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Abstract

Background Oxaliplatin is frequently used in the treatment
of metastatic colorectal cancer (CRC). Our previous work
shows that oxaliplatin induces the pro-apoptotic protein
Noxa in CRC cells. The Bcl2-inhibitor ABT-737 is
particularly effective in cells with high Noxa levels.
Therefore, we tested whether oxaliplatin and ABT-737
display synergy in killing CRC cells.

Methods A panel of CRC cell lines was treated with
oxaliplatin and ABT-737, either alone or in combination.
Apoptosis was measured by FACS analysis of sub-Gl
DNA content and by Western blot analysis of caspase-3
processing. Noxa expression was suppressed by lentiviral
RNA interference.

Results Oxaliplatin and ABT-737 displayed a strong syn-
ergistic apoptotic response, which was dependent on wild-
type TP53 and oncogenic KRAS. TP53 and KRAS were
required for drug-induced Noxa expression and this was
essential for tumor cell apoptosis. Oxaliplatin, but not ABT-
737, induced p53 accumulation, but both drugs stimulated
Noxa expression. Combination treatment of mice with
subcutaneous tumor xenografts drastically reduced tumor
volume, while single drug treatment had no effect.
Conclusion ABT-737 synergizes with oxaliplatin to kill
colorectal cancer cells. This requires induction of Noxa by
wildtype TP53 and oncogenic KRAS. Future studies should
explore the anti-tumor efficacy of this drug combination in
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1 Introduction

Oxaliplatin and 5-fluorouracil (5-FU) are widely used
chemotherapeutic drugs in the treatment of colorectal
cancer patients. Although these drugs increase the
lifespan of patients with metastatic disease, overall
survival rarely exceeds 2 years [3]. Increasing the therapy
response to prolong overall survival therefore remains a
major challenge.

Previously, we showed that the efficient killing of
colorectal cancer cells by oxaliplatin or by 5-FU was
dependent on the presence of oncogenic KRAS and wild
type TP53. This was caused by induction of the pro-
apoptotic TP53 response gene Noxa [4].

Noxa belongs to the family of BH3-only proteins, which
induce apoptosis by binding to and neutralizing survival
proteins like Bcl-2, Bel-X;, Bel-w, Mcl-1 and Bfll/Al. In
doing so, these proteins allow the pro-apoptotic proteins
Bax and Bak to form oligomers within the mitochondrial
membrane which causes mitochondrial outer membrane
depolarization, release of cytochrome C, formation of the
apoptosome, and activation of effector caspases that
mediate cell destruction [25]. In normal untransformed
cells Noxa is not generally considered to be a potent
inducer of cell death when compared to other members of
the BH3-only proteins, like Puma and Bim. However, in
tumor cells Noxa does play a major role in the induction of
apoptosis [4, 17]. The capacity of Noxa to induce apoptosis
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is strongly enhanced when anti-apoptotic proteins that are
not bound by Noxa, such as Bcl-2, Bcl-X; and Bcel-w, are
neutralized [2]. A potent inhibitor that binds and neutralizes
Bcl-2, Bel-X and Bcel-w (but not Mcl-1 or Bfl1/A1) is the
small molecule inhibitor ABT-737 [15]. Interestingly, ABT-
737 is particularly effective in cells in which the Mcl-1
survival protein is neutralized by high Noxa levels [6, 12,
28]. Based on our previous study in which oxaliplatin
caused apoptosis in a Noxa-dependent fashion [4], we
tested whether ABT-737 could synergize with oxaliplatin in
stimulating apoptosis in CRC cells. Furthermore, we tested
the contribution of mutant KRAS and wild type TP53 to
Noxa induction and sensitization to apoptosis.

2 Materials and methods
2.1 Cell culture

The human CRC cell line HCT116°"*P* and the isogenic
cell line Hkh2*™ lacking the mutant KRASP'? allele were
kindly provided by Dr Shirasawa [18]. The murine C26 and
human DLDI1, Ls174T and HT29 CRC cell lines were
purchased from ATCC (Manassas, VA, USA). HCT116
p53™"™ and p537 cells were kindly provided by Dr B
Vogelstein. HCT116 Noxa knockdown and control cells
were described before [4]. The C26 cells express a mutant
Kras oncogene (G12D) [19]. C26 cells contain wildtype p53.
This is based on the finding that C26 cells show induction of
p21 following chemotherapy, like all other wildtype p53 cell
lines. By contrast, all p53 mutant cell lines fail to induce
p21. (DR, unpublished observations). All cells were cultured
in Dulbecco’s modified Eagle’s medium (Dulbecco, ICN
Pharmaceuticals, Costa Mesa, CA, USA) supplemented with
5% (v/v) fetal calf serum and 2 mM Glutamine both
purchased from Cambrax (New Jersey, USA).

2.2 FACS analysis of the cell cycle profile and apoptosis

The cell cycle profile was determined to asses the
percentage of apoptotic cells (sub-G1 population) and G2
arrest after treatment with oxaliplatin (Sanofi Aventis,
Gouda, The Netherlands) and ABT-737 (kindly provided
by ABBOT Laboratories, Illinois, USA) by FACS analysis
using propidium ioide (Sigma Aldrich). Cells (2 10°) were
seeded in 6-well plates (Costar Corning, NY, USA) and
incubated overnight at 37°C in a humidified atmosphere
containing 5% CO,. The following day the cells were
treated with either 25 uM oxaliplatin, 2.5 uM ABT-737 or
the combination for 24 h (Ls174T were treated for 48 h).
Floating and attached cells were harvested and fixed as
single cells in ice-cold 70% Ethanol for 15 min at 4°C
followed by an incubation of 30 min at 37°C with 20 pg/ml
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propidium iodide and 100 pg/ml RNase A (Roche
Diagnostics, Basel, Switzerland). All samples were ana-
lysed by bivariate flow cytometry using Cell Quest
software (Becton Dickinson, Breda, The Netherlands).

2.3 Determination of synergistic drug responses

Combination index (CI) values were calculated by Calcu-
syn software (Biosoft, Cambridge, UK) to determine
synergy. To this end the cells were treated with both drugs
at varying doses of a constant ratio: 50:5, 25:2.5, 12.5:1.25
and 6.25:0.625 pM oxaliplatin:ABT-737 respectively, in
triplicate. FACS analysis of sub-G1 content was then used
to determine the % apoptotic cells in all these cultures.
These values were used in Calcusyn to asses the CI values.
CI values<0.30 indicate strong synergy. CI values>0.80
indicate no synergy.

2.4 Western blotting and antibodies

Lysates of treated and untreated tumor cells were prepared
in lysisbuffer (20 mM HEPES pH7.4, 1% NP40, 150 mM
NaCl, 5 mM MgCl,, 10% glycerol). Equal amounts of
protein were run out on SDS-PAA gels and were analyzed
by Western blotting using antibodies directed against p53,
p21 (DO-1, C19; Santa Cruz, CA, USA;), cleaved caspase-
3, Puma (Cell Signaling Technology, Danvers, MA, USA),
Noxa (114 C307.1; Imgenex, San Diego, CA, USA), Bcl-2
(Santa Cruz, CA, USA) and Mcl-1 (BD Pharmingen, San
Diego, CA, USA). [3-Actin (AC-15) was used to control for
protein load and was obtained from Novus Biologicals,
Littleton, CO, USA.

2.5 Xenograft tumor mouse model

All experiments were conducted in accordance with the
guidelines of the Animal Welfare Committee of the
University Medical Centre Utrecht, The Netherlands. C26
cells (1x10°%) were subcutaneously injected into the flanks
of 8-10 weeks old male BALB/c mice (Charles River;
Sulzfeld, Germany). Tumor volume (V) was calculated by
V =A x B? x 0.5236, whereas A indicates the largest
diameter and B the diameter perpendicular to A. Tumors
were grown for 7 days until a volume of approximately
50mm’ was reached. At day 7 the mice were injected
intraperitonally (i.p.) with one dose of 5 mg/kg oxaliplatin
followed by daily i.p. injections of 50 mg/kg ABT-737 in
30% propylene glycol (Sigma Aldrich), 5% Tween-80
(Merck, New Jersey, USA) and 65% 50 mg/ml dextrose
(Sigma Aldrich) in water at pH4. Mice that did not receive
oxaliplatin or ABT-737 received the same injections of the
vehicles (PBS for oxaliplatin and PG/TX100/dextrose for
ABT-737).



Killing colorectal cancer cells by ABT-737 and oxaliplatin

309

2.6 Statistical analysis

All in vitro experiments were performed at least three times
independently. /n vivo experiments consisted of 8 mice per
group. Figures depict group means + SEM. Statistical
differences were analyzed by one-way ANOVA followed
by a Bonferroni multiple comparison test using GraphPad
Prism software (GraphPad, San Diego, CA). A p value<
0.05 was considered to be statistically significant (*). An
unpaired student’s T test was used for comparing apoptosis
percentages based on FACS analysis of sub-G1 DNA
content.

3 Results

3.1 ABT-737 synergizes with oxaliplatin to kill colorectal
cancer cells

A panel of 5 colorectal cancer cell lines (C26, HCT116,
LS174T, DLDI1, HT29) was treated with oxaliplatin and
ABT-737 either alone or in combination. Apoptosis was
measured by FACS analysis of sub-G1 content. In three cell
lines (C26, HCT116, LS174T) the combination treatment
showed a strong synergistic apoptosis response, indicated
by low combination indices (CI) (Fig. la), while in two
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Fig. 1 Synergistic p53-dependent killing of colorectal cancer cells by
oxaliplatin and ABT-737. (a) Cells were treated with oxaliplatin and/
or ABT-737 for 24 h (C26, HCT116, DLD1, HT29) or 48 h (Ls174T).
Cells were then fixed in ethanol and stained with propidium iodide
(PI). The sub-G1 fraction was determined by FACS analysis of PI-
stained cells. Error bars represent SEM based on 3 independent
experiments. Combination-index (CI) values were calculated using

Calcusyn. CI values<0.30 indicate strong synergy. CI values>0.80
indicate no synergy. (b) Isogenic HCT116 p53 wt and knockout cells
were treated as in A. Lysates were prepared and analyzed for the
presence of p53, p21, cleaved caspase-3 and (-Actin by Western
blotting. The sub-G1 fraction was determined by FACS analysis of PI-
stained cells. *p<0.05
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Fig. 2 Oxaliplatin and ABT-737 induce Noxa in a TP53- and mutant
KRAS-dependent manner. (a) HCT116 p53™Y" and p53™ cells were
treated with oxaliplatin and/or ABT-737. Lysates were prepared and
analyzed for the presence of Mcl-1, Puma, Noxa, cleaved caspase-3
and [-Actin by Western blotting. (b) As in (a) but using HCT116
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determined by FACS analysis of Pl-stained cells. (¢) As in A but using
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shRNA’s targeting firefly luciferase. The sub-G1 fraction was
determined by FACS analysis of Pl-stained cells. *p<0.05
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others (DLDI1, HT29) this effect was not observed.
Interestingly, the synergistic response to combination
treatment correlated with wild type 7P53 status (Fig. 1a).

3.2 TP53 is required for synergistic tumor cell killing
by oxaliplatin and ABT-737

To test whether 7P53 is required for synergistic tumor cell
killing by oxaliplatin and ABT-737, we used HCT116 p53™¥
" and HCT116 p53~ cells. These isogenic cell lines, only
differing in p53 status, were treated with either drug alone or
with the combination. FACS analysis of sub-G1 DNA
content and Western blotting for active caspase-3 showed
that HCT116 p53~ cells were completely resistant to
apoptosis induced by the combination treatment (Fig. 1b).

3.3 Noxa is required for caspase-3 processing by oxaliplatin
and ABT-737

Since oxaliplatin induces Noxa to promote apoptosis [4] we
next tested how the single and combination treatments
affected expression levels of Noxa, the related protein
Puma, and the Noxa/Puma-target Mcll. Single treatment of
TP53 wildtype cells with oxaliplatin or ABT-737 alone
induced expression of Noxa, and this was strongly
enhanced during combination treatment (Fig. 2a). Puma
levels were unaffected by treatment with either drug alone,
but were reduced by the combination treatment. Mcll was
marginally induced by ABT-737, but this was not observed
in cells treated with oxaliplatin alone or in cells treated with
both drugs (Fig. 2a).

Apoptosis-resistant p53 '~ cells were unable to induce
Noxa expression following single or combined drug
treatment, did not activate caspase-3, and were resistant to
apoptosis (Figs. 1b and 2a). TP53-deficiency did not affect
Puma levels but reduced Mcll levels by approximately
50% (Fig. 2a).

Our previous results had indicated that induction of
Noxa by oxaliplatin not only depends on 7P53 but also on
oncogenic KRAS [4]. Therefore, we tested whether the
synergistic induction of Noxa following combined treat-
ment with oxaliplatin and ABT-737 required the presence
of this oncogene. Indeed, mutant KRAS-deficient HCT116
cells were unable to induce Noxa, failed to process caspase-
3 and were resistant to apoptosis following treatment with
either drug alone or with the combination (Fig. 2b).

To assess the contribution of Noxa to apoptosis induced
by the combination treatment we made use of HCT116 cells
in which Noxa was stably suppressed by RNA interference
[4]. Neither oxaliplatin alone nor the combination with
ABT-737 increased Noxa levels under these conditions and
caspase-3 processing and apoptosis were largely prevented
(Fig. 2c¢).
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Fig. 3 Synergistic reduction of tumor growth by oxaliplatin and ABT-
737. Mice carrying subcutaneous C26 tumors were treated with
oxaliplatin on day 7 (arrow) and ABT-737, either alone or in
combination. Control mice received both vehicles. Treatment started
7 days following subcutaneous tumor cell injection. Tumor growth
was analyzed by caliper measurements. Observers were blinded to
treatment. *p <0,05

3.4 Oxaliplatin and ABT-737 synergistically reduce tumor
growth

Finally, we assessed whether oxaliplatin and ABT-737
could also affect tumor growth in a synergistic fashion. To
this end BALB/c mice were injected subcutaneously with
the syngenic colorectal cancer cell line C26. Treatment with
oxaliplatin, ABT-737 or the combination started 7 days
following tumor inoculation and the mice were sacrificed
on day 15. Tumor growth was not significantly affected by
oxaliplatin or ABT-737 alone at the doses used. However,
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Fig. 4 Model for the synergistic response of colorectal tumor cells to
oxaliplatin and ABT-737. Oxaliplatin and ABT-737 cooperatively
induce Noxa in a 7P53- and KRAS-dependent manner. This
neutralizes the Mcll branch of survival proteins. In addition, ABT-
737 neutralizes the Bcl2 branch as well
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treatment of the mice with both drugs strongly and
significantly reduced tumor growth resulting in a 75%
reduction of tumor volume on day 15 (Fig. 3).

4 Discussion

Our results show that ABT-737 and oxaliplatin kill
colorectal tumor cells in a synergistic fashion, and that this
depends on induction of the pro-apoptotic 7P53 target gene
Noxa. Oncogenic KRAS may further promote 7P53-
dependent Noxa induction by stimulating p53 Ser37
phosphorylation [4]. The increase in Noxa levels following
oxaliplatin exposure is caused by the classical DNA
damage — p53 pathway. ABT-737 selectively inhibits the
anti-apoptotic proteins Bcl-2, Bcl-X;, and Bcl-W, but
leaves the Noxa targets Mcl-1 and A1l unaffected [10, 15,
22]. Like oxaliplatin, ABT737 increased Noxa levels via an
as yet unknown mechanism. We propose a model in which
the cooperative induction of Noxa by oxaliplatin and ABT-
737 effectively neutralizes the Mcll/A1 branch of survival
proteins, while ABT-737 targets the Bcl2 branch in addition
(Fig. 4). Together, this is sufficient to neutralize all Bcl2
survival proteins, which ultimately results in capsase-3
activation and apoptosis.

In our previous study we showed that oxaliplatin alone
was sufficient to induce apoptosis [4]. In that study
oxaliplatin-induced apoptosis was marginal after 24 h (as
in the present study), but steadily increased over a period of
3 days. In the present study we analyzed apoptosis
following single and combination treatments after 24 h.
Most likely, oxaliplatin-induced DNA damage accumulates
over time but, at the concentration used in both the present
and our previous study, it is not sufficient to induce massive
apoptosis within 24 h.

Recently it was shown that Puma (but not Noxa) is
sensitive to caspase-3-dependent proteolytic destruction [5].
In line with these results, we found that caspase-3 processing
in cells treated with the drug combination was associated
with strongly reduced levels of Puma, but not Noxa.

A number of studies have demonstrated the importance
of the Mcll/Noxa axis in determining the tumor cell
response to ABT-737. This relationship was shown in renal
cell carcinoma cells [28], small cell and non small cell lung
cancer cells [6, 12, 21, 24, 26], lymphoma and acute
lymphoblastic leukemia cells [7, 8, 27], acute and chronic
myeloid leukemia cells [10, 11], prostate cancer cells [,
16], melanoma cells [9, 13, 23], glioblastoma cells [20] and
colorectal cancer cells [14]. Our study demonstrates that the
widely used chemotherapeutic drug oxaliplatin induces
Noxa expression, and that this makes cells highly sensitive
to killing by ABT-737. In addition, we have identified two
genetic determinants of synergistic tumor cell killing by
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oxaliplatin and ABT-737: wildtype TP53 and oncogenic
KRAS. The molecular basis for this dependency is that both
proteins are required for drug-induced Noxa expression.
Further work using patient-derived colonospheres and
xenografts is needed to asses the potential therapeutic
benefit of oxaliplatin/ABT-737 combination therapy in (a
subpopulation of) human colorectal tumors.
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