Cell Cycle 10:20, 3598-3607; October 15,2011; © 2011 Landes Bioscience

Chk2 deficiency in Myc-overexpressing
lymphoma cells elicits a synergistic lethal
response in combination with PARP inhibition
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Myc is a transcription factor frequently found deregulated in human cancer. The Myc-mediated cellular transformation
process is associated with fast proliferative cells and inherent genomic instability, giving rise to malignant, invasive
neoplasms with poor prognosis for survival. Transcription-independent functions of Myc include stimulation of
replication. Excessive Myc expression stimulates a replication-associated DNA damage response that signals via the
phosphoinositide-3-kinase (PI3K)-related protein kinases (PIKKs) ATM and ATR. These, in turn, activate the DNA damage
transducers Chk1 and Chk2. Here, we show that Myc can stimulate Chek2 transcript indirectly in vitro as well as in B cells
of A-Myc transgenic mice or in the intestine of Apc"'™ mice. However, Chk2 is dispensable for Myc's ability to transform
cells in vitro and for the survival of established lymphoma cells from \-Myc transgenic mice. Chk2 deficiency induces
polyploidy and slow growth, but the cells are viable and protected against DNA damage. Furthermore, inhibition of both
Chk1/Chk2 with AZD7762 induces cell death and significantly delays disease progression of transplanted lymphoma
cells in vivo. DNA damage recruits PARP family members to sites of DNA breaks that, in turn, facilitate the induction
of DNA repair. Strikingly, combining Chk2 and PARP inhibition elicits a synergistic lethal response in the context of
Myc overexpression. Our data indicates that only certain types of chemotherapy would give rise to a synergistic lethal

response in combination with specific Chk2 inhibitors, which will be important if Chk2 inhibitors enter the clinic.

Introduction

The MYC family of transcription factors, including c-Myc (here-
after Myc), L-Myc and N-Myc, are functionally redundant tran-
scription factors known to be deregulated in a majority of human
cancers. Myc regulates a vast number of genes,' and cells respond
by the reprogramming of major cellular functions, including cell
cycle progression, cell growth and metabolism, all hallmarks
of cancer progression and cellular transformation. Fortunately,
major tumor suppressive mechanisms are used to protect the cell
from deregulated oncogenes, such as Myc. Two of these, onco-
gene-induced apoptosis and senescence, need to be circumvented
in order for tumor progression to occur.??

Tumor progression relies on a certain amount of genomic
instability to accumulate mutations in key tumor suppressor
genes, such as 7p53.4 Checkpoints controlling genomic stability
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include the DNA damage response and repair machinery’ DNA
insults leading to single- or double-strand DNA breaks activate
distinct checkpoint programs that depend on the function of
the phosphoinositide-3-kinase (PI3K)-related protein kinases
(PIKKs), including ataxia-telangiectasia mutated (ATM), ATM
and RAD3-related (ATR) and DNA-dependent protein kinase
(DNA-PK).® The signaling events triggered by these kinases
induce cell cycle progression delay but also trigger DNA repair
mechanisms, both ensuring the fidelity of the genome and pro-
tection against tranformation.’

Key signal transducers of the DNA damage response include
the serine/threonine kinases Chkl and Chk2. Upon DNA dam-
age, ATM and ATR phosphorylate and activate Chk1l and Chk2,”
further conveying the DNA damage signal in the cell. Chk1 and
Chk2 share substrate specificity but are not redundant kinases,'
and phosphorylation targets include Cdc25 family members that,
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upon inactivation, lead to cell cycle arrest. Another important
phosphorylation target of these kinases is the p53 tumor suppres-
sor.''* Stabilization of p53 ensures a prolonged G, arrest, and the
induction of DNA repair can also stimulate apoptosis depending
on the extent of DNA damage and cell type.” Targeted deletion
of Chekl has been shown to be embryonic lethal,' whereas ver-
tebrate cells can survive without Chk2 but show defective check-
point signaling.® Chk?2 is an established tumor suppressor, and
inactivation in humans lead to Li-Fraumeni-like syndrome'® and
an increased risk of developing breast cancer."'®

Myc has recently been shown to induce DNA damage via its
role at the replication fork, where Myc stimulates replication fork
firing.” This transcription-independent function of Myc trig-
gers a DNA damage signal that is relayed through the ATM-
ATR-Chkl axis. Here, we show that Myc regulates Chk2, but
Myc-overexpressing cells are not dependent on Chk2 for their
survival or transformation potential. Furthermore, Chk2 abroga-
tion induces polyploidy and protects lymphoma cells from DNA
damage. Using a dual Chk1/Chk2 inhibitor, we also reveal that,
even though Chk2 abrogation induces polyploidy, which s, itself,
a tumor-promoting condition, this therapeutic approach delays
disease progression in vivo. Finally, we present data demonstrat-
ing that Chk2 deficiency synergizes with PARP inhibition.

Results

Myc regulates Chk2. We have recently shown that Myc sensi-
tizes cells to DNA damage.?”*' Following DNA damage, Myc
can override several cell cycle checkpoints regulated by the
PIKKs and downstream transducers Chkl and Chk2 and fur-
ther enforced by the p53 tumor suppressor, resulting in genomic
destabilization and subsequent apoptosis.?’ Since Myc deregula-
tion has been shown to stimulate hyper-replication and DNA
damage, we wanted to investigate the role and regulation of the
DNA damage transducer Chk2 in a Myc-overexpressing context.
To that end, we used NIH 3T3 fibroblasts and transduced these
with a retrovirus engineered to express a fusion protein between
c-Myc and the ligand-binding domain of the estrogen receptor
(ER), the MycER protein.*? Addition of 4-hydroxytamoxifen
(4-HT) to the cell culture media mediates the relocation of the
MycER fusion protein from the cytoplasm to the cell nucleus,
starting transcription of Myc target genes. Myc activation in
these cells led to increased levels of Chk2 protein; this increase
was not observed in cells pre-treated with the translation inhibi-
tor cycloheximide (CHX, Fig. 1A). In order to investigate if
Myc-mediated regulation of Chk2 was dependent on p53, we
made mouse embryonic fibroblasts (MEFs) from E13.5 embryos
from timed pregnancies between p53 heterozygous mice. Upon
Myc activation, Chek2 transcript and protein was induced, but
not when the cells were pre-treated with CHX. In contrast, Odk,
a known Myc target gene,”® was regulated even in the presence
of CHX, implying an indirect Chk2 regulation that requires de
novo protein synthesis (Fig. 1B and data not shown).

To assess if Chk2 is a Myc-regulated gene in vivo, we inves-
tigated the expression of Chk2 in N-Mjyc transgenic mice,
where the human MYC gene is expressed under the control of
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the Immunoglobulin N enhancer to recapitulate the transloca-
tion occurring in a subset of Burkitt lymphoma. Splenic B cells
from either precancerous N-Myc transgenic mice or wild-type
C57BL/6 littermates were magnetically sorted using IgM-specific
antibodies. These cells and palpable lymphomas harvested from
sick N\-Myc animals were then used to make protein lysates and
RNA for protein gel blot and qRT-PCR analysis. Precancerous
cells and all lymphomas exhibited high levels of Chek2 transcript
as compared with wild-type control cells (Fig. 1C). However,
analysis of Chk2 protein levels in the tumors revealed that these
were comparable to wild-type and precancerous controls with the
exception that a second band also was detectable (Fig. 1D). It is
conceivable that this form represents an alternatively phosphory-
lated form of Chk2. Chk2 dimerization and auto-phosphory-

lation is required for Chk2 activity,*

and has previously been
shown to give rise to such a band shift on SDS page.” In order
to investigate if this form was phosphorylated, we treated lysates
of lymphomas from the N-Myc mouse with FastAP™ Alkaline
phosphatase (AP) and compared these to untreated lysates from
the same tumor. Intriguingly, this treatment did not affect the
band suspected to be the phosphorylated form of Chk2 but did
reduce phosphorylation of the anti-apoptotic Bcl-2 family mem-
ber Bad (Fig. 1E). Moreover, a cell line established from a tumor
of a A-Myc mouse did not display the lower of the detected bands,
suggesting that this alternate form of Chk?2 is an effect of in vivo
tumor progression.

Mpyc is deregulated in most human cancers due to indirect acti-
vation by upstream pathways. Most colon cancer carries a mutation
in the APC gene, giving rise to excessive Wnt/[3-catenin signaling
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and downstream c-Mpyc activation.”® We wanted to investigate if

tumors arising in this setting regulate Chk2. In order to answer
this question, we screened Apc™™ mice that carry a mutation in
the adenomatus polyposis coli (APC) gene. These mice develop
spontaneous adenomas in the colon and small intestine at around
120 d of age.”” Comparing normal tissue with palpable adenomas
of the small intestine, we detected an upregulation of Chek2 tran-
script that also correlated with Myc expression (Fig. S1).

Chk2 is dispensable for Myc induced colony formation.
Chk2 is, as shown above, regulated by Myc in vitro and in vivo,
suggesting that it could be important for Myc-mediated transfor-
mation. In order to investigate this, we genetically depleted Chek2
mRNA using shRNA in Myc-overexpressing NIH 3T3 fibroblasts
(Fig. 2A). Clonogenic survival assays over 10 days showed that
removal of Chek2 did not compromise the ability of Myc to colo-
nize these plates (Fig. 2B), nor did it affect Myc’s ability to trans-
form cells in soft agar (Fig. 2C). Interestingly, however, the Chek2
deficient fibroblasts appeared distorted in morphology (data not
shown). Many of these were larger than control-infected cells,
and immunofluorescence analysis of mitotic cells using antibod-
ies against tubulin demonstrated a higher percentage of Chk2-
deficient cells stuck in mitosis (Fig. S2). These data suggests a
dependency of these cells on Chk2 to properly execute mitosis.

Recently, Chk2-dependent BRCA1 phosphorylation was
implicated as an important regulator of chromosomal instabil-
ity (CIN).”® BRCAL localizes to mitotic centrosomes® and is
required for proper spindle assembly,® thus Chk2 deficiency
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results in a failure to properly align
duplicated chromosomes,

A

leading to
lagging chromosomes and increased
genomic  instability.  Interestingly,
when we introduced shRNA against
Chek2 in a mouse lymphoma cell line
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mouse, these cells became severely
polyploid within a few passages (Figs.
2D and S3A). Even though the cells
tolerated this genomic instability, their
generation time was severely affected
compared with control infected cells
(Fig. S3B). Genomic instability has
been proposed to be an emerging hall-
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visible signs of disease. The cells lack-

ing Chk2 expression had a signifi-
cantly slower disease progression than
control-infected cells (p = 0.0295)
(Fig. S3C), in line with the slower
growth phenotype observed in vitro.
When sick, mouse tumor material was
snap frozen and prepared for protein gel
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blot analysis. Interestingly, tumors did
not retain Chk2 knockdown (protein
gel blot inset Fig. S2C) but remained
polyploid (data not shown), suggesting
that a selection against cells with low
Chk2 expression had occurred in vivo.
Furthermore, the tumors that emerged
also retained the band shift observed
in the A-Myc mice tumors; this band
was not present in the parental cell line
injected (Fig. 2D). Importantly, mori-

Figure 1. Myc upregulates Chk2 mRNA and protein levels. (A) Protein gel blot analysis of NIH 3T3
fibroblasts infected with MSCV-MycER-IRES-puro retrovirus. The nuclear translocation of MycER was
induced by 4-HT for 24 h. Whole-cell lysates were harvested and analyzed using antibodies directed
against the indicated proteins. (B) qRT-PCR analysis of Chek2 and Odc transcript levels in p53-knock-
out mEFs infected with MSCV-MycER-IRES-GFP retrovirus. 4-HT was added to the cells, and transcript
expression was measured 24 h later, in the presence or absence of 1 ug/ml cycloheximide (CHX) in
the growth media. (C) gRT-PCR analysis of Chek2 transcript levels in (B) cells from WT and N\-Myc mice
as well as tumors developed in the A-Myc transgenic animals. (D) Protein gel blot analysis of Chk2
protein levels in < 6-week-old wild-type (WT) and pre-cancerous \-Myc mice compared with palpable
lymphomas harvested from sick animals. (E) Lymphomas from sick A-Myc mice were either treated
with FastAP™ alkaline phosphatase or mock-treated (heat-inactivated alkaline phosphatase) and then
analyzed by protein gel blot.

bund mice transplanted with Chk2-
deficient cells did not exhibit a different
or more invasive tumor spectra then control animals (data not
shown). Thus, the slower growth rate of the Chk2-deficient cells
was dominant in vivo, and the polyploidization induced by Chk2
removal did not negatively affect disease progression.

Chk2 is an important cell cycle regulator in response to DNA
damage, affecting both the S-phase®® and G,-phase checkpoints.”
Chk2-targeted therapy is currently being pursued in order to
augment the effect of DNA damage-related therapy.* In light of
this, we wanted to investigate the potential behind Chk2 abroga-
tion in combination with DNA damage in a Myc-overexpressing
setting. We applied a lethal dose (5 Gy) of irradiation (IR) to
the above-generated Chk2-deficient lymphoma cells and scored
for apoptotic cells following propidium iodine (PI) staining and
flow cytometry (FACS) analysis. Strikingly, the Chk2-deficient
cells did not respond as potently as control cells (Fig. 2E). We
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also treated the same cells with the microtubule-stabilizing drug
Taxol or the novel Chkl inhibitor Chekin.® Interestingly, these
drugs generated a more potent response in the cells lacking Chk2
expression (Fig. 2E). Collectively, these data suggest that Chk2-
targeted therapy could be useful when combined with some but
not all chemotherapies.

The dual Chkl/Chk2 inhibitor AZD7762 delays disease
onset of transplanted lymphoma cells in vivo. Several dual
Chk1/Chk2 inhibitors, including UCN-01, PF-00477736 and
AZD7762, are currently in clinical trials.** In order to model
the effect of dual Chk1/Chk2 inhibition, we obtained AZD7762
(AZD), which has been shown to potentiate the effect of DNA
damage in xenograft studies.” Treatment with increasingly higher
doses of AZD over the course of 48 h correlated with an increased
apoptotic response in mouse lymphoma cells with close to 80%
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Figure 2. Chk2 is dispensable for Myc-induced colony formation, and Chk2 deficiency protects lym- tion leads to DNA end resection
phoma cells against DNA damage. (A) gRT-PCR analysis of Chek2 transcript levels NIH-3T3 fibroblasts controlled bY the MRN-BRCA1
infected with MSCV-Myc-IRES-GFP retroviruses and shRNA against Chek2 or a non-target shRNA. complex.*** The exact functions
(B) Clonogenic survival assay of 10* NIH-3T3 fibroblasts of cells in (A). The cells were grown to confluence of BRCA1 in the induction of HR
during the course of 10 d and then stained with Commasie blue. (C) The cells constructed in (A) were . .
) . . X . is unclear, but DNA end resection
also put in soft agar and grown for two weeks. Colonies were counted using bright-field microscopy . ,
on three separate plates, here presented as an average of these. (D) A mouse lymphoma cell line from leads to the forr.natlon of 3" ssDNA
the A-Myc transgenic mouse was infected with shRNA against Chek2 or control vector (protein gel blot and RPA recruitment, followed by
inset). After a few passages, the cells were harvested, stained with propidium iodine (Pl) and analyzed BRCA2-mediated RADS1 filament
by flow cytometry to generate DNA histograms. (E) The Chk2-deficient cells were treated for 48 h with 1 formation, in turn stimulating HR.
M Chekin, 50 nM Taxol or 5 Gy of gamma irradiation (IR). Apoptosis was scored by analysis of the sub- The use of PARP inhibitors has been
G, population of Pl stained cells using flow cytometry.

apoptotic cells scored at a concentration of 200 nM AZD (Fig.
3A). To evaluate the effect of AZD in vivo, we generated a trans-
plantable lymphoma model by infecting bone marrow-derived
B cells from p53-knockout mice with an MSCV-Myc-IRES-
GFP virus. Mice transplanted with these cells develop aggressive
B-cell lymphomas.®* The lymphomas were injected into recipient
C57BL/6 animals and divided into two groups receiving injec-
tions for four days of either vehicle (n = 5) or 25 mg/kg/qd AZD
(n = 6) (Fig. 3B, dosage schedule). The mice were then observed
for signs of disease. Strikingly, AZD-treated animals had a sig-
nificantly slower disease progression (Median survival; AZD: 13

d vs. Vehicle: 19 d, p = 0.0016) (Fig. 3B, survival curve). These
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shown to cause synergistic lethal-
ity in the context of BRCA1 and
BRCA2 deficiency where HR is inactive.*®*! Since both Chkl
and Chk2 stimulate HR,*** we wanted to evaluate the use of
combinatorial Chk1/Chk2- and PARP inhibition in our model
system. In order to do so, we used the PARP inhibitor ABT-
888 (ABT).” Combination therapy of ABT with either AZD
(inhibits both Chkl and Chk2) or Chekin (inhibits ChkI)®
in a mouse lymphoma cell line produced a synergistic effect in
both treatment regimes when using the median effect analysis by
Chou and Talalay, as assessed by PI staining and flow cytom-
etry analysis (Fig. 4A). However, all doses of AZD evaluated
produced a synergistic effect when combined with ABT (CI <
1, Range 0.282-0.711), whereas Chekin treatment only slightly
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synergized with the highest dose of ABT (CL < 1,
Range 0.759-0.956) (Fig. 4A and Table 1). The
increase in apoptosis was moderate in Chekin-
and ABT-treated samples but produced a robust
enhancement of apoptosis with increasing doses of
ABT in combination with AZD (Fig. 4B). In order
to check target specificity, we treated lymphoma
cells with select doses of Chekin and AZD in com-
bination with ABT (Fig. 4C). Chkl stability is
affected when activity is inhibited and DNA dam-
age is applied,” and, predictably, Chekin potently
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DNA damage as scored by phosphorylated histone
H2AX (YyH2AX, Fig. 4C). Our data suggests that
Chk2 appears to be dominant when compared
with Chkl in determining sensitivity to combina-
torial PARP inhibition in our model system.

Discussion

The Myc family of transcription factors are dereg-
ulated in a majority of human cancers,’ making
the pathways regulated by Myc, and Myc itself,
attractive targets for chemotherapy. The chal-
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lenge lies with the identification of target proteins
in Myc-overexpressing tumors that govern key
signaling hubs essential for tumor maintenance.
Targeting proteins in the Myc transcriptome has
been shown by us to be a valid approach for treat-
ment of disease, both as chemoprevention and in
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treatment of solid tumors.*° Here, we show that
the checkpoint kinase Chk?2 is indirectly regulated
at the RNA level by Myc in vitro and in vivo. Even
though Chk1 and Chk2 share substrate specificity,
they are not redundant kinases. ChekI-knockout
mice are embryonically lethal,'" and mutations or
silencing of this kinase are seldom found in human
cancer.”">? Chek2, on the other hand, is not essen-

. . . . . (p =0.0016).
tial for embryonic survival” but is an established

Figure 3. Chk1/Chk2 inhibition induces apoptosis in mouse lymphoma cells and delays
disease onset in vivo. (A) Lymphoma cells from the \-Myc transgenic mouse were
treated with increasingly higher doses of AZD7762 (AZD) during the course of 48 h as
indicated. Apoptosis was scored by analysis of the sub-G, population of Pl-stained cells
using flow cytometry. (B) Recipient mice were transplanted with B-cell ymphoma cells
and, after a week, treated (25 mg/kg/qd) for 4 d with IV injections of AZD (dose schedule
insert). The mice were then monitored for palpable lymphomas. AZD-treated animals
had a median survival time of 19 d compared with 13 d for vehicle-treated animals

tumor suppressor, where Chk2 deficiency predis-
poses to several types of human cancer.”***

Over 90 splice variants of CHEK2 have been reported in
human breast cancer cell lines.”> The function of all of these
remains to be elucidated, but at least a subset seems to interfere
with wild-type Chk2 function,” which, in turn, promotes tumor
progression due to the role of Chk2 as a tumor suppressor. In sev-
eral N-Myc lymphomas, we detect the expression of another form
of Chk2 that does not appear to be derived from a phosphoryla-
tion event. This could, therefore, be an alternatively spliced form
of Chek2 mRNA. In our model system, the same size of protein
is observed in all tumors. The splice variants observed in reference
55, on the other hand, appear to be randomly selected for because
of the observed complexity in the Chek2 splice forms. This sug-
gests that specific regulation occurs in N-Myc lymphomas in vivo,
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which is not seen in in vitro growth conditions. It would appear
highly unlikely that the alternatively expressed form of Chk2
would exert any kind of DN effects on wt Chk2, since in our
lymphoma model, Chk2 deficiency results in slower cell growth
in vitro and in vivo. A previous report has shown splice variants
of Chk2 without DN effects on wt Chk2 and also with specific
cellular localization,”” which provocatively would exert a positive
influence on genomic stability in our model system. The mecha-
nism of Myc-dependent Chk2 regulation observed herein remains
elusive, but it is not unlikely that Chk2 is regulated due to Myc’s
ability to induce S-phase progression and/or DNA damage.”
Our data suggests that Chk2 is dispensable for Myc-
overexpressing NIH 3T3 fibroblasts' ability to survive and form
colonies in in vitro transformation assays. Interestingly, removing

Volume 10 Issue 20



A 1.59
20.1(-)
a )
Q0.1(0.5 ()
NI T 0.05..1(+/_) ......................................
- o ©0.5(++)
£0.01 (++) £10.05 (++) 00.1 (+++)
= 0.1 (+++)
0.5 =0.01 (+++) =0.05 (+++) m0.1(++)
10.05 (+++)
M0.01 (++++)
0.0 T T 1
0.0 0.2 0.4 0.6
Effect
o  ABT (5uM)/Chekin (0.1-1puM) o ABT (5SuM)/AZD (0.01-0.1pM)
» ABT (10puM)/Chekin (0.1-1pM) = ABT (10pM)/AZD (0.01-0.1pM)
® ABT (20puM)/Chekin (0.1-1pM) = ABT (20puM)/AZD (0.01-0.1pM)
B 35 - E Chekin 0 uM 60 - EAZD O uM
K] Chekin 0.1 uM & 50 AZD 0.01 uM
8 Chekin 0.5 M8 ®AZD 0.05 uM
- | . - )
5 ekin J 5 40 g
oy ®Chekin1uM & BAZD 0.1 uM
T o 30
b} @
S S
= 3 20
s i=
B x 10
0
0 5 10 20 0 5 10 20
ABT (uM) ABT (uM)
© - e
- yH2AX
Actin
Chekin - + - - + -
AZD - - + - - +
ABT = = = + + +

Figure 4. Dual Chk2 and PARP inhibition elicits a synergistic lethal response. (A) Lymphoma cells from the \-Myc transgenic mouse were treated with
combinations of either AZD and ABT-888 (ABT) or Chekin and ABT and assessed for apoptosis by analysis of the sub-G, population of Pl-stained cells
using flow cytometry. Synergistic response was calculated using the median effect analysis of the CalcuSyn software (Biosoft).** Depicted are also drug
doses of Chekin, ABT and AZD used (iuM). [Combination Index (Cl) values of < 1 indicate synergy; effect describes the fraction of apoptotic cells at the
various drug combinations]. (B) Apoptotic response in samples described in (A). AZD and ABT combinatorial treatment leads to an increase in apopto-
sis with increasing concentrations of the drugs as indicated. (C) Mouse lymphoma cells were treated for 48 h with either Chekin (1 M) or AZD (0.1 M)
alone or in combinations with ABT (10 wM) and then harvested for protein gel blot analysis.
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Chek2 using shRNA in lymphoma cells from N-Myc mice induces
polyploidy and growth retardation, both in vitro and in vivo.
This is in line with a previous study showing a connection
between Chk2 and proper chromosomal segregation, where
Chk2 deficiency induces aneuploidy in HCT 116 colon cancer
cells.?® Clearly, Chk2 is dispensable for Myc-overexpressing can-
cer cells to survive, and the induced polyploidy could even ben-
efit tumor progression long-term, as genomic instability has been
proposed as an emerging hallmark that drives multistep tumor
progression.”!

Targeting the Chkl and Chk2 kinases in combination with
various DNA damage agents are currently being pursued as a
means of producing better clinical outcome in the treatment of
various human cancers.** In our lymphoma cells, Chk2 defi-
ciency resulted in radioprotection. Most likely this was an effect
of the severe growth retardation seen in these cells. Considering
that the experiments were run over short time points (48 h),
and because the apoptotic effect of DNA damage correlates
to genomic instability acquired with the number of cells dou-
blings, it is possible that, over a longer time, the effect would
be equivalent, independent of Chk2 status. However, Catlessi et
al. also show that Chk2 inhibition in combination with radio-
therapy results in protection.’® This, along with the fact that
Chk2 deficiency induces polyploidy, which, in itself, could drive
more aggressive clonal outgrowth, highlights the need for more
studies before Chk2-specific inhibitors are introduced into the
clinic. Our data also implies that the enhanced effect of DNA
damage-related therapies in combination with dual Chk1/Chk2
inhibitors like AZD7762 is the result of Chk1 inhibition,” but
could also be cell context-dependent, since both radioprotection
and radiosensitization have been reported in Chk2-deficient set-
tings.’®* Interestingly though, Chk2 deficiency resulted in sen-
sitization to Chkl inhibition and Taxol treatment. These data
suggest that the mitotic defects observed in these cells renders
them more sensitive to further genomic destabilization by drugs
that affect the mitotic checkpoint. Taxol causes a mitotic defect
by stabilization of microtubules, whereas Chkl not only share
ssubstrate specificity with Chk2, but has also been implicated in
mechanisms of proper chromosome segregation in unperturbed
cells.®®

The established role of Chk2 as a tumor suppressor, as well
as the consequences of Chk2 abrogation discussed above, puts
Chk2-targeted therapy in question. However, pursuit of synergis-
tic pharmacological interactions could establish a use for specific
Chk2 inhibitors in the clinic. The use of PARP inhibitors in anti-
cancer therapy shows potential in combination with genotoxic
insult that would normally be repaired through base excision
repair,® but also exhibits synthetic lethality with HR deficient
tumor cells.’®#! Both Chk1 and Chk2 have previously been impli-
cated as important for the induction of HR following DSBs.**4
Intriguingly, our data demonstrate that, in the context of Myc
overexpression, Chk2 inhibition appears to be the determining
factor in combinatorial synergistic lethality with PARP inhibi-
tion. However, we cannot exclude the possibility that both Chkl
and Chk2 are important for regulation of HR in our model sys-

tem, and that the effect seen with the dual Chk1/Chk?2 inhibitor
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Table 1. Statistical analysis of Chekin/ABT and AZD/ABT treated mouse
lymphoma cells.

ABT (M) Chekin (M) Fa Cl Description
5 0.1 0.0305 1.149 Slight antagonism (-)
5 0.5 0.077 1.133 Slight antagonism (-)
5 1 0.155 1.263  Moderate antagonism (--)
10 0.1 0.045 1.335 Moderate antagonism (--)
10 0.5 0.1195  1.000 Additive
10 1 0.171 1.289 Moderate antagonism (--)
20 0.1 0.126 0.759  Moderate synergism (++)
20 0.5 0.2075 0.801 Moderate synergism (++)
20 1 0.2935  0.956 Near additive (+/-)
ABT (M)  AZD (nM) Fa Cl Description
5 0.01 0.08 0.711 Moderate synergism (++)
5 0.05 0.262 0.701  Moderate synergism (++)
5 0.1 0.437 0.681 Synergism (+++)
10 0.01 0.1355  0.547 Synergism (+++)
10 0.05 0.3365 0.550 Synergism (+++)
10 0.1 0.4795 0.606 Synergism (+++)
20 0.01 0.3085 0.282  Strong synergism (++++)
20 0.05 0.472 0.372 Synergism (+++)
20 0.1 0.5215 0.555 Synergism (+++)

Mathematical analysis of synergy was calculated using CalcuSyn soft-
ware (Biosoft) and has been described in reference 46. Indicated are
the various drug combination doses used and the synergistic response
elicited as assessed by apoptotic analysis cells of the sub-G, population
of Pl stained cells using flow cytometry. (Fa = Fraction affected, Cl =
Combinatorial Index; <1 indicates synergy).

AZD reflects this fact. Anderson et al. recently published a syn-
ergistic lethal response in human cancer cells to dual PARP and
Chk?2 inhibition using a new novel Chk2 inhibitor with minimal
specificity for Chk1.” These data together demonstrate a possible
therapeutic application for specific Chk2 inhibitors.

Collectively, our data show that the usage of specific Chk2-
targeted therapy needs to be selective in a clinical setting. Not
only could Chk2 abrogation cause more aggressive tumor out-
growth due to the polyploidy observed herein and reference 28,
but it could also protect against certain types of chemotherapeu-
tic approaches. On the other hand, our data also demonstrates
that PARP inhibition holds promise as an anticancer strategy in
tumors with inherent or induced Chk2 deficiency.

Materials and Methods

Materials. Primary antibodies were obtained from Santa Cruz
(Myc, p19), Sigma (B-actin and Tubulin) and Cell Signaling
(Chk2, p-Bad). Horseradish peroxidise-conjugated antibodies
against mouse and rabbit antibodies were from GE Healthcare
Life Sciences. Secondary antibody anti-mouse DyLight 488
was purchased from Immunkemi F&D AB. The Chkl inhibi-
tor "Chekin" was synthesized by Abbott Laboratories and is
described elsewhere.®? AZD7762 and ABT-888 were obtained
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from Axon Medchem. FastAP™ Alkaline phosphatase was pur-
chased from Fermentas.

Cell culture. 293T human kidney cells and NIH 3T3 fibro-
blasts were purchased from ATCC and cultured in Dulbecco’s
modified Eagle medium with 10% fetal calf serum (FCS),
2 mM L-glutamine, 1 mM sodium pyruvate and antibiotics.
Mouse lymphoma cell lines established from tumors arising in
the N-Mpyc transgenic mice were cultured at a density of 10° cell/
ml in RPMI1640 medium with 5% FCS, 2 mM L-glutamine,
50 pM B-mercaptoethanol, 0.1875% sodium bicarbonate and
antibiotics. Mouse embryo fibroblasts (MEFs) were generated
from E13.5-E15 embryos from timed mating between p53 het-
erozygous males and females according to previous methodology.

Viral infections. Retroviruses were made by calcium phos-
phate-mediated co-transfection of 293T cells with MSCV-IRES-
puro (with or without MycER) together with ecotropic helper
plasmids expressing gag, pol and env. Twenty-four h post-trans-
fection supernatants from the cells were harvested three times
every eight hours, filtered and used to infect 537 MEFs in the
presence of 8 ug/ml polybrene. Cells infected with MSCV-
IRES-puro-based retroviruses were selected in the presence of
6 g puromycin.

Lentiviral infections were made by calcium phosphate-medi-
ated co-transfection of 293T cells with packaging plasmids
pCMV-dR8.2 dvpr and pHCMV-Eco (Addgene) using five dif-
ferent MISSION shRNA constructs (Sigma) directed against
Chek2. Twenty-four h post-transfection, the different superna-
tants were harvested three times every eight hours, filtered and
then used to infect target cells. Mouse lymphoma cells were
infected by two rounds of spinoculation (20 min at 50x g) 24 h
apart in the presence of 2 pg/ml polybrene. Mouse fibroblasts
were infected by culturing the cells in the presence of viral par-
ticles and 8 ug/ml of polybrene. The cells were selected by cultur-
ing them in the presence of 2—6 pg/ml puromycin.

Cell cycle and apoptosis analyses. For cellular staining with
propidium iodine (PI), mouse B cells were collected by cen-
trifugation together with its original culture supernatant. The
cells were resuspended in 0.5 ml Vindel6vs reagent (10.0 mM
Tris, 10 mM NaCl, 75 uM propidium iodine, 0.1% Igepal and
700 units/liter RNase adjusted to pH 8.0). The Pl-stained cells
were kept in the dark at 4°C for 30—-60 min and then analyzed
with a FACScalibur flow cytometer (BD Biosciences) using the
FL3 channel in a linear scale. Apoptosis was determined using
DNA histograms on Pl-stained cells (as above) and was based on
the number of cells that carried less than diploid DNA content
(sub-G,) in a logarithmic FL2 channel.

Protein gel blot analysis. Cell pellets or tumors crushed in
liquid nitrogen were lysed essentially as described before.?* The
debris was removed by centrifugation, and the protein con-
centrations were determined using Bio-Rad’s protein determi-
nation reagent. 30-50 g proteins per lane were separated on
SDS-PAGE gels and subsequently transferred to nitrocellulose
membranes (Schleicher-Schuell). Membranes were stained with
Ponceau S red dye to verify equal loading. All subsequent steps
were performed in TBS-Tween (10 mM TRIS-HCI, pH 7.6, 150
mM NaCl and 0.05% Tween-20) either containing 5% milk
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(blocking and antibody incubations), or 5% BSA (phospho-spe-
cific antibody incubations). Antibody binding was visualized by
enhanced chemiluminescence using the SuperSignal West Dura
or Pico reagents from Pierce. For FastAP™ Alkaline phospha-
tase (AP) treatment, crushed tumor pieces were either lysed in
a buffer containing phosphatase inhibitors or in a lysis buffer
without inhibitors. They were then either mock treated (Heat
inactivated AP) or treated with AP (0.5 U/png), respectively, for
1 h at 37°C. The reaction was stopped by heat inactivation at
75°C and by supplement of 10 mM of sodium orthovanadate to
the lysis buffer. The samples were then separated on a SDS page
gel and transferred to nitrocellulose membranes.

Immunoflourescence. Briefly, cells were fixed in MeOH at
-20°C for 1 h and then blocked in phosphatase buffered saline
containing 10% FCS and 0.1% Saponin. Samples were then
incubated for 16 h at 4°C with tubulin antibodies. Secondary
anti-mouse Dylight-488 staining was performed during 1 h
at 37°C. Cells were counterstained with PI and mounted for
microscopy analysis using a standard cytospin protocol.

RNA preparation and analysis by quantitative reverse tran-
scription PCR (qRT-PCR). RNA from cultured cells was isolated
using NucleoSpin RNA II (Macherey-Nagel). cDNA synthesis
was performed on 1 g RNA using an iScript first strand syn-
thesis kit (Bio-Rad). qRT-PCR was performed using the KAPA
SYBR FAST qPCR Kit (Kapabiosystems); cDNA and primers
directed against Odc, Chek2, Myc and Ubiquitin were run on an
IQ real-time PCR machine (Bio-Rad). Relative mRNA levels
were calculated using the AACT method.

Mouse experiments. All animal experiments were performed
in accordance with the Regional Animal Ethic Committee
Approval #A6-08 or #A18-08. The p53-knockout mice and
ApcMn, both on a C57BL/6 background, were obtained from the
Jackson lab. The N-Mpyc mice were a kind gift from Dr. Georg
Bornkamm (GSF). All transgenic mice were observed daily for
signs of disease. All moribund mice were immediately sacrificed.
When tumor-bearing mice were sacrificed, tumors and lymphoid
organs were collected for analyses or tissue banking. Tumors were
either snap frozen down as pieces and/or dispersed into single-
cell suspensions by scalpels and cell strainers.

For the lymphoma transplant assay, recipient C57BL/6 mice
were injected via intravenous injection of 500,000 cells carry-
ing either an shRNA against Chek2 or a non-targeting vector
and then monitored for tumor progression. When palpable lym-
phoma was observed, the mice were sacrificed, and tumor mate-
rial was snap frozen for protein gel blot analysis.

To develop a p53-deficient Myc-driven in vivo model, we mag-
netically sorted bone marrow-derived B cells by labeling them
with an anti-B220-R-PE antibody and anti-PE magnetic micro-
beads, followed by loading on a MACS column (Miltenyi). The
purified B cells were cultured overnight in RPMI1640 medium
with 10% FCS, 2 mM L-glutamine, 50 M B-mercaptoethanol,
0.1875% sodium bicarbonate and antibiotics in the presence
of MSCV-Myc-IRES-GFP retrovirus, produced as described
above, and 4 pg/ml polybrene. Infected cells were injected into
C57BL/6 mice, and tumor development was monitored and fro-
zen down in medium containing 10% DMSO for banking.®

3605



For drug experiments, cells were thawed, and 150,000 cells were
intravenously injected per mouse. After one week, AZD7762

(25 mg/kg, n = 6) or vehicle (B-hydroxypropylcyclodextrin 10%,
n = 5) was injected once daily via intravenous injection, for four

days after which tumor development was observed.

curves were performed using a Log Rank (Mantel Cox) Test in
GraphPad Prism (GraphPad Software) and only p-values < 0.05

were considered statistically significant. The error bars shown in

Statistical analysis. Statistical analyses of mouse survival

experiments represent the mean of triplicates + standard devia-
tion (SD) as calculated by the STDEVA function in Excel. For

drug synergy calculations, we used the median effect analysis by
Chou and Talalay* in the CalcuSyn software from Biosoft.
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