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Summary

The Mrell complex (Mrell, Rad50, and Nbs1) and Chk2 have been implicated in the DNA damage
response, an inducible process required for the suppression of malignancy. The Mrell complex is
predominantly required for repair and checkpoint activation in S phase, while Chk2 governs
apoptosis. We examined the relationship between the Mre11 complex and Chk2 in the DNA damage
response via the establishment of Nbs14B/4B Chk2~/~ and Mre11ATLDVATLDL Chk2~/~ mice. Chk2
deficiency did not modify the checkpoint defects or chromosomal instability of Mrel11l complex
mutants; however, the double mutant mice exhibited synergistic defects in DNA damage-induced
p53 regulation and apoptosis. Nbs14B/4B Chk2~/~ and Mre11ATLDVATLDL Chik2 =/~ mice were also
predisposed to tumors. In contrast, DNA-PKcs deficient mice, in which G1-specific chromosome
breaks are present, did not exhibit synergy with Chk2~/~ mutants. These data suggest that Chk2
suppresses the oncogenic potential of DNA damage arising during S and G2 phases of the cell cycle.
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Introduction

The Mrell complex, consisting of Mrell, Rad50 and Nbsl1 (Xrs2 in S. cerevisiae), plays a
central role in the cellular response to DNA double-strand breaks (DSBs). In addition to
promoting recombinational DNA repair (Bressan et al., 1999), the complex acts as a DSB
sensor and modulates the activity of the primary transducing kinases Ataxia-telangiectasia
mutated (ATM) and ATM and RAD3 related (ATR) (Lee and Paull, 2007; Petrini and Stracker,
2003). The Mrell complex is required for the activation of ATM and also functions
downstream of ATM to facilitate the phosphorylation of numerous substrates including Smcl
and Chk2 (Lee and Paull, 2007). ATM is required for checkpoint activation throughout the cell
cycle (Shiloh, 2003) and controls the intra-S phase checkpoint via the effector kinases Chk1
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and Chk2 as well as Nbs1 and the cohesin subunit SMC1, with the latter two proteins acting
in a parallel pathway to Chk2 (Falck et al., 2002; Kitagawa et al., 2004).

ATM is required for p53 regulation (Kastan et al., 1992) and promotes apoptosis in response
to diverse stimuli including DSBs (Xu and Baltimore, 1996), oncogene expression (ie. Myc
and E2F1)(Powers et al., 2004; Pusapati et al., 2006; Rogoff et al., 2004), and genotoxic stress
induced by the Rad50S allele (Morales et al., 2005). As a result, Atm~/~ mice exhibit apoptotic
defects in numerous tissues, including lymphoid organs and the central nervous system (CNS)
(Herzog et al., 1998; Westphal et al., 1997; Xu and Baltimore, 1996).

Several lines of evidence support the view that the Mrel1 complex exerts a significant influence
on p53-dependent apoptosis via its functional interaction with ATM. First, the precipitous
apoptotic attrition of hematopoietic and spermatogenic cells in Rad505/S mice is acutely
dependent on ATM; loss of a single ATM allele (in Rad505/S Atm*/~ mice) mitigates
Rad50%/5-induced cellular attrition (Morales et al., 2005). We have recently shown that
apoptosis is blocked in multiple tissues of Rad50%/S mice that express a C-terminally truncated
Nbs1 variant lacking an ATM interaction domain (Nbs14C) (Falck et al., 2005; Stracker et al.,
2007; You et al., 2005), and that this C-terminal Nbs1 domain is required for ATM-dependent
apoptosis in response to ionizing radiation (IR) in lymphoid cells (Stracker et al., 2007).

Chk2 also contributes to the regulation of p53-dependent apoptosis. Chk2~/~ mice exhibit
defects in p53 phosphorylation, stabilization, and p53-dependent transcriptional events in
response to damaging agents (Hirao et al., 2002; Hirao et al., 2000; Takai et al., 2002).
Accordingly, apoptosis is attenuated in the brain, thymus and other tissues of Chk2~/~ mice
(Hirao et al., 2002; Takai et al., 2002). Chk2 phosphorylates p53 on S20 (Chehab et al.,
2000) (S23 in the mouse) and mice harboring the p53523A allele showed an apoptotic phenotype
similar to that of Chk2~/~ mice (MacPherson et al., 2004). Although Chk2~/~ mice are not
predisposed to spontaneous tumors (Hirao et al., 2002), a non-null Chk2 allele predisposes to
tumorigenesis in transgenic mice (Kwak et al., 2006) and several Chk2 mutations have been
identified as low penetrance alleles in human malignancies including breast and prostate cancer
(Nevanlinna and Bartek, 2006).

Single gene disorders arising from mutations in the ATM, MRE11, or NBS1 genes present with
extensive phenotypic overlap (Ataxia-telangiectasia, A-T, ATM deficiency; Ataxia-
telangiectasia like disorder, A-TLD, Mrell hypomorphism; and Nijmegen breakage
syndrome, NBS, NBS1 hypomorphism) (Shiloh, 2003; Stracker et al., 2004). Cell lines from
these human patients, or from murine models of the human diseases (Figure 1A), exhibit
defective responses to DNA double-strand break inducing agents, including cell cycle
checkpoint defects, chromosomal instability, and increased sensitivity (Barlow et al., 1996;
Theunissen et al., 2003; Williams et al., 2002; Xu and Baltimore, 1996). Given the functional
interdependence of the Mrell complex and ATM, and the fact that ATM regulates both Chk2
and p53, it has been suggested that defects in the activation of Chk2 is among the pathologic
consequences of these disorders (Bartek et al., 2001).

To test this idea, and to further define the relative disposition of Chk2 and the Mrell complex
in the DSB response, we generated Nbs14B/4B Chk2~/~ and Mre11ATLDVATLDL Chk2 =/~ mice.
Loss of Chk2 did not strongly affect the checkpoint phenotypes, damage sensitivity, or
chromosomal instability resulting from Mrell complex hypomorphism. However, both
Nbs14B/4B Chk2~/~ and Mre11ATLDYATLDICHhk2~/~ double mutant animals exhibited
apoptotic defects and were predisposed to a wide spectrum of tumors. Tumors were not evident
in Prkdcscidiscid Chk2=/~ double mutant mice in which DSBs generated in GO/G1 phase
lymphoid cells are stabilized (Roth et al., 1992). These results suggest that Chk2 is required
to suppress the oncogenic potential of DNA replication-associated DNA damage.
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Results

Chk2 deficiency does not exacerbate the cell cycle checkpoint and DNA repair defects of
Mrell complex hypomorphs

Chk?2 activation appears to require phosphorylation by ATM (Ahn et al., 2000; Falck et al.,
2001; Melchionna et al., 2000). ATM activity is attenuated in Nbs148/4B and
Mre11ATLDVATLDL ce||s: this is correlated with decreased Chk2 phosphorylation upon IR
treatment in those mutants (Theunissen et al., 2003). Were Mrell complex hypomorphism to
abolish Chk2 activation, Chk2 deficiency would not be expected to exacerbate the phenotypes
of Mre11ATLDVATLDL and Nbs14B/4B cells. Conversely, if those mutant settings retain some
degree of Chk2 function, then phenotypic additivity would be observed in Chk2 deficient
Mrell complex mutants. To test these predictions, mice were intercrossed to generate
Nbs14B/4B Chk2~/~ and Mre11ATLDVATLDL Chk2~/~ mice and the ability of double mutant
cells mount a DNA damage response was assessed.

The intra-S phase checkpoint suppresses the rate of DNA synthesis in response to DNA
damage. Whereas DNA synthesis was suppressed following IR in Chk2~~ murine embryo
fibroblasts (MEFs) to the same extent as WT cells, it was suppressed to a lesser extent in
Nbs14B/4B and Mre11ATLDVATLDL cells as previously reported (Figure 1B) (Takai et al.,
2002; Theunissen et al., 2003; Williams et al., 2002). Loss of Chk2 increased the severity of
the intra-S phase defect in Nbs14B/4B Chk2~/~ (DNA synthesis suppression of 26%) compared
to Nbs14B/4B (DNA synthesis suppression of 38%) after 10 Gy but did not exacerbate the
phenotype of Mre11ATLDYATLDL Chk2=/~ cells (Figure 1B).

Inhibition of the G2/M transition following DNA damage (the G2/M checkpoint), which is
defective in Nbs14B/4B and Mre11ATLPVATLDL ¢yjtyres, occurred normally in Chk2~/~ MEFs
1 hour after IR treatment (Figure 1C) (Takai et al., 2002; Theunissen et al., 2003; Williams et
al., 2002). Chk2 deficiency did not enhance the G2/M checkpoint defects associated in Mrell
complex hypomorphism in Nbs14B/4B Chk2~/~ and Mre11ATLPVATLDL Chko~/~ cultures
(Figure 1C).

DNA damage-induced cell cycle arrest at the G1/S transition (the G1/S checkpoint) is primarily
governed by p53 (Kuerbitz et al., 1992), and is partially impaired by ATM deficiency (Xu et
al., 1998). Although, like ATM, Chk2 regulates p53, differing results regarding its role in the
G1/S checkpoint have been reported (Cao et al., 2006; Hirao et al., 2002; Jack et al., 2002;
Takai etal., 2002). To examine the G1/S checkpoint in Chk2 deficient Mre11 complex mutants,
cells were exposed to IR and the percentage of cells in S phase 14hrs post treatment was
measured by BrdU incorporation. Whereas greater than 90% of p53~~ cells had entered S
phase, only 38% of WT had resumed cell cycle (Figure 1D). Chk2~/~ and

Mre11ATLDVATLDL chk2~/~ were both mildly defective in the G1/S arrest with 50-60% of
cells in S phase 14 hrs post IR (Figure 1D). These data indicate that neither
Mre11ATLDVATLDL hor Chk2 deficiency exerts a pronounced effect on the G1/S checkpoint.

Consistent with the lack of additivity in DNA damage dependent cell cycle checkpoint
responses, Chk2 deficiency did not modify the IR sensitivity of either Nbs14B/4B (data not
shown) or Mre11ATLRYATLDI (Figure 1E). Similarly, Chk2~/~ splenocytes did not show
increased spontaneous or IR induced chromosomal lesions and both Mre11ATLPY/ATLDI gnq
Mre11ATLDVATLDL chk2~/~ cells showed similar levels of chromosomal instability, primarily
chromatid type breaks (Figure 1F and Supplemental Table S1). Together these data
demonstrate that loss of Chk2 does not exacerbate the checkpoint deficiency, DSB sensitivity
or chromosomal instability conferred by the hypomorphic Mre11ATLDVATLDL o Nbs14B/4B
alleles.
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The Mrell complex and Chk2 effect p53-dependent apoptosis through parallel pathways

We previously showed that deficiencies in ATM and Chk2 confer additive apoptotic defects
in IR-treated thymocytes, suggesting that they act in parallel to effect p53-dependent apoptosis
(Stracker et al., 2007). That ATM activity is impaired in Nbs14B/4B and Mre11ATLDL/ATLDL
predicts that Mrell complex hypomorphism would also be additive with Chk2 deficiency for
apoptotic defects. Whereas Mre11ATLDVATLDL exhibited apoptotic defects at IR doses ranging
from 0.5 to 8 Gy, Nbs14B/4B was indistinguishable from WT over the same range (Figure 2A).
The apoptotic defect in Mre11ATLDVATLDL was markedly enhanced by Chk2 deficiency, as
thymocytes from Mre11ATLDVATLDL Chk2~/~ were as defective as p53~/~ thymocytes for IR-
induced apoptosis (Figure 2B). In contrast, Nbs14B/4B Chk2~/~ was not significantly different
than that of Chk2~/~ (Figure 2B). No differences in dexamethasone induced apoptosis, which
is p53 independent, were evident in any of the genotypes (Supplemental Figure S1).

Despite their differing effects on apoptosis, IR-induced Chk2 phosphorylation was markedly
impaired in both Mre11ATLDVATLDL and Nbs14B/4B thymocytes (Figure 3A). The Chk2
phosphorylation defect was not correlated with defects in ATM activation (inferred from S1987
phosphorylation (Bakkenist and Kastan, 2003)), as ATM autophosphorylation was impaired
in Mre11ATLDYATLDL thymocytes but unaffected in Nbs14B/4B (Figure 3A) (Morales et al.,
2005). Hence, both hypomorphic Mrell complex alleles impair the modification of ATM
substrates such as Chk2 (Figure 3A) and the pro-apoptotic effector BID (Supplemental Figure
S2)—a reflection of ATM activity—whereas the Mre11ATLDVATLDI gjjele also affects ATM
activation.

The effects of Nbs14B/4B and Mre11ATLDVATLDL g 53 phosphorylation support this
interpretation. Phosphorylation and stabilization of p53 is influenced by both ATM and Chk?2
(Barlow et al., 1997; Hirao et al., 2002; Kastan et al., 1992; Takai et al., 2002). We observed
reduced levels of S18-phosphorylated (ATM consensus site) and total p53 in
Mre11ATLDVATLDL thymocytes after IR treatment (Figure 3B), whereas p53 phosphorylation
and stabilization was normal in Nbs14B/4B cells (Supplemental Figure S3) (Morales et al.,
2005). These data suggest that impaired ATM activation in Mre11ATLPYATLD1 accounts for
reduced p53 phosphorylation and may further account for the additive defects of
Mre11ATLDVATLDL and Chk2~/~ in apoptotic induction.

p53 responses in Mre11ATLDVATLDL Chk2~ mice

The apoptotic defect in Mre11ATLDYATLDL Chk2~/~ thymocytes is correlated with the virtually
complete loss of DNA damage induced-p53 stabilization. Stabilization of p53 was slightly
diminished in each of the single mutants at 2 and 4 hrs post IR, but p53 was barely detectable
at those time points in Mre11ATLDVATLDL chik2~/~ double mutants (Figure 3C). Loss of DNA
damage-dependent p53 regulation, as opposed to basal p53 expression, underlies the observed
defect as Mre11ATLDVATLDL Chk2~/~ thymocytes treated with the proteasome inhibitor
MG132 exhibited similar levels of p53 as WT cells (Supplemental Figure S4).

Central to p53’s influence on the DNA damage response and tumor suppression is its role in
transcriptional regulation. Using quantitative PCR (Q-PCR), the induction of the proapoptotic
genes Bbc3/Puma and Bax in irradiated thymocytes was analyzed. In WT cells these p53 target
genes are induced approximately 12 and 8 fold respectively, and unchanged by IR in p53~/~
cells as expected (Figure 4A). Whereas their induction was 30-50% of WT in Chk2~/~,
Mre11ATLDY/ATLDL ‘and Atm~/~ single mutants, Bbc3/Puma and Bax induction was similar to
p53~/~ in Mre11ATLDYATLDL Chk2~/~ double mutants, consistent with the observed p53
stabilization defect (Figure 4A).

Mol Cell. Author manuscript; available in PMC 2009 July 11.
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The transcriptional effects on Bbc3/Puma and Bax seen by Q-PCR in Chk2~/~ and Atm~/~
were a reflection of global effects on DNA damage-induced transcriptional responses in these
mutants. Microarray analysis of transcriptome changes in WT, Atm~/~ and Chk2~/~ thymocytes
following IR treatment was carried out. When compared to WT cells, few statistically
significant changes that were specific to Chk2~/~ or Atm~/~ were noted in 2338 probe sets that
were induced or repressed after IR treatment (Figure 4B, 4C, Supplemental Table S2) Together
these data indicate that Chk2 and the ATM/Mrel1 complex pathway have independent, global
effects on p53 transcriptional programs and apoptosis and argue against p53 transcriptional
targets that are specifically regulated by either arm of the apoptotic response (Figure 4D).

Chk2 is required to suppress tumorigenesis in diverse tissues of animals expressing
hypomorphic Mrell complex alleles

Whereas none of the single mutants were predisposed to malignancy (Supplemental Figure S5,
S6 and Takai et al., 2002; Theunissen et al., 2003; Williams et al., 2002) survival of both
Nbs14B/4B Chk2~/~ and Mre11ATLDVATLDL Chk2—/~ was reduced, with roughly 40% of each
cohort succumbing to malignancy within 2 years (Figure 5A, 5B, Supplemental Figure S6 and
Supplemental Tables S3, S4). In contrast, no reduction in the tumor latency or spectrum seen
in Atm~/~ was evident in Atm~/~ Chk2~/~ (Figure 5C).

Contrary to expectations based on the defects in p53 regulation observed in Nbs14B/4B
Chk2~/~ nor Mre11ATLDVATLDL Chk2~/~ mice, neither displayed the penetrant, early onset
lymphoma characteristic of p53~/~ or Atm™/~ animals (Barlow et al., 1996; Donehower et al.,
1992; Xu et al., 1996). Instead, both double mutants developed a wide variety of tumor types.
Atm~'~ (or Atm~/~ Chk2~/~) developed only T-cell lymphomas, whereas Mre11ATLDVATLD1
Chk2~/~ and Nbs14B/4B Chk2~/~ mice developed lymphomas that expressed T, B, or
macrophage markers (histiocytic sarcoma) as well as biphenotypic lymphoblastic lymphomas
that were positive for both T and B cell markers (CD3 and B220- Supplemental Figure S7).
Mre11ATLDVATLDL Chk2~/~ and Nbs14B/4B Chk2~/~ mice also developed a wide range of
highly proliferative solid tumors including carcinomas and sarcomas in multiple tissues in
which apoptosis was absent or detected to a very minimal extent (Figure 5D, Supplemental
Figure S7, Supplemental Table S4, and data not shown).

To determine whether tumorigenesis in Nbs14B/4B Chk2~/~ and Mre11ATLDVATLDL chio -/~
mice was associated with p53 inactivation, DNA or RNA from 13 representative tumors was
used for sequence analysis of p53. For genomic DNA samples, exons 5-10 of p53,
encompassing the p53 DNA binding domain that contains the nucleotides most frequently
mutated in tumors (UMD p53 database 2007_R1; http://p53.free.fr/; (Soussi and Wiman,
2007)), was sequenced and from cDNA preparations we analyzed the entirety of the p53 coding
sequence (Exons 2-11). These analyses revealed no p53 mutations in any of the tumor samples
analyzed (Table 1). As mutations in p19ARF could also reduce the selective pressure for p53
mutations, we amplified and sequenced p19ARF from cDNA prepared from 7 tumors. In all
cases, p53 was wild type and in 5 of 7 tumors p19ARF was wild type (Table 1) and was not
amplifiable from the remaining 2 (presumably due to mutation or deletion). These results are
consistent with a diminished selective pressure against p53 function during tumorigenesis in
the context of Chk2 deficiency and impaired Mrell complex activity.

The tumor suppressive effects of Chk2 are specific for replication associated chromosome

instability

As chromosomal instability arises predominantly during S-phase in Mrell complex
hypomorphs, the tumor predispostion of Nbs14B8/4B Chk2~/~ and Mre11ATLDV/ATLDL
Chk2~/~ mice indicates that Chk2 suppresses the oncogenic potential of replication-associated
damage. To determine if Chk2 was also responsive to lesions arising in G1, we generated mice

Mol Cell. Author manuscript; available in PMC 2009 July 11.
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doubly deficient for Chk2 and the catalytic subunit of DNA-PK (DNA-PKcs), encoded by the
Prkdc gene. DSBs induced in G1/GO by the RAG proteins during antigen receptor gene
assembly are stabilized in Prkdcscid/scid animals (Roth et al., 1992). This triggers p53-
dependent apoptosis in developing B and T lymphocytes, resulting in severe combined immune
deficiency (Guidos et al., 1996). p53 deficiency partially mitigates the attrition of lymphocytes
in Prkdcscid/scid mice, and Prkdcscid/scid p53~/~ mice exhibit early onset B and T lymphoma
(Guidos et al., 1996; Nacht et al., 1996).

In contrast, Chk2 does not appear to respond to RAG-induced DSBS, as no rescue of lymphoid
organ cellularity was evident (thymus, spleen, and lymph nodes), and although survival was
reduced due to severe immunodeficiency, no tumors developed in Prkdcscidscid Chk2~/~ mice
(Figure 6A, 6B, and data not shown). These results suggest that Chk2 activity is not required
for the DSB response in G1 cells, and support the interpretation that its function is critical for
reducing the oncogenic potential of replication associated DNA damage (Figure 6C).

Discussion

Genetic Interactions Between the Mrell Complex and Chk2

We previously established evidence that Nbs1 and Chk?2 acted in parallel pathways to regulate
the intra S-phase checkpoint (Falck et al., 2002). This conclusion is supported by enhancement
of the Nbs14B/4B intra-S phase checkpoint defect by Chk2 deficiency reported here (Figure
1B). Other data suggest that the Mrell complex and Chk2 act in the same pathway; Chk2
activation appears to require ATM-dependent phosphorylation of T68 (Ahn et al., 2000;
Melchionna et al., 2000) that is dependent upon the Mrell complex (Carson et al., 2003) and
Chk2 phosphorylation is reduced in cells established from NBS and A-TLD patients (Uziel et
al., 2003) and murine mutants that model Mrell complex hypomorphism (Theunissen et al.,
2003).

To examine this issue genetically, we generated Nbs14B/4B Chk2~/~ and Mre11ATLPY/ATLD1
Chk2~/~ double mutant mice and examined several phenotypic outcomes in cell cultures
derived from them. The data demonstrate that Chk2 has substantial effects on apoptosis that
are independent of the Mrel1 complex and ATM, as double mutants exhibited apoptotic defects
that far exceeded that of the single mutants (Figure 2B and (Stracker et al., 2007)). Further,
Nbs14B/4B Chk2~/~ and Mre11ATLDYATLDL Chk2~/~ mice developed a diverse spectrum of
tumors, indicating that the penetrance of potentially oncogenic lesions arising in Mrell
complex mutants is suppressed by Chk2. Because Chk2 deficiency had a limited effect on cell
cycle checkpoint, damage sensitivity, and chromosomal instability phenotypes in Nbs14B/
4B and Mre11ATLDVATLDL mice (Figure 1), a parsimonious interpretation of this outcome is
that the apoptotic function of Chk2 is the primary determinant of its tumor suppressive effect.

Our genetic data clearly demonstrates that Chk2 is functional for apoptosis in settings where
its hyperphosphorylation is compromised (Atm~/~, Nbs14B/4B and Mre11ATLDI/ATLDLy,
Reconstitution of Chk2~/~ animals with mutant Chk2 (7 SQ/TQ sites mutated to alanine) is
insufficient to complement the apoptotic defect, implicating phosphorylation as a prerequisite
for Chk2 apoptotic activity (Hirao et al., 2002). Chk2 may be activated by other ATM-related
kinases, such as ATR or DNA-PKGcs that have been demonstrated to target Chk2 in vitro (Li
and Stern, 2005; Matsuoka et al., 2000; Wang et al., 2006). As ATM and ATR show differences
in their preference for Chk2 target residues (Matsuoka et al., 2000), this alternative mode of
activation may involve the utilization of phosphorylation sites that do not produce the slow-
migrating species present in wild type cells. Alternatively, Chk2 may have kinase-independent
roles in apoptotic signaling. Previous biochemical analysis demonstrated that Chk2 kinase
activity is severely impaired in the absence of ATM (Falck et al., 2001; Falck et al., 2002) and
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our genetic results indicate that it is largely functional for apoptosis in that context (Stracker
etal., 2007).

Chk2 and the DNA damage response

In Nbs14B/4B and Mre11ATLPYATLDL DNA replication-associated chromosome instability is
evident at the cytologic level, and is indicated genetically by the effect of these mutations on
p53*/~ mice in which tumor latency and spectrum are shifted to resemble p53~/~ (Theunissen
etal., 2003). Despite the chromosome instability and the intra-S and G2/M checkpoint defects
caused by Mre11 complex hypomorphism, Nbs14B/4B and Mre11ATLDY/ATLDI gre pot
predisposed to malignancy (Theunissen et al., 2003; Williams et al., 2002). On this basis, we
proposed that a high rate of chromosome breakage-induced cell death may contribute to
suppressing the penetrance of potentially oncogenic chromosome rearrangements (Petrini and
Theunissen, 2004).

The occurrence of multiple and diverse tumors in Nbs148/4B Chk2~/~ and
Mrel11ATLDVATLD1 chk2 -/~ mice clearly demonstrates that Chk2 also contributes substantially
to suppressing the oncogenic potential of Mre11ATLDYATLD1 anq Nbs14B/4B, The phenotypic
presentation of cells established from Chk2~/~ mice is not consistent with the view that Chk2
plays a significant role in DSB-induced cell cycle checkpoint regulation (Hirao et al., 2002;
Jack et al., 2002; Takai et al., 2002). This is somewhat paradoxical given the primary role of
the yeast Chk2 orthologs Rad53 (S. cerevisiae) and Cdsl (S. pombe) in affecting checkpoint
functions in their respective contexts (Allen et al., 1994; Boddy et al., 1998; Lindsay et al.,
1998; Paulovich and Hartwell, 1995; Zheng et al., 1993). However, in both yeast and mice,
these orthologous proteins influence DNA damage-dependent transcriptional changes (Allen
etal., 1994). The apparent cell cycle specificity of Chk2 tumor suppressive functions also may
provide some reconciliation of this issue. Like Rad53 and Cds1, Chk2 may indeed affect the
S-phase DNA damage response, but in mammals, its role in the response to DNA replication-
associated chromosome breakage would be confined to tumor suppression and apoptosis.

This interpretation is supported by the phenotypes of both Brca1414/411 Chk2~/~ and
Prkdcscid/scid Chk2~/~ mice. Like the Mre11 complex, Brcal functions in promoting
homologous recombination mediated repair and contributes to S and G2/M phase checkpoint
responses (Boulton, 2006). Brcal411411 Chk2~/~ mice developed tumors with a similar
latency as Nbs14B/4B Chk2~/~ and Mre11ATLDVATLDL Chik2~/~ double mutants, but exhibited
a more circumscribed tumor spectrum (Cao et al., 2006). Similarly, conditional deletion of
Brcal in the thymus or mammary gland of Chk2~/~ mice predisposed to tumorigenesis
(McPherson et al., 2004).

The PRKDC gene product, DNA-PKGcs, is required for the rejoining of DSBs created during
antigen receptor gene assembly (V(D)J) recombination (Bassing and Alt, 2004). The induction
of these breaks is restricted to the G1 phase of the cell cycle (Lin and Desiderio, 1995), and
failure to rejoin them in a timely manner results in p53 activation and apoptotic death of the
developing B and T cells. In Prkdcscid/scid p53~/~ double mutant mice, early onset (7-12 weeks;
earlier than p53~/~) pro-B and immature-T lymphoma is observed. This, as well as studies
utilizing both Artemis and Ligase 4 deficient mice, indicates that p53 suppresses the oncogenic
potential of V(D)J-associated DSBs (Gao et al., 1998; Guidos et al., 1996; Nacht et al., 1996;
Rooney et al., 2004). In contrast, Chk2 deficiency had no effect on the attrition of
Prkdcscid/scid B and T cell progenitors and Prkdcscid/scid Chk2~/~ double mutant mice are not
tumor prone (Figure 6 and data not shown). These data demonstrate that DSBs induced in G1
lymphocytes do not trigger Chk2-dependent apoptosis, and that the oncogenic potential of
DSBs in G1 cells is not suppressed by Chk2.

Mol Cell. Author manuscript; available in PMC 2009 July 11.
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Apoptosis and Checkpoints in Tumor Suppression

Chk2 deficiency strongly attenuated DNA damage-induced p53-dependent transcriptional
changes (Figure 4) (Hirao et al., 2002; Takai et al., 2002). Given this result, the lack of overt
cancer predisposition in Chk2 null mice was surprising. This is likely to reflect a broader role
in the DNA damage response for p53 than Chk2 with respect to the types of genotoxic stress
it responds to or particular DNA lesions such as those generated during V(D)J recombination
(Guidos et al., 1996).

An alternative explanation is that the G1/S checkpoint, which remains intact in Chk2~/~, may
play a significant role in tumor suppression. The significance of the G1/S checkpoint in this
regard has been previously suggested from the analysis of mice expressing the p53515C/515C
(R172P) allele (Liu et al., 2004). In these mice, the G1/S checkpoint is relatively normal but
apoptotic induction is severely compromised. p53°15C/515C mice do not present with early onset
lymphomas, and instead develop sarcomas and other malignancies at 7 to 13 months of age.
Tumors that arise in p53315C/515C do not exhibit the aneuploidy characteristic of p53~/~.
Attenuation of the G1/S checkpoint in these mice by deletion of the p21 gene decreases tumor
latency and enhances aneuploidy in the resulting tumors (Barboza et al., 2006). These data
suggest that the G1/S checkpoint is critical for maintenance of euploidy and suppression of
certain types of malignancy, and demonstrate that apoptotic induction and tumor suppression
can be uncoupled.

Thus, it is conceivable that the absence of tumors in Prkdcscid/scid Chk2~/~ mice may be
partially attributable to the tumor suppressive effect of the G1/S checkpoint. The relatively
long latency of tumorigenesis in Nbs14B/4B Chk2~/~ and Mre11ATLDVATLDL Chik2~/~ mice
may similarly be attributed to the fact that the G1/S checkpoint is largely intact in those double
mutants.

Multiple roles of the Mrell complex in apoptosis

The influence of the Mrell complex on apoptosis can be parsed into two general categories:
i. promoting events at the site of DNA damage that facilitate ATM activity; ii. promoting DSB-
induced ATM activation. Our data indicated that both of these molecular events are required
for the promotion of Mrel11 complex-dependent apoptosis. We observed a deficit in IR-induced
ATM activation in Mre11ATLDVATLDL mice (Figure 3A), which is correlated with reduced
phosphorylation of p53 and Chk2 in response to DNA damage. As is true for
Mre11ATLDVATLDL chk2~/= mice expressing p53 alleles in which the ATM and CHK2
consensus sites at S18 and S23 are altered (p53518~4/S23A have a substantial apoptotic defect,
fail to fully stabilize p53 in thymocytes following IR, and develop a broad spectrum of
malignancies with a long latency period (Chao et al., 2006). These data support the
interpretation that reduced ATM activation associated with Mre11ATLDVATLDL contributes to
the apoptotic defects observed. Conversely, Nbs14€/4C mice exemplify the effect of attenuating
ATMs access to its pro-apoptotic substrates. In these mice, ATM activation is unaffected, but
ATM activity and apoptosis is defective, and this is associated with a reduction in the
phosphorylation of certain ATM substrates (Stracker et al., 2007).

Chk2 hypomorphism and deficiency

The data presented herein clearly support of a global role for Chk2 as a tumor suppressor;
however, Chk2 deficiency alone does not appreciably increase spontaneous tumor risk. Mice
expressing either a kinase dead allele of Chk2 (D347A) or the equivalent of the human
CHEK2*1100delC allele, identified in several types of human cancers, have been established
(Bahassi el etal., 2007; Kwak et al., 2006; Nevanlinna and Bartek, 2006). Unlike Chk2 deficient
mice, mice expressing the Chk2- D347A allele from the MMTYV promoter in the spleen and
mammary gland developed spontaneous tumors (Kwak et al., 2006). Analogously, checkpoint
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defects not apparent in Chk2~/~ mice or cell lines with acute Chk2 deletion have been described
in human or mouse cells expressing hypomorphic Chk2 alleles or in which siRNA-mediated
depletion has been induced (Bahassi el et al., 2007; Falck et al., 2001; Falck et al., 2002;
Jallepalli et al., 2003; Matsuoka et al., 1998; Takai et al., 2002). These data are consistent with
the idea that the protein products of certain Chk2 alleles may exert an inhibitory effect on DNA
damage responses. These observations are also consistent with the possibility that
compensating mutations arise during development of Chk2~/~ mice and may suppress some
aspects of Chk2 deficiency.

This study demonstrates that the Mrel11l complex and ATM function together to promote
apoptosis in a pathway that parallels Chk2. The Mrell complex is required for both ATM
activation and to facilitate access of the active kinase to its substrates (Lee and Paull, 2007).
In addition, the study elucidates a mechanism by which the oncogenic potential of DNA
replication-associated chromosome breakage is suppressed. We show that Chk2 plays a
heretofore, unrecognized role in responding to DNA replication-associated DNA damage.
Chk2’s influence in that context comprises apoptosis as well as tumor suppression, supporting
the view that Chk2 is a tumor suppressor.

This interpretation resonates with the observation that the DNA damage response is activated
in pre-malignant lesions in humans; this is indicated by several parameters, including the
phosphorylation of Chk2 (Bartkova et al., 2005; Gorgoulis et al., 2005). Tumor progression
correlates with the attenuation of DNA damage response (DDR) markers, indicating that the
damage response acts as an inducible barrier to tumorigenesis. Our data is consistent with this
view and demonstrate that the loss of multiple facets of the DDR results in the predisposition
to spontaneous tumorigenesis in diverse tissues. In this regard, the data presented define a
mechanistic basis for such a barrier to be effected in response to DNA replication stress and
genome instability.

Experimental Procedures

Mice

Chk2~/~, p537/~, and Atm~/~ mice were obtained from T. Mak, T. Jacks, and T. Wynshaw
Boris, and Prkdc*/s¢id were purchased (Jackson Laboratories). Nbs14B and Mre11ATLD1 mice
were described (Theunissen et al., 2003; Williams et al., 2002). Mice were raised in a pathogen
free facility and genotyped by PCR (details upon request).

Immunoreagents and Western Blotting

Antibodies and Western blotting techniques are described in the Supplemental Data.

Cellular Assays

The generation of MEFs, checkpoint assays and analysis of chromosome spreads were
performed as described (Theunissen and Petrini, 2006). Sensitivity of SV40 transformed MEFs
to IR was assessed using a colony formation assay as described (Williams et al., 2002).

Apoptosis Assays

Thymi were dissected from 6-9 wk old animals and 1x106 cells were irradiated using a Cs-137
source (dose rate 220 cGy/min- Shepherd Mark-1) or treated with 1mM dexamethasone
(Sigma). Viable (double negative, DN) cells were identified by flow cytometry after propidium
iodide and anti-AnnexinV-FITC antibody (BD Biosciences) staining. A viability ratio (%DN
treated or mock/%DN mock) is plotted.
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Pathology, Histology, and Immunohistochemistry

Moribund mice were sacrificed, tissues fixed in 10% neutral buffered formalin, and processed
for immunohistochemistry (IHC) (described in Supplemental Data).

Sequencing of p53 and p19ARF

For sequencing of p53 or Arf, genomic DNA or cDNA was amplified by PCR (Primers
described in Supplemental Data). Genomic DNA was prepared from tumors by digestion with
proteinase-K, phenol/chloroform extraction and DNA precipitation. Some samples were
isolated using a PixCell laser capture microscopy (LCM) system (Arcturus) or from paraffin
by macro-dissection of tumor-enriched lesions. DNA was isolated from LCM samples using
the Pico Pure DNA extraction kit (Arcturus). RNA was extracted from tumor tissue using Trizol
reagent (Invitrogen) and cDNA was prepared using the Superscript RT-PCR kit (Invitrogen).

Microarray analysis

Thymocytes were cultured in vitro and treated with RNAlater (Ambion) 12 hours post-IR.
Whole RNA was extracted using RNAeasy columns (Qiagen). Generation of cDNA, labeling
and hybridization to MOE430A_2 gene arrays (Affymetrix) was performed in the Sloan-
Kettering Genomics Core Facility. Analysis of microarray data is described in the
Supplemental Data.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Loss of Chk2 does not exacerbate the checkpoint defects, damage sensitivity, or
chromosome instability conferred by Mrell complex hypomorphism

(A) Diagram of the hypomorphic Mre11ATLP1 and Nbs14B alleles (reviewed in Stracker et al.,
2004).

(B) Intra-S phase checkpoint response of WT (<), Chk2~/~ (4p), Nbs14B/4B (),
Nbs14B/4BChk2~/~ (m), Mre11ATLDVATLDL (o) ‘Mre11ATLDVATLDICHhK2 /= (@) and Atm ™/~
(A) fibroblasts. The DNA synthesis ratios (untreated and IR treated cultures, normalized to
untreated samples) are plotted. Wedge denotes increasing IR dose (0, 10, or 20 Gy) and
horizontal bars indicate the average value of replicate experiments. Chk2~/~ cultures are not
significantly different than WT (P=0.33 at 10 and 0.82 at 20 Gy, WT vs. Chk2~/~) and loss of
Chk2 does not exacerbate the defect of Mre11ATLDY/ATLDL (p=( 88 at 10 and 0.55 at 20 Gy,
Mre11ATLDVATLDL y5 Mre11ATLDVATLDICHK2 /). However, Nbs14B/4BChk2~/~ cultures
showed increased RDS compared to Nbs14B/4B (P=1.5x1073 at 10 and 2.5x1073 at 20 Gy,
Nbs14B/4B s, Nbs14B/4BChk2~/-). Wilcoxon rank sum test, 2-sided.

(C) G2/M checkpoint responses of exponentially growing MEFs. The mitotic ratios (mock or
IR treated normalized to mock treated) of mock (white) or 10 Gy IR (black) treated cells at 1
hr post treatment are presented. Results are the average of 3—6 experiments performed in
triplicate for each genotype. Error bars denote standard deviation.

(D) G1/S checkpoint in early passage MEF cultures. The S-phase ratios (%BrdU positive of
irradiated or unirradiated/ average %BrdU positive unirradiated) are plotted. Results are the
average of 2-4 experiments performed in triplicate for each genotype. Error bars denote
standard deviation.

(E) IR sensitivity determined by clonogenic survival assay. WT (), Chk2—/— (A),
Mre11ATLDYATLDL (o) ‘and Mre11ATLPYATLDICHK2~/~ (@) SV40 transformed MEF cultures

Mol Cell. Author manuscript; available in PMC 2009 July 11.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Stracker et al.

Page 15

were exposed to IR at the indicated doses and plated for colony formation. Results from 2
representative experiments performed in triplicate are shown. Error bars denote standard
deviation.

(F) Genomic instability in mock and irradiated primary proliferating splenocytes. Examples
of metaphases from IR treated Mre11ATLDVATLDL Chk2~/~ spreads are shown: 2 chromatid
breaks (top) and a rearrangement (bottom) are indicated. The number of spreads analyzed and
aberrations identified are described in Supplementary Table S1.
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Figure 2. The Mrell complex and Chk2 regulate apoptosis in parallel pathways

(A) Apoptosis in irradiated WT (4p), Nbs14B/4B (m), and Mre11ATLDVATLDL (o) thymocytes
20 hours post exposure to the indicated IR dose. Viability ratios are plotted for each dose (%
viable cells mock or IR treated/ % viable cells mock treated). Triplicate results of 2
representative experiments are plotted. Error bars denote standard deviation.

(B) Thymocytes from the indicated genotypes were mock treated or exposed to 5 Gy of IR in
culture and analyzed 20 hours post treatment. Viability ratios are plotted for each dose and
experiments were performed in triplicate with n indicating the number of animals represented
and error bars denoting standard deviation. The viability ratio differences between
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Nbs14B/4B and WT, or Chk2~/~ and Nbs14B/4B Chk2~/~ are not statistically significant
(Wilcoxon rank sum test, 2-sided).
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Figure 3. The Mrell complex and Chk2 regulate p53 in parallel pathways

(A) Western blot of thymocyte lysates from the indicated genotypes. Membranes were probed
with antibodies for ATM-S1981, ATM, Nbs1, Mrell, and Chk2 at various times following 5
Gy of IR treatement. A non-specific band is indicated by *.

(B) Western blot of thymocyte lysates probed with antibodies for p53-S18, p53 and Actin
(loading control) at the indicated times following 5 Gy of IR.

(C) Western blot of thymocyte lysates probed for p53 or Actin (loading control) at the indicated

times post 5 Gy of IR.
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Figure 4. The Mrell complex-ATM and Chk2 regulate global p53 transcriptional responses

(A) Quantitative PCR analysis of p53 target genes Bbc3/Puma and Bax. Thymocytes were
harvested 8 hours after exposure to 5 Gy of IR. Representative experiments performed in
triplicate are shown: mock (white) or IR treated (black).

(B) Analysis of microarray data for the indicated genotypes. 2338 probe sets showed
statistically significant expression changes following IR treatment in WT thymocytes. No
changes were significant in Chk2~/~ and only 15 in Atm™/~ (listed in Supplementary Table
S2). The number of common genes altered in both WT and Atm~/~ are indicated by the Venn
diagram (GEO accession number pending).

(C) Transcriptional regulation of genes involved in the cell cycle and apoptosis are impaired
in both Atm~~ and Chk2~/~ thymocytes. The heatmap indicates the induction (red) or
repression (green) of selected genes with known roles in cell cycle regulation or apoptosis
following IR treatment.

(D) Model of p53-dependent apoptotic signaling. The Mrel1 complex is required for activation
of ATM and this function is attenuated in Mre11ATLDVATLDI thymocytes. While both ATM
and the Mrell complex influence Chk2 phosphorylation, the apoptotic defects of
Mre11ATLDVATLDL or Atm~/~ are additive with loss of Chk2 indicating that they function
through a largely parallel signaling pathway.
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Figure 5. Nbs14B/4B chk2~/~ and Mre11ATLDYATLDL cpko~/~ double mutants are predisposed
to tumorigenesis

(A) Cohort survival of WT, Mre11ATLDIATLDI and Nbs14B/4B (*combined n=172, 4),
Chk27/~ (n=41, A), Nbs14B/4B Chk2~/~ (n=66, m), and Mre11ATLDIATLDL Chk2 =/~ (n=67, o)
is shown on a Kaplan Meier curve. *Individual survival curves, tumor free survival curves,
and statistical analysis are included in Supplemental Figure S5, S6, and Table S3.

(B) Animals succumbing to tumors are shown as a percentage of their cohort: tumor free
(black), 1 tumor (dark gray), 2 tumors (light gray), more than 2 tumors (white).

(C) Survival of Atm~~ (n=71, ¥) and Atm~/~ Chk2~/~ (n=19, <) cohorts plotted on a Kaplan
Meier curve.

(D) The percentage of tumor bearing animals with a specific tumor type is plotted for the
indicated genotypes.
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Figure 6. Prkdcscid/scid chk2~/= animals are not tumor prone

(A) Immunohistochemical staining of the spleen and lymph nodes of WT, Prkdcscid/scid ang
Prkdcscid/scid Chk2~/~ mice. White pulp (WP) of the spleen is outlined in broken lines (top
panels). Regions of WP are smaller and contain few lymphocytes in Prkdcscid/scid ang
Prkdcscid/scid Chk2~/~. B220 staining of B-cells in the spleen (middle panels) and lymph nodes
(bottom panels). In Prkdcscid/scid and prkdcscid/scid Chk2—/~ mice, both tissues have few B220
positive cells compared to WT.

(B) Survival of WT (4, n=62), Chk2~/~ (A, n=41), and Prkdcscid/scid Chk2~/~ (A, n=34) is
plotted on a Kaplan Meier curve. Survival of Prkdcscid/scid Chk2~/~ animals was decreased
due to infections and related pathology but no tumors were evident.

(C) Model for the role of Chk2 in tumor suppression. Chk2 is required for suppressing the
oncogenic potential of DNA-replication associated breaks, such as those arising in
Nbs14B/4B or Mre11ATLDIATLDL mytants, but not for breaks in GO/G1 phase cells resulting
from defects associated with the Prkdcscid/scid mytation.
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