufficient to circum-
vent the alternate cellular fates that impeded immortalization.
Thus, the primary consequence of the up-regulation of survivin
identified in these studies was resistance to stress-induced cell
death, a property that would be favorable for cytoprotection
against redox changes and other stresses associated with malig-
nant transformation.
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