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Abstract

depletion of paracrine growth stimulation.

Background: Optimizing the safety and efficacy of standard chemotherapeutic agents such as cisplatin (CDDP) is
of clinical relevance. Serum starvation in vitro and short-term food starvation in vivo both stress cells by the sudden

Methods: The effects of serum starvation on CDDP toxicity were investigated in normal and cancer cells by
assessing proliferation, cell cycle distribution and activation of DNA-damage response and of AMPK, and were
compared to effects observed in cells grown in serum-containing medium. The effects of short-term food starvation
on CDDP chemotherapy were assessed in xenografts-bearing mice and were compared to effects on tumor growth
and/or regression determined in mice with no diet alteration.

Results: We observed that serum starvation in vitro sensitizes cancer cells to CDDP while protecting normal cells. In
detail, in normal cells, serum starvation resulted in a complete arrest of cellular proliferation, i.e. depletion of
BrdU-incorporation during S-phase and accumulation of the cells in the GO/G1-phase of the cell cycle. Further
analysis revealed that proliferation arrest in normal cells is due to p53/p21 activation, which is AMPK-dependent
and ATM-independent. In cancer cells, serum starvation also decreased the fraction of S-phase cells but to a minor
extent. In contrast to normal cells, serum starvation-induced p53 activation in cancer cells is both AMPK- and
ATM-dependent. Combination of CDDP with serum starvation in vitro increased the activation of ATM/Chk2/p53
signaling pathway compared to either treatment alone resulting in an enhanced sensitization of cancer cells to
CDDP. Finally, short-term food starvation dramatically increased the sensitivity of human tumor xenografts to
cisplatin as indicated not only by a significant growth delay, but also by the induction of complete remission in
60% of the animals bearing mesothelioma xenografts, and in 40% of the animals with lung carcinoma xenografts.
Conclusion: In normal cells, serum starvation in vitro induces a cell cycle arrest and protects from CDDP induced
toxicity. In contrast, proliferation of cancer cells is only moderately reduced by serum starvation whereas CDDP
toxicity is enhanced. The combination of CDDP treatment with short term food starvation improved outcome

in vivo. Therefore, starvation has the potential to enhance the therapeutic index of cisplatin-based therapy.
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Background

Cisplatin (CDDP) is a standard therapeutic agent for the
treatment of various solid tumors. Its efficacy however
may be limited by patients’ tolerance [1]. The aim of our
investigation was to identify ways to increase the efficacy
of CDDP for cancer killing while enhancing the toler-
ance of normal cells.
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Tumor cells are exposed to numerous cellular stresses,
such as oncogene-induced genotoxic stress [2], oxidative
stress [3], and metabolic stress [4], which are not affect-
ing normal cells. Thus, tumor cells are more dependent
on stress support pathways for survival compared to
normal cells. Therapy targeting the stress response
pathways, which can principally be reached through
inhibiting the activity of these pathways or through over-
loading stress to overwhelm these pathways, may be
specifically detrimental to cancer cells while sparing nor-
mal cells [5]. For example it has been shown that
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interfering the cellular response to oxidative stress by a
small molecule selectively kills cancer cells [6], and that
targeting replicative stress response pathway resulted in
specific killing of oncogene-driven tumors [7].

Serum starvation in vitro and short-term food starva-
tion (STS) in vivo have been demonstrated to reduce the
levels of growth factors [8-11]. In normal cells, depletion
of paracrine growth factors reduces the activity of
proliferation-stimulating signaling pathways and reduces
basal cellular metabolism subsequently leading cells to
enter a proliferation-quiescent status [12]. In contrast,
starvation may specifically induce stress in cancer cells
because cancer cells struggle to adapt to the loss of ex-
ternal growth factors by adjusting autonomous growth
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stimulation and reprogramming their metabolism thereby
maintaining continuous proliferation [13].

We investigated whether starvation affected the out-
come of CDDP therapy in vitro and in animal models. We
show that serum starvation activates the cellular DNA
damage response pathway specifically in cancer cells. Our
data suggest that starvation has a potential to increase
CDDP-induced toxicity in cancer cells and simultaneously
enhance the tolerance of normal cells to CDDP treatment.

Results

Serum starvation sensitizes ZL55cancer cells to CDDP
FACS analysis of BrdU pulse-labeled ZL55 cancer cells
revealed that the fraction of cells in S-phase were

and vinculin were used as loading controls.
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Figure 1 Serum starvation sensitizes ZL55cancer cells to CDDP. Results of flow cytometry analysis of ZL55 cells untreated (A) or
serum-starved for 24 hours (B) are shown. C, the quantification of flow cytometry results of ZL55 cells of the untreated control, or treated with
CDDP alone, serum starvation alone, or both together is shown (n=3). D, colony formation assay was performed after control treatment (Ctrl),
treatment with CDDP or serum starvation (S) alone, and after the combined treatment (S/CDDP) (n=6, ** p<0.001). The quantification of the
anti-pATM-51981 immuno-staining of ZL55 cells (** for P<0.001) is shown in (E) (n=3). Results of Western blot with antibodies against
pATM-S1981 (pATM), ATM, phospho Chk2-T68 (pChk2-T68), Chk2 and p53-Ser15 (p53-515) and p53 for protein extracts are shown in (F).-Actin
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decreased by 40% after 24 hours serum starvation com-
pared to untreated control (Figure 1A-C). BrdU incorp-
oration in starved cancer cells was also reduced
suggesting a reduction of DNA replication in the
remaining S-phase cells (Figure 1B to 1A). When cancer
cells were exposed to CDDP in serum-starved condi-
tions, an increased sensitivity was observed: the com-
bined treatment of CDDP and serum starvation
additively reduced the clonogenicity of human meso-
thelioma ZL55 cells in comparison to either treatment
alone (Figure 1D).

To explore the mechanism of the CDDP sensitization
by serum starvation, the response of cancer cells to
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serum starvation was examined in more detail. ATM is
the key component in cellular stress responses to DNA
damage and oxidative stress [14,15]. In ZL55 cells
serum starvation induced a five-fold increase of nuclei
positive for Serinel981-phosphorylated ATM (Ataxia
Telangiectasia Mutated), compared to untreated con-
trol (Figure 1E, and Additional file 1: Figure S1A and
S1C). The starvation-induced activation of ATM in
ZL55 cells was confirmed by Western blot analysis
(Figure 1F), which revealed a 40% increase in phos-
phorylated ATM. Chk2 and p53 are downstream tar-
gets of ATM [14,15]. In addition to the activation of
ATM, enhanced phosphorylation of Chk2 and 50%
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Figure 2 Serum starvation-induced activation of ATM/p53 is required for the CDDP sensitization of cancer cells and both ATM and
AMPK are necessary for the activation of p53. Western blot results with antibodies against p53 in protein extracts from ZL55 cells (A) and
HCT116 (B) treated by Ku-55933 (Ku) alone, serum starvation alone, or both together are shown. Results of colony formation assay for the
untreated control HCT116-p53~~ and HCT116-p53** cells and those treated by CDDP alone, serum starvation alone (S), or both together p53-
significances were calculated with two-tailed t-Test) are shown in (C). Results of Western blot with antibodies
against pAMPK and AMPK in protein extracts from untreated control ZL55 cells, or treated with CDDP alone or serum starvation alone are shown
n (D). Results of Western blot with antibodies against p53-Ser15 (p53-515), p53, pACC and ACC in protein extracts from the untreated control
ZL55 cells and those after treatment with Compound C (C.C) alone, CDDP alone, CDDP and C.C together, serum starvation alone, or serum
starvation and C.C together are shown in (E). Results of Western blot with antibodies against phospho-AKT-Ser473 (pAKT) and AKT in protein
extracts from the untreated controlZL55 cells and after treatment with serum starvation alone, Ku55933 alone, serum starvation andKu55933
together, Compound C (C.C) alone, or serum starvation and C.C together are shown in (F). Results of Western blot with antibodies against
phospho-S6-Ser235/236 (pS6) andSé in protein extracts from the untreated control ZL55 cells and after treatment with serum starvation alone,

. B-Actin and vinculin were used as loading controls.
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elevation of p53 protein levels were also observed in
starved ZL55 cells. We noticed that the serinel5-
phosphorylation status of p53 in cancer cells is not
affected by serum starvation (Figure 1F).

CDDP-triggered high levels of pATM-S1981 in ZL55
cells, which was further increased significantly (P<0.001)
in the presence of serum starvation (Figure 1E and 1 F,
and Additional file 1: Figure S1B and S1D)resulting in
more than 90% pATM-S1981 positive nuclei under im-
munofluorescent microscopy.

In summary, serum starvation and CDDP both activate
ATM/Chk2/p53 signaling in ZL55 cancer cells and when
combined result in an enhanced activation of the signal-
ing and sensitization of cancer cells to CDDP.

Activation of ATM/p53 is required for the sensitization of
cancer cells to CDDP

The requirement for ATM/p53 activation in the serum
starvation-mediated CDDP sensitization of cancer cells
was examined. We observed that the serum starvation-
induced activation of p53 is ATM-dependent because it
was inhibited by Ku-55933, a specific inhibitor of ATM
[16] (Figure 2A). Similar to the situation in ZL55 cells,
serum starvation resulted in accumulation of p53 in an
ATM-dependent manner in human colorectal cancer
HCT116 cells (Figure 2B). A functional role for p53 in
the serum starvation-mediated CDDP sensitization was
investigated by comparing p53 deficient (p53-/-) versus
p53 proficient (p53+/+) HCT116 cells [17] (functionally
characterized for response to CDDP in Additional file 1:
Figure S2). Serum starvation-induced reduction of clo-
nogenicity was significantly suppressed in p53-deficient
HCT116 cells in comparison to p53-proficient HCT116
cells. The combination of serum starvation and CDDP
further decreased clonogenicity in the p53-proficient
cells, but not in p53-deficient cells (Figure 2C). These
data obtained with the colorectal cancer cells suggest
that the serum starvation-mediated sensitization of can-
cer cells to CDDP is dependent on ATM/p53 activation.

Serum starvation-triggered phosphorylation of AMPK is
required for the stabilization of p53 in cancer cells

AMPK is an important regulator in cellular stress
responses [18] and activates p53 in response to glucose
starvation [19]. The phosphorylation on the Thr-172 of
AMPKa (pAMPK-Thr172) is the crucial step of AMPK
activation [18]. The involvement of AMPK in the cellu-
lar response to serum starvation was examined in cancer
cells. Increased levels of pAMPK-Thr172 were observed
after serum starvation (Figure 2D). In agreement with
the activation of AMPK, elevated phosphorylation of
acetyl-CoA carboxylase (ACC), one of the downstream
targets of AMPK [20], was detected in starved ZL55 cells
as well, which was suppressed in the presence of
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compound C, the specific inhibitor of AMPK [21]
(Figure 2E). Compound C inhibited the activation of
p53 induced by both CDDP and serum starvation
(Figure 2E), indicating a general role of AMPK in the
activation of p53 in cancer cells. Consistent with studies
indicating that inhibition of IGF1 signaling is required
for starvation-mediated sensitization of cancer cells
to therapeutic drugs [22,23], we observed a decrease of
AKT phosphorylation upon serum starvation (Figure 2F).
The latter was not affected by ATM inhibitor
Ku55933 or AMPK inhibitor Compound C, indicating
that the inactivation of PI3K pathway and the activa-
tion of p53 by AMPK/ATM are likely independent
mechanisms.

In addition, we verified the possible interference of
ATM and AMPK inhibitors on mTOR signaling by test-
ing their effects on the phosphorylation of S6, which is a
target downstream of mTOR. While serum starvation
strongly inhibited the phosphorylating of S6, ATM
inhibitor Ku55933 and AMPK inhibitor Compound C
did not show any effect on the S6 phosphorylation
(Figure 2G), suggesting that ATM inhibitor (Ku55933)
and AMPK inhibitor (Compound C) were quite target-
specific and do not interfere activity of mTOR signaling.

Short-term food starvation sensitizes human
mesothelioma xenografts to CDDP

To investigate combined effect of starvation with CDDP
in vivo, short-term food starvation (STS) was implemen-
ted [22-24]. ZL55 cells were subcutaneously injected into
nude mice. Tumor-bearing animals were treated with
the standard dose of CDDP (3 mg/kg) in the presence or
absence of STS, or with STS alone once per week for
three weeks. No significant inhibition of tumor growth
was observed when CDDP was administrated alone. A
mild (P<0.05) delay of tumor growth by STS alone was
observed (Figure 3A). However, a dramatic (P<0.01) in-
hibition of tumor growth was observed when mice were
treated with the combination of CDDP and STS. The
average tumor volume was reduced by more than 60%
three weeks after treatment, compared with untreated
controls (Figure 3A). Tumors continued growing for
4 weeks after ending of the combination treatment.
Then, tumors started to regress. During the 8th to 10th
week after the treatment, complete remission was
observed in 60% combination-treated animals. Animals
with complete tumor remission were kept for additional
at least 4 weeks, and no recurrence was observed. No re-
mission was observed in any other groups at the end of
a 16 weeks follow-up period (Figure 3B).

Animals lost 15% in average body weight during STS,
but they regained most of the lost body weight during
the next day after STS (Additional file 1: Figure S3).No
apparent effect on the evolution of body weight was
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Figure 3 Starvation sensitizes human mesothelioma xenografts to CDDP in vivo.. A, growth curves of ZL55 tumors in the untreated control
animal group and those treated with CDDP, STS, or both together (n=5/group) (* P<0.05; ** P<0.01). B, complete tumor remission is observed
only with the combined treatment. C, curves of average body weight of animals with ZL55 tumors in different groups during and after the
treatments. Arrows in (A) and (C) indicate the time points of individual treatments.
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observed overlong term duration (Figure 3C). Thus, our
data suggest that STS with water ad libitum is tolerable
for animals and strongly sensitizes mesothelioma tumors
to CDDP in vivo.

STS sensitizes human lung carcinoma A549 xenografts to
CDDP

We extended our in vitro and in vivo observations on
human mesothelioma cells to human lung adenocarcin-
oma cells (A549). As observed in ZL55 cells, serum star-
vation of A549 cells did trigger Chk2 activation, p53
accumulation and phosphorylation of histone H2AX (y-
H2AX), which is also an ATM target (Figure 4A). How-
ever, activation of ATM and AMPK was not detectable
(data not shown). This might be due to different kinetics
in ZL55 versus A549 cells. Indeed, in serum-starved
ZL55 cells at the same time point there was no differ-
ence in phospho-H2AX levels compared to untreated
control. We examined the sensitization of A549-derived

xenografts to CDDP by STS in vivo as well. No signifi-
cant effect on tumor growth by STS or CDDP alone was
observed (Figure 4B). However, the combined treatment
with CDDP and STS resulted in 65% reduction of tumor
burden three weeks after treatment (Figure 4B) and
complete remission of tumors without recurrence in
40% of animals treated with the combination. No
complete remission occurred in any other groups at the
end of the 40 weeks follow-up period (Figure 4C).
Therefore, STS also sensitizes human lung adenocarcin-
oma xenografts to CDDP.

In normal cells serum starvation results in proliferation
arrest and protection against CDDP toxicity

We used cultured primary human mesothelial SDM104
cells to investigate the effects of serum starvation on the
response of normal cells to CDDP. In contrast to cancer
cells where serum-starvation only partially reduced S-
phase cells, FACS analysis of SDM104 cells showed that

~
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Figure 4 Starvation sensitizes human lung carcinoma A549 xenografts to CDDP in vivo. A, Western blot results with antibodies against
phospho Chk2-T68, Chk2, y-H2AX and p53 for protein extracts from untreated control A549 cells and those treated with CDDP alone, serum
starvation alone, or both together are shown. 3-Actin was used as loading control. B, growth curves of A549 tumors in the untreated control
animal group and those treated with CDDP, STS, or both together (n=6/group) (** P<0.011). C, complete tumor remission is observed only with
the CDDP treatment combined with STS. The arrows in (B) indicate the time points of individual treatments.
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serum starvation alone (24 hours) resulted in complete
abolishment of S-phase (BrdU-positive) cells and induc-
tion of a cell cycle arrest in GO/G1-phase, compared
with untreated control (Figure 5A-C). Survival of
SDM104 cells growing in the continuous presence of
serum was reduced by 74% by CDDP treatment com-
pared to untreated control cells (Figure 5D). In contrast,
survival of serum starved SDM104 cells after exposure
to CDDP was reduced only by 55% compared to
untreated control cells, which was similar to reduction

in survival observed after serum starvation alone,
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indicating a significant (P<0.002) increase of CDDP tol-
erance induced by serum starvation in normal SDM104
cells. The serum starvation-mediated protective effects
from CDDP toxicity were also observed in two add-
itional normal primary human cell cultures (Additional
file 1: Figure S4).

In agreement with the ATM activation status, CDDP
exposure induced activation of p53 (phosphorylation and
protein accumulation) and p21 accumulation (Figure 5E
and 5F). Consistent with the increased CPPD tolerance of
serum-starved normal cells, CDDP-induced activation of
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Figure 5 Serum starvation induces proliferation arrest in normal SDM104 cells and protects them from CDDP cytotoxicity in vitro. Flow
cytometry analysis of SDM104 cells of untreated (A) or serum-starved for 24 hours (B). C, the quantification of flow cytometry results of SDM104
cells of the untreated control, or treated with CDDP alone, serum starvation alone, or both together is shown (n=3). D, MTT assays (n=6) were
performed to examine the viability of SDM104 cells of the untreated control and those treated by CDDP alone, serum starvation alone (S), or
both together in vitro (** P<0.002). E, the quantification of the results of anti-pATM-Ser1981 immuno-staining in SDM104 cells of untreated
control, treated by CDDP alone, serum starvation alone, or both together is shown (** P<0.002, n=3). F, Western blot results with antibodies
against pATM-Ser1981 (pATM), p53-Ser15 (p53-515), p53 and p21 in protein extracts from the untreated control, or treated with CDDP alone,
serum starvation alone, or both together are shown. G, Western blot results with antibodies against pAMPK, AMPK, p53, p21, pACC and ACC in
protein extracts from untreated control, treated with Compound C (C.C) alone, serum starvation alone, or both together. 3-Actin and vinculin
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ATM was suppressed by serum starvation (Figure 5E and
5F and Additional file 1: Figure S5B and S5D). Although
serum starvation alone did not induce activation of ATM,
it triggered accumulation of p53 and the cell cycle inhibi-
tor p21 (Figure 5F).

In order to investigate the mechanism responsible for
p53 and p21 activation upon serum-starvation, we tested
whether AMPK was activated by serum starvation in
normal cells as well. Serum starvation induced pAMPK-
Thr172 in SDM104 cells, which was confirmed by
the increased phosphorylation of ACC (Figure 5G). The
serum starvation-induced accumulation of p53 and the
up-regulation of p21 in normal cells were inhibited by
the AMPK inhibitor compound C (Figure 5G), suggest-
ing that activation of AMPK is required for serum
starvation-induced upregulation of p53 and p21. To-
gether, these results demonstrate that serum starvation
induces in normal cells the activation of AMPK thereby
initiating a p53/p21-mediated proliferation arrest, which
confers resistance to CDDP-induced cytotoxicity.

Discussion

Our study reveals that serum starvation sensitizes cancer
but not normal cells to CDDP treatment. Indeed, serum
starvation activates in cancer but not normal cells ATM/
Chk2/p53 signaling pathway. The latter is also activated,
as expected, after CDDP treatment. Challenging serum
starved cancer cells with CDDP triggers the hyper-
activation of ATM/Chk2/p53 signaling resulting in
sensitization of cancer cells to CDDP (Figure 6). This
observation is in line with the recently developed con-
cept that overloading stress may exhaust the cellular
stress response pathways thereby sensitizing cancer cells
to chemotherapy [5].

One of the potential reasons for ATM/Chk2/p53 acti-
vation by serum starvation may be due to a temporary
loss of coordination between the cell proliferation
driven by oncogenic mutations and the paracrine growth
factors—stimulated cell growth, thus resulting in cellular
stress. For example, proliferation in the absence of
serum is known to lead to depletion of the nucleotide
pool [25], and the latter has been associated with altered
DNA replication dynamics and genomic instability
which trigger the activation of DNA damage response
[26]. In this context it is noteworthy that pemetrexed, an
agent known to deplete nucleotide pools in cancer cells
[27], improves the efficacy of CDDP therapy in the clinic
[28,29].

Another possibility for ATM/Chk2/p53 activation by
serum starvation is the induction of oxidative stress,
which directly oxidizes ATM thereby being independent
of DNA damage induction [15]. However, serum starva-
tion did not induce the general oxidative stress marker
heme oxygenase-1 [30] in both ZL55 and A549 cancer
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Figure 6 Starvation selectively sensitizes human cancer cells to
CDDP. In normal cells, serum starvation activates AMPK, which
stabilizes p53 resulting in cell proliferation arrest. The processing of
CDDP-DNA-adducts in proliferating cells results in DNA damage.
Proliferation arrest may contribute to the inactivation of DNA
damage response thus the tolerance of normal cells to CDDP. In
cancer cells, serum starvation also activates ATM/Chk2/p53 signaling.
The combination of CDDP with serum starvation results in the
enhanced activation of the signaling and sensitizes cancer cells

to CDDP.

cell lines tested (Additional file 1: Figure S6), ruling out
oxidative stress being involved in starvation-induced
CDDP  sensitization. Nevertheless, this mechanism
could possibly be responsible for ATM activation in
HCT116 cells where low expression levels of the ATM-
activating  MRN-complex protein MRE11 have been
described [31,32]. Understanding the mechanism of
serum starvation-induced ATM activation in cancer cells
is beyond the scope of the present study and future work
will address this issue.

It is noteworthy that serum starvation in cancer cells
induced ATM and AMPK-mediated stabilization of p53
only, whereas CDDP treatment triggered both phosphor-
ylation of p53 at Serl5 and stabilization of the protein.
Although Serl5 phosphorylation generally stabilizes
the p53 protein, Serl5-phosphorylation-unrelated p53
stabilization has also been reported and potential
mechanisms include acetylation and methylation. How-
ever, an acetylation-dependent mechanism was excluded
because of the absence of change of the Lys373 and
Lys320 acetylation status of p53 under starvation condi-
tion (data not shown). Methylation dependent mechan-
isms remain to be explored.

In contrast to cancer cells, serum starvation-activated
AMPK triggers in normal cells the stabilization of p53
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and elevation of p21 thus resulting in a cell cycle arrest.
It is known that DNA replication is blocked by CDDP-
DNA-adducts, which can lead to DNA replication fork
breakdown and subsequent DNA damage accumulation
in replicating cells [33,34]. Therefore, the observed re-
duction in DNA replication upon serum starvation can
explain the enhanced CDDP tolerance in normal cells
(Figure 6). Consistently, DNA damage response is not
activated after CDDP treatment in serum-starved nor-
mal cells.

The outcome of combined STS/CDDP treatment, i.e.
tumor growth delay and/or tumor eradication, is similar
to a recent observation by Lee et al., where sensitization
of cancer cells to several chemotherapeutic drugs was
induced by low glucose and low serum level in vitro and
STS in vivo. Inhibition of IGF1 signaling was required
for starvation-mediated protection of normal cells and
sensitization of cancer cells to therapeutic drugs [22,23].

We show here an additional mechanism mediated by
the negative regulatory signaling of AMPK, which is
activated under stress conditions, e.g. nutrient starva-
tion, to suppress proliferation [35]. We observed that
serum starvation activated AMPK in both cancer and
normal cells. Additionally, AMPK activity was necessary
for the stabilization of p53 in response to serum starva-
tion in both cancer and normal cells. Thus, our study
reveals that in addition to the inhibition of proliferation-
enhancing IGF1 signaling pathway, the activation of the
AMPK signaling cascade, which suppresses proliferation,
is also involved in the starvation-induced protection of
normal cells and sensitization of cancer cells to CDDP
treatment.

Although the design of our in vivo study does not
allow extrapolating that the same mechanisms observed
in vitro are operative in vivo, we nevertheless observed
that STS sensitized xenografts of mesothelioma and lung
cancer to CDDP treatment. Prolonged fasting is now
implemented in the treatment of several diseases includ-
ing rheumatic diseases and chronic pain syndromes [36],
indicating beneficial effects [36]. In the context of cancer
treatment, STS is well-tolerated in animal models and
reduces the side effects of various chemotherapy regi-
mens [22,24]. A case series report suggested that STS
may also be applicable to cancer patients [37].

Conclusions

In normal cells, serum starvation-activated AMPK stabi-
lizes p53 and p21 resulting in a proliferation arrest.
Serum starvation thereby protects normal cells from
CDDP toxicity. In cancer cells, serum starvation add-
itionally activates the ATM/Chk2/p53 stress response
signaling pathway, which is also induced by CDDP
treatment. The function of AMPK is required for
maintaining this signaling. Therefore, combining CDDP
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treatment with serum starvation results in the hyper-
activation of ATM/Chk2/p53 signaling pathway, thus
sensitizing cancer cells to CDDP. In line with these
in vitro observations, combining CDDP treatment with
short-term food starvation in vivo delays tumor growth
and induces tumor regression. Thus, our study indicates
that STS may enhance the efficacy of CDDP-based
chemotherapy.

Methods

Cell Cultures and Reagents

Human mesothelioma ZL55 [38], lung carcinoma A549
[39] cells, the colorectal carcinoma cell lines HCT116
40.16 (p53+/+) and HCT116 379.2 (p53—-/-) [17], and
primary normal human mesothelial SDM104 [40] cells
were cultured in M199 (Invitrogen)/MCDB106 (Sigma)
(1:1) mixed medium supplemented with 15% FCS,
10 ng/ml EGEF, and 0.4pg/ml hydrocortisone as described
[41]. The M199/MCDB106 medium without supple-
ments was used for serum starvation assays. All cell lines
used in this study were authenticated by fingerprinting
(Microsynth, Balgach, Switzerland). CDDP (1667 uM sa-
line solution, EbewePharma) was used for all in vitro
and in vivo experiments. The CDDP concentration was
8 uM for all in vitro experiments unless otherwise indi-
cated. For the in vitro treatments, cells were incubated
with CDDP for 16 hours. Ku55933 and Compound C
(Merck) were used at concentrations of 5 uM and
20 pM, respectively. To investigate the effects of serum
starvation, CDDP treatment started 8 hours after the be-
ginning of serum starvation and lasted 16 hours in star-
vation medium. Colony formation assays and MTT cell
proliferation assay were performed as described [42,43].
Due to their limited growth ability, proliferation of nor-
mal cells was examined with MTT assay.

Immunostaining and Western blot

For immunostaining, cells were fixed with 4% formalde-
hyde in PBS for 20 minutes in room temperature.
Permeabilization was done with 100% methanol at 4°C
for 4 minutes. The incubations with the first and the
secondary antibodies were done at room temperature
for 2 and 1 hours, respectively. Stained cells were
mounted with Prolong Gold Anti-fade reagent with 4,6
—diamidino-2-phenylindole (Invitrogen). Images were
taken with an inverse wide-field fluorescence microscope
(Leica). Anti-ATM-Ser1981 antibody (Cell Signaling)
for immunostaining, anti-ATM-Ser1981 (Epitomics) for
Western, anti-ATM (2C1) (GeneTex), anti-Akt, anti-
phospho-Akt (Ser473), anti-phospho-AMPKa (Thrl72)
(40H9), anti-AMPKa, anti-Chk2, anti-phospho-p53-Serl5,
anti-S6and anti-phospho-S6 (Cell Signaling), anti-phospho-
Chk2-T68 (R&D System), anti-phospho-H2AX (y-H2AX)
(Millipore), anti-p53 and anti-p21 (Santa Cruz) were used
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according to the product instructions. Western blot ana-
lysis was performed as described [44]. For Western against
ATM, protein extracts were run in 5% SDS-polyacrylamide
gel while the rest were run in 13.5% SDS-polyacrylamide
gel. Western blots were quantified using Image].

Flow cytometry (FACS) analysis

Before harvesting, cells were exposed to 10 uM BrdU for
one hour. FACS samples were prepared as described
[45]. After anti-BrdU antibody (BD Biosciences) and
propidium iodide (PI) (Sigma) staining, FACS was per-
formed with FACS Calibur (FACScan, BD Biosciences)
and data was analysed with Summit v4.3software.

In vivo experiments

All animal experiments were approved by Kantonales
Veterindtamt Ziirich and performed in accordance with
the ethical principles and guidelines for experiments on
animals of Swiss Academy of Medical Sciences. 8 week-
old CD1 female nude mice (Charles River and Harlan)
were randomly divided into groups. ZL55 cancer cells or
A549 cancer cells in 100 pl PBS (0.5x10° cells per ani-
mal) were subcutaneously injected into the left flank side
of the mice. Tumor volume was measured by calliper
and calculated with the formula: WidthzxLength/Z [46].
Tumor growth in untreated animals was used as control.
Treatments started when the tumor volumes reached 30
+17 mm?®. CDDP (3 mg/kg) was injected i.p. once per
week for three weeks. Short-term fasting was implemen-
ted 32 hours prior and 16 hours post-injection with
water ad libitum. During the treatment, animals were
monitored routinely for body weight loss and general be-
haviour. Tumor growth and animal weight were
recorded once per week for at least 16 weeks. Animals
were sacrificed when any of the following signs for se-
vere suffering was observed: the tumor volume reached
500 mm?; body weight loss was observed for 4 consecu-
tive days; loss of more than 15% body weight; sign of se-
vere sickness, for example, reduced mobility and eating,
ruffled hair, and hunched back posture.

Statistical analysis
Mann—-Whitney or two-tailed t-Test was performed.

Additional file

Additional file 1: Figure S1. Serum starvation and CDDP both
activate ATM in ZL55 cancer cells and when combined result in an
enhanced activation of the ATM. Anti-phosphoATM-Ser1981 (pATM)
immuno-staining of untreated ZL55 cells (A) and those treated with 8 uM
CDDP alone (B), serum starvation alone (C), or both together (D) are
shown. In (A-D), images of anti-pATM staining (in red) are in left, and
images of DAPI staining in middle while on the right are the overlap. “S"
in (O) and (D) stands for serum starvation. Figure S2. p53 is knockout in
HCT116°*~cells. No p53 was detected in the protein extract from
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CDDP-treated HCT116P* cells while it was induced in p53-proficient
HCT116 cells. 3-Actin was used as loading control. Figure S3. STS with
water ad libitum is tolerable for animals. Animals regained most of the
lost body weight during the next day after starvation. Figure S4. Serum
starvation protects normal cells from CDDP cytotoxity. MTT assays were
performed after primary normal cell cultures LP9, SDM104 and SDM85,
which was established from a normal pleural tissue received from a
patient undergoing cancer unrelated thoracic surgery (this study was
approved by the Zurich University Hospital ethic committee and a
written informed consent was obtained from the patient), were treated
with CDDP alone, serum starvation alone or both together (* for P<0.002;
** for P<3.0x10°°). CDDP8 and CDDP20 stands for 8 uM and 20 uM CDDP,
respectively. Figure S5. Serum starvation suppressed the CDDP-induced
activation of ATM in normal cells. Anti-phosphoATM-Ser1981 (pATM)
immuno-staining of untreated SDM104 cells (A) and those treated with
8 UM CDDP alone (B), serum starvation alone (C), or both together (D)
are shown. In (A-D), images of anti-pATM staining (in red) are in left, and
images of DAPI staining in middle while on the right are the overlap. "S"
n (O) and (D) stands for serum starvation. Figure S6. Serum starvation
does not induce the expression of oxidative stress marker, HO-1 in ZL55
and A549 cancer cells. Western blot results with antibodies against HO-1
for protein extracts from untreated control and those treated with CDDP
alone, serum starvation alone, or both together are shown for ZL55 (A)
and A549 (B) cells. B-Actin was used as loading control.

Competing interests
There is no competing interest to disclose.

Authors’ contributions

YS, EF, and TM conceived and designed the experiments. YS performed the
experiments. TM assisted the flow cytometry assays and KO was involved in
the initiation of the animal assay. YS, EF, TM, KO, and MP analysed the data.
YS and EF provided and prepared the reagents/materials/analysis tools for
the experiments. YS, EF and RS wrote the manuscript. TM and MP corrected
the manuscript. All authors read and approved the final manuscript.

Acknowledgements

This work was supported by the Stiftung fir Angewande Krebsforschung
and Huggenberger-Bischoff Stiftung. We are grateful to Dr. Bert Vogelstein
(Johns Hopkins University, Baltimore, MD) and Dr. James Rheinwald (Harvard
Medical School) for kindly providing HCT116 and LP9 cell lines, respectively.
We also would like to thank Dr. lan Frew (Institute of Physiology, University
of Zurich) and Dr. Massimo Lopes (Institute of Molecular Cancer Research,
University of Zurich) for suggestions.

Author details

'Laboratory of Molecular Oncology, Ziirich, Switzerland. “Department of
Radiation Oncology, University Hospital Zurich, University of Zurich, Zurich,
Switzerland.

Received: 17 May 2012 Accepted: 27 November 2012
Published: 4 December 2012

References

1. Sanborn RE: Cisplatin Versus Carboplatin in NSCLC: Is There One "Best"
Answer? Curr Treat Options Oncol 2009.

2. Halazonetis TD, Gorgoulis VG, Bartek J: An oncogene-induced DNA
damage model for cancer development. Science 2008, 319:1352-1355.

3. Szatrowski TP, Nathan CF: Production of large amounts of hydrogen
peroxide by human tumor cells. Cancer Res 1991, 51:794-798.

4. Warburg O: On the origin of cancer cells. Science 1956, 123:309-314.

5. Luo J, Solimini NL, Elledge SJ: Principles of cancer therapy: oncogene and
non-oncogene addiction. Cell 2009, 136:323-837.

6. Raj L IdeT, Gurkar AU, Foley M, Schenone M, Li X, Tolliday NJ, Golub TR,
Carr SA, Shamiji AF, et al- Selective killing of cancer cells by a small
molecule targeting the stress response to ROS. Nature 2011, 475:231-234.

7. Murga M, Campaner S, Lopez-Contreras AJ, Toledo LI, Soria R,

Montana MF, D'Artista L, Schleker T, Guerra C, Garcia E, et al: Exploiting
oncogene-induced replicative stress for the selective killing of
Myc-driven tumors. Nat Struct Mol Biol 2011, 18:1331-1335.


http://www.biomedcentral.com/content/supplementary/1471-2407-12-571-S1.pdf

Shi et al. BMC Cancer 2012, 12:571
http://www.biomedcentral.com/1471-2407/12/571

20.

22.

23.

24.

25.

26.

27.

28.

29.

Gjedsted J, Gormsen LC, Nielsen S, Schmitz O, Djurhuus CB, Keiding S,
Orskov H, Tonnesen E, Moller N: Effects of a 3-day fast on regional lipid
and glucose metabolism in human skeletal muscle and adipose tissue.
Acta Physiol (Oxf) 2007, 191:205-216.

Flemstrom G, Bengtsson MW, Makela K, Herzig KH: Effects of short-term
food deprivation on orexin-A-induced intestinal bicarbonate secretion
in comparison with related secretagogues. Acta Physiol (Oxf) 2010,
198:373-380.

Thissen JP, Ketelslegers JM, Underwood LE: Nutritional regulation of the
insulin-like growth factors. Endocr Rev 1994, 15:80-101.

Ahima RS, Prabakaran D, Mantzoros C, Qu D, Lowell B, Maratos-Flier E,
Flier JS: Role of leptin in the neuroendocrine response to fasting. Nature
1996, 382:250-252.

Raff MC: Social controls on cell survival and cell death. Nature 1992,
356:397-400.

Hanahan D, Weinberg RA: Hallmarks of cancer: the next generation.

Cell 2011, 144:646-674.

Lavin MF, Kozlov S: ATM activation and DNA damage response. Cell Cycle
2007, 6:931-942.

Guo Z, Kozlov S, Lavin MF, Person MD, Paull TT: ATM activation by
oxidative stress. Science 2010, 330:517-521.

Hickson 1, Zhao Y, Richardson CJ, Green SJ, Martin NM, Orr Al, Reaper PM,
Jackson SP, Curtin NJ, Smith GC: Identification and characterization of a
novel and specific inhibitor of the ataxia-telangiectasia mutated kinase
ATM. Cancer Res 2004, 64:9152-9159.

Bunz F, Dutriaux A, Lengauer C, Waldman T, Zhou S, Brown JP, Sedivy JM,
Kinzler KW, Vogelstein B: Requirement for p53 and p21 to sustain G2
arrest after DNA damage. Science 1998, 282:1497-1501.

Mihaylova MM, Shaw RJ: The AMPK signalling pathway coordinates cell
growth, autophagy and metabolism. Nat Cell Biol 2011, 13:1016-1023.
Jones RG, Plas DR, Kubek S, Buzzai M, Mu J, Xu Y, Birnbaum MJ, Thompson
(B: AMP-activated protein kinase induces a p53-dependent metabolic
checkpoint. Mol Cell 2005, 18:283-293.

Carling D, Zammit VA, Hardie DG: A common bicyclic protein kinase
cascade inactivates the regulatory enzymes of fatty acid and cholesterol
biosynthesis. FEBS Lett 1987, 223:217-222.

Handa N, Takagi T, Saijo S, Kishishita S, Takaya D, Toyama M, Terada T,
Shirouzu M, Suzuki A, Lee S, et al: Structural basis for compound C
inhibition of the human AMP-activated protein kinase alpha2 subunit
kinase domain. Acta Crystallogr D Biol Crystallogr 2011, 67:480-487.

Lee C, Safdie FM, Raffaghello L, Wei M, Madia F, Parrella E, Hwang D,
Cohen P, Bianchi G, Longo VD: Reduced levels of IGF-I mediate
differential protection of normal and cancer cells in response to fasting
and improve chemotherapeutic index. Cancer Res 2010, 70:1564-1572.
Lee C, Raffaghello L, Brandhorst S, Safdie FM, Bianchi G, Martin-Montalvo A,
Pistoia V, Wei M, Hwang S, Merlino A, et al: Fasting Cycles Retard Growth
of Tumors and Sensitize a Range of Cancer Cell Types to Chemotherapy.
Sci Trans! Med 2012.

Raffaghello L, Lee C, Safdie FM, Wei M, Madia F, Bianchi G, Longo VD:
Starvation-dependent differential stress resistance protects normal but
not cancer cells against high-dose chemotherapy. Proc Natl Acad Sci

U S A 2008, 105:8215-8220.

Sigoillot FD, Berkowski JA, Sigoillot SM, Kotsis DH, Guy HI: Cell
cycle-dependent regulation of pyrimidine biosynthesis. J Biol Chem 2003,
278:3403-3409.

Bester AC, Roniger M, Oren YS, Im MM, Sarni D, Chaoat M, Bensimon A,
Zamir G, Shewach DS, Kerem B: Nucleotide deficiency promotes
genomic instability in early stages of cancer development. Cell 2011,
145:435-446.

Yang TY, Chang GC, Chen KC, Hung HW, Hsu KH, Wu CH, Sheu GT, Hsu SL:
Pemetrexed induces both intrinsic and extrinsic apoptosis through
ataxia telangiectasia mutated/p53-dependent and -independent
signaling pathways. Mol Carcinog 2011.

Vogelzang NJ, Rusthoven JJ, Symanowski J, Denham C, Kaukel E, Ruffie P,
Gatzemeier U, Boyer M, Emri S, Manegold C, et al: Phase Il study of
pemetrexed in combination with cisplatin versus cisplatin alone in
patients with malignant pleural mesothelioma. J Clin Oncol 2003,
21:2636-2644.

Gridelli C, Maione P, Rossi A, Bareschino MA, Schettino C, Sacco PC,

Zeppa R: Pemetrexed in advanced non-small cell lung cancer. Expert Opin
Drug Saf 2011, 10:311-317.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Page 10 of 10

Applegate LA, Luscher P, Tyrrell RM: Induction of heme oxygenase: a
general response to oxidant stress in cultured mammalian cells. Cancer
Res 1991, 51:974-978.

Takemura H, Rao VA, Sordet O, Furuta T, Miao ZH, Meng L, Zhang H,
Pommier Y: Defective Mre11-dependent activation of Chk2 by ataxia
telangiectasia mutated in colorectal carcinoma cells in response to
replication-dependent DNA double strand breaks. J Biol Chem 2006,
281:30814-30823.

Garner KM, Eastman A: Variations in Mre11/Rad50/Nbs1 status and DNA
damage-induced S-phase arrest in the cell lines of the NCI60 panel.
BMC Cancer 2011, 11(206):201-213.

Olive PL, Banath JP: Kinetics of H2AX phosphorylation after exposure to
cisplatin. Cytometry B Clin Cytom 2009, 76:79-90.

Lovric MM, Hawkins CJ: TRAIL treatment provokes mutations in surviving
cells. Oncogene 2010, 29:5048-5060.

Towler MC, Hardie DG: AMP-activated protein kinase in metabolic control
and insulin signaling. Circ Res 2007, 100:328-341.

Michalsen A: Prolonged fasting as a method of mood enhancement in
chronic pain syndromes: a review of clinical evidence and mechanisms.
Curr Pain Headache Rep 2010, 14:80-87.

Safdie FM, Dorff T, Quinn D, Fontana L, Wei M, Lee C, Cohen P, Longo VD:
Fasting and cancer treatment in humans: A case series report.

Aging (Albany NY) 2009, 1:988-1007.

Schmitter D, Lauber B, Fagg B, Stahel RA: Hematopoietic growth factors
secreted by seven human pleural mesothelioma cell lines: interleukin-6
production as a common feature. Int J Cancer 1992, 51:296-301.

Lieber M, Smith B, Szakal A, Nelson-Rees W, Todaro G: A continuous
tumor-cell line from a human lung carcinoma with properties of type Il
alveolar epithelial cells. Int J Cancer 1976, 17:62-70.

Knobel PA, Kotov IN, Felley-Bosco E, Stahel RA, Marti TM: Inhibition of REV3
expression induces persistent DNA damage and growth arrest in cancer
cells. Neoplasia 2011, 13:961-970.

Rheinwald JG, Hahn WC, Ramsey MR, Wu JY, Guo Z, Tsao H, De Luca M,
Catricala C, O'Toole KM: A two-stage, p16(INK4A)- and p53-dependent
keratinocyte senescence mechanism that limits replicative potential
independent of telomere status. Mol Cell Biol 2002, 22:5157-5172.

Stahel RA, Mabry M, Sabbath K, Speak JA, Bernal SD: Selective cytotoxicity
of murine monoclonal antibody LAM2 against human small-cell
carcinoma in the presence of human complement: possible use for

in vitro elimination of tumor cells from bone marrow. Int J Cancer 1985,
35:587-592.

Cole SP: Rapid chemosensitivity testing of human lung tumor cells using
the MTT assay. Cancer Chemother Pharmacol 1986, 17:259-263.
Belyanskaya LL, Marti TM, Hopkins-Donaldson S, Kurtz S, Felley-Bosco E,
Stahel RA: Human agonistic TRAIL receptor antibodies Mapatumumab
and Lexatumumab induce apoptosis in malignant mesothelioma and
act synergistically with cisplatin. Mol Cancer 2007, 6:66.

Marti TM, Hefner E, Feeney L, Natale V, Cleaver JE: H2AX phosphorylation
within the G1 phase after UV irradiation depends on nucleotide excision
repair and not DNA double-strand breaks. Proc Nat/ Acad Sci U S A 2006,
103:9891-9896.

Tomayko MM, Reynolds CP: Determination of subcutaneous tumor size in
athymic (nude) mice. Cancer Chemother Pharmacol 1989, 24:148-154.

doi:10.1186/1471-2407-12-571

Cite this article as: Shi et al.: Starvation-induced activation of ATM/
Chk2/p53 signaling sensitizes cancer cells to cisplatin. BMC Cancer 2012
12:571.




	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Results
	Serum starvation sensitizes ZL55cancer cells to CDDP
	Activation of ATM/p53 is required for the sensitization of cancer cells to CDDP
	Serum starvation-triggered phosphorylation of AMPK is required for the stabilization of p53 in cancer cells
	Short-term food starvation sensitizes human mesothelioma xenografts to CDDP
	STS sensitizes human lung carcinoma A549 xenografts to CDDP
	In normal cells serum starvation results in proliferation arrest and protection against CDDP toxicity

	Discussion
	Conclusions
	Methods
	Cell Cultures and Reagents
	Immunostaining and Western blot
	Flow cytometry (FACS) analysis
	In vivo experiments
	Statistical analysis

	Additional file
	Competing interests
	Authors' contributions
	Acknowledgements
	Author details
	References

