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We derived a mouse model in which a mutant form of Nbn/
Nbs1™9® (hereafter Nbn™9®) exhibits severely impaired binding to
the Mre11—Rad50 core of the Mre11 complex. The Nbn™ allele
was expressed exclusively in hematopoietic lineages (in
Nbn™™d8vav mice). Unlike Nbn™“°xV3V mice with Nbn deficiency
in the bone marrow, Nbn~"™83 mice were viable. Nbn™™%"a" mice
hematopoiesis was profoundly defective, exhibiting reduced cellular-
ity of thymus and bone marrow, and stage-specific blockage of B cell
development. Within 6 mo, Nbn~"™% mice developed highly pene-
trant T cell leukemias. Nbn~"™8"2" |eykemias recapitulated muta-
tional features of human T cell acute lymphoblastic leukemia
(T-ALL), containing mutations in NOTCH1, TP53, BCL6, BCOR, and
IKZF1, suggesting that Nbn™ mice may provide a venue to exam-
ine the relationship between the Mre11 complex and oncogene
activation in the hematopoietic compartment. Genomic analysis
of Nbn~"™9"aV malignancies showed focal amplification of 9qA2,
causing overexpression of MRE11 and CHK1. We propose that
overexpression of MRE11 compensates for the metastable
Mre11—Nbn™% interaction, and that selective pressure for over-
expression reflects the essential role of Nbn in promoting assem-
bly and activity of the Mre11 complex.

Nbn—-Mre11 interaction | genomic instability | DNA damage response |
tumor suppression

he Mrell complex, composed of Mrell, Rad50, and Nbn/

Nbsl (hereafter Nbn), is a sensor of DNA double-strand
breaks (DSBs) and is required for the activation of the ATM axis
of the DNA damage response (DDR) which parallels the ATR—
Chk1 axis. The complex plays an integral role in all aspects of
DSB repair (1), and its hypomorphic mutations are involved in
rare human DNA repair disorders (2-4).

Several lines of evidence indicate that the Mrell complex is
critical for the process of DNA replication. Among them are the
following: Mrell complex components are physically associated
with the replication fork in normal as well as stressed conditions
(5), the complex is required for viability of proliferating cells but
dispensable for that of quiescent cells (6), and the association of
the complex with chromatin is qualitatively and quantitatively dis-
tinct in S phase compared with DNA damage-induced association
(7, 8). These observations underscore the fact that, with respect to
preserving genomic integrity, Mrel1 complex plays a central role in
the DNA replication in normal as well as pathologic states.

Whereas Mrell and Rad50 orthologs are readily identifiable
in all branches of life, Nbn (or Xrs2 in Saccharomyces cerevisiae)
orthologs are found only in Eukarya (9). Nbn interacts with
Mrell via a bipartite domain near its C terminus (10). We pre-
viously derived a series of Nbn alleles that targeted the Nbn—Mrell
interface (called Nbn™“ mutants for Mrell interaction do-
main) so that the functionality of Nbn in isolation from the core
Mrel1-Rad50 complex could be assessed. The Nbn™“ allele,
in which coding sequence for 4 amino acids is deleted from the
Mrell interaction domain (LKNFKKFKK; underlined amino
acids deleted) was found to be embryonic lethal, and was un-
able to support the viability of immortalized murine embryonic
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fibroblasts (MEFs) (11). Conversely, a 108-amino acid fragment
of Nbn that contained the bipartite Mrel1 binding interface was
sufficient to confer viability in MEFs as well as in the hemato-
poietic system (11). These data indicate that the essential func-
tion of Nbn is to stabilize and promote assembly of the active
form of the Mrel1-Rad50 core complex.

Nijmegen breakage syndrome (NBS) is a rare autosomal re-
cessive disorder associated with microcephaly, immune de-
ficiency, chromosomal instability, and cancer predisposition (12).
About 95% of NBS patients are homozygous for a 657del5
truncating mutation in the Nbn gene, resulting in unstable ex-
pression of an N-terminal (NbnP*°) and C-terminal fragment
(NbnP™) (2, 13). The mouse model of human NBS (Nbn“?)
showed identical phenotypes to that of NBS patients (14). The
Nbn“E allele produces unstable NbnP® fragment lacking the
forkhead-associated (FHA) and BRCA1 C-terminal (BRCT)
domains, but containing an Mrell interaction domain. These
mutant cells are viable but exhibit defects in DSB end resection,
DNA repair, and checkpoint, which are due to loss of FHA/BRCT
interacting proteins (15-18). In contrast, mouse Nbnl™ allele
produces the full-length protein save for 4 amino acids, which are
deleted in the Mrell interaction domain, but confers a substantially
more severe phenotype than the Nbn? or NBS patient cells.

In this study, we used a hematopoietic cell-specific cre (cre
to test the hypothesis that the Nbn™“ gene product specified
sufficient residual function to support viability in the bone
marrow (BM). The hematopoietic compartment was chosen for
this experiment because it is dispensable for embryogenesis, and
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even severe deficits in hematopoietic development are compat-
ible with postnatal viability in mice. Also, we reasoned that, amid
the abundant cellularity of the hematopoietic system, productive
assemblies of Nbn™“® with the Mre11—Rad50 core might occur
at a sufficient frequency to promote the development of at least
a pauciclonal hematopoietic compartment if Nbn™% retained
some functionality.

In contrast to Nbr™°* mice, which, upon cre"® expression,
were Nbn-deficient in the BM and inviable, mice expressing
Nbn8 in hematopoietic lineages were viable postnatally, albeit
with severe defects in hematopoiesis, and decrements in the levels
of all hematopoietic components. Nbn™* mice developed ag-
gressive T cell malignancy which uniformly exhibited amplification
and overexpression of MREI1 as well as CHKI during the course
of development and tumorigenesis. In Nbn"® MEFs, coover-
expression of MREI1 and CHKI was required for viability; over-
expression of MREII alone did not rescue Nbn™™% cellular
lethality. The increased abundance of Mrell appears to be re-
quired to mitigate the weakened interaction with Nbn™< in vivo.
These data suggest that Nbn is essential for the assembly of a
functional Mrell complex.

Results

Nbn~"™% yay® and Hematopoiesis. The Mrell complex is re-
quired for hematopoiesis (6, 19-21). We asked whether the
Nbn™ gene product had sufficient residual function to allow
hematopoietic stem cells expressing only Nbn™“ to support
hematopoietic development.

Nbn"® mice were crossed with Nbrn™ mice (22) and
vav“"® mice in which cre expression is restricted to hematopoietic
stem cells (23) to create Nbn™™ yay™® mice (hereafter
Nbn~/mid8@ mice). For the experiments described below, control
mice include Nbn'™*"* vav*"* (hereafter Nbn™*"") and Atm/*!ox
vav™® (hereafter Arm™™"). As expected, Nbn~' ™" mice, in
which hematopoietic cells are completely Nbn-deficient, exhibited
perinatal lethality, succumbing at approximately 2 wk to severe
anemia (SI Appendix, Fig. S1). In contrast, Nbn ™™ mice
were viable and born at normal Mendelian ratios, indicating that
the Nbn™“S gene product is partially functional. Nbn " MEFs
are inviable, and, before death, the cells exhibit severe genome
instability and defective ATM activation (11). Hence, the via-
bility of Nbn~""84" BM components was unexpected, and
suggested the possibility of underlying compensatory genetic
changes.

Hematopoiesis was severely impaired in Nbn mice and
did not phenocopy Atm ™', Peripheral blood counts at 6 to
8 wk of age showed that both white blood cell (WBC) and red
blood cell (RBC) numbers were decreased drastically in
Nbn~/mid8vav compared with Nbn ™" mice: WBC, 8.66 + 0.76
vs. 1.01 + 0.14 (x10%mL); RBC, 9.99 + 0.38 vs. 2.51 + 0.62
(x10°/mL) (Fig. 1 A and B). Nbn~"™%" mice exhibited a 2-fold
elevation in platelet levels, likely a consequence of anemia (Fig.
1C). The percentage of both peripheral T cells and B cells also
decreased in Nbn=""48@V. T cell (percent), 36.4 and 26.7 vs. 0.4,
7.6, and 9.8; B cell (percent), 50.9 and 58.4 vs. 2.9, 1.6, and 8.3
(Fig. 1 D and E).

The cellularity of the thymus and BM was also markedly de-
creased in Nbn /™8 mice (Fig. 1 F and G). Analysis of
Nbn~/mid8va BM was carried out at 6 to 8 wk of age. The per-
centages of B lineage cells (B220*) and myeloid cell (Mac-1* and
Gr-1") were decreased in Nbn "% mice compared with
Nbn™***_ B and myeloid lineages were reduced by roughly 3-
fold (B, 25.03% + 1.47 vs. 7.23 + 0.92; myeloid, 36.6% =+ 2.83 vs.
14.32 + 1.79). The levels of erythroid precursors (Ter119%) were
not changed (Fig. 2 A-C).

The depletion of B cell lineage cells appeared to coincide with
onset of Ig gene assembly. Whereas pro-B cells (CD43"%) from
Nbn~"mid8@ were increased (Fig. 2E), the levels of B220™ cells
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Fig. 1. Nbn~'™d8va" glele leads to hematopoiesis failure. (A-C) Peripheral
blood counts analysis of Nbn™™9"2 mice at 6 to 8 wk old. (A) WBC, (B) RBC,
and (C) platelet; n = 8 mice of each genotype, mean + SD, unpaired t test. (D)
Percent CD3* cells from peripheral blood. (E) Percent B220" cells from pe-
ripheral blood. Each bar represents the data from an individual mouse. (F) The
number of thymocytes decreases in Nbn™%"2" mice; n = 5 of Nbn™*?%, n = 6
of Nbn™mi98vav n — 6 of Atm™"", 6 wk old, mean + SD, unpaired t test. (G)
The number of BM cells decreases in Nbn~"™%"2" mice; n = 4 of Nbn™*?Y, n =5
of Nbn™m@8vav n — 4 of Atm™"®", 6 wk-old, mean + SD, unpaired t test.

decreased beginning at the pre-B stage when Ig heavy chain
rearrangement commences (24, 25) to the immature B cell stage
(CD437), and IgM™ mature B cells were virtually undetectable
(Fig. 2 F-H). These data suggest that Nbn™"™“*" cells are unable
to resolve DSBs formed during the course of B cell development,
reminiscent of previous analyses of lymphocyte development in
Mrell complex mutants (19, 20, 26, 27). The hematopoietic
phenotype of Nbn ™™ mice is distinct from that of Am ™" in
all respects ‘SFigs. 1 E-G and 2 A-H), underscoring the point that
the Nbn """ phenotype reflects the loss of both DSB repair
functions and ATM activation.

Nbn~/™48vav Mice Develop T Cell Lymphoma. In light of the pre-
disposition to th/yrnic lymphomas in A#m~'~ mice, we monitored a
cohort of Nbn ™4 mice for 12 mo to assess the risk of ma-
lignancy. With 5.6 mo of mean tumor-free survival, 90% (18/20)
of Nbn=""48" mice developed hematologic malignancy, a sig-
nificantly higher penetrance than that of Atm™™"* mice (Fig.
34). Most Nbn="™48% tymors (17/18) were aggressive T cell
lymphomas or leukemias (SI Appendix, Table S1) which became
disseminated to the spleen (Fig. 3 B, ii and iii).

Whereas Afm ™~ tumors exhibit a relativc}sy immature phe-
notype (CD3'°% CD4" CD8") (28), Nbn /™% tumors were
predominantly single positive (CD8") and the half of the cases
examined were CD3"e" (ST Appendix, Fig. S2). Flow cytometric
analysis of thymocyte at 6 wk of age reveal the CD8" population
is elevated in Nbn™™@® thymus compared with Nbn™* or
Atm™ thymus before the emergence of malignant cells (SI Appendix,
Fig. S3).

Genomic Analysis of Nbn™ T Cell Lymphoma. To gain insight re-
garding the underlying genetic changes that suppressed the le-
thality of the Nbn™?® allele, we carried out genomic analyses of
Nbn~/mid8@ tymors. Analysis of copy number variation (CNV)
indicated the presence of multiple broad DNA copy number
gains and losses, with recurrent CNV on chromosomes 9 and 15
(Fig. 44). A focal amplification of 9qA2 was present in all tumors,
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Fig. 2. Depletion of B cell lineage cells in Nbn~'™@8a" BM. (A) Percent B cell
(B220* cells) from BM of indicated genotypes; n = 5 of Nbn™+"?¥, n = 7 of
Nbn~"mid8vav n — 6 of Atm™~"2, mean + SD, unpaired t test. (B) Percent
myeloid cell (Mac-1* and Gr-1* cells) from BM of indicated genotypes; n = 4
of Nbn™*"", n = 5 of Nbn™"™8a" n = 4 of Atm™~"2", mean =+ SD, unpaired
t test. (C) Percent Erythroid cell (Ter119* cells) from BM of indicated geno-
types; n = 6 of Nbn™"*"2", n = 7 of Nbn™"™#8va" n = 6 of Atm™~"2", mean = SD,
unpaired t test, ns: not significant. (D) Representative scatter plot for B cell
analysis of indicated genotypes. (E) Percent pro-B cells (CD43™), (F) percent
pre-B cells (CD43~, B220%, IgM"), (G) percent immature B cells (CD43~, B220%,
IgM™*), and (H) percent mature B cells (CD43~, B220*"9", IgM*) from BM of
indicated genotypes; n = 4 of Nbn™*"?", n = 5 of Nbn™"™%", n = 4 of Atm™"*",
mean + SD, unpaired t test.

albeit with variable amplitudes and breakpoints (SI Appendix, Fig. S4).
This region includes the genes encoding MREI1 and CHKI. Chro-
mosome 9 amplification appears to be unique to Nbrn " tumors,
as amplification of this region has not been observed in thymic
lymphomas from TP53- or ATM-deficient mice (28-30). Thus,
the evolution of Nbn ™™ malignancy is distinct.

Amplification was correlated with increased protein levels of
Mrell in Nbn ™" thymic tumors. Although there was no CNV
for the RAD50 gene, Rad50 protein levels were also increased
(Fig. 4B). We propose that Nbn™"™“* cells select for amplifi-
cation and overexpression of MREII to compensate for the
metastable interaction with the Nbn™“ gene product and
thereby permit cell survival. The increased levels of Mrell in
Nbn =43 tymors did not fully suppress the Nbrn™“ phenotype,
as ionizing radiation (IR)-induced Kap1 S824 phosphorylation, an
index of ATM activation, was not restored (Fig. 4B).

In this context, we sought to define when these 2 gene am-
plifications occurred in the transition to malignancy. We measured
the copy numbers of genes that are present in chromosomes 9 or
15 at earlier times (4 and 9 wk old) before the age of tumor onset.
Increased copy number of the MREII and CHKI genes on
chromosome 9 was detected in Nbn ™" thymocytes as early as
4 wk of age (1.46-fold for MRE11; 1.48-fold for CHKI), while the
NBN copy number was not altered (Fig. 4C). MYC amplification
on chromosome 15 was also detected in thymocytes of 4-wk-old
Nbn~/mid8va mice (1.38-fold), suggesting that amplifications on

15180 | www.pnas.org/cgi/doi/10.1073/pnas.1905305116

both chromosomes 9 and 15 occurred at an early stage in the
leukemogenic process, presumably reflecting selection pressure
for cell survival. )

The finding of CHKI amplification in Nbn ™™ T cell
leukemias was reminiscent of the fact that human T cell acute
lymphoblastic leukemia (T-ALL) exhibits CHKI overexpression,
and is exquisitely sensitive to Chk1 inhibition (31). Because the
MRE11 and CHKI1 loci are linked on chromosome 9, it is unclear
whether their respective copy number increases are independent
events or occurred simultaneously.

Deep targeted sequencing of 578 key cancer-associated genes
to identify potential drivers of T-ALL in Nbn ™™ mice
revealed that the mutational features of Nbn™™* tumors
were consistent with those of T-ALL in humans and are similar,
but not identical to, lymphomas arising in A#m™~ mice. The
Nbn~/mid8vaV Jeykemias uniformly contained activating mutations
of NOTCHI1 which are mainly restricted to the proline, glutamic
acid, serine, and threonine (PEST) domain of the Notchl pro-
tein (SI Appendix, Table S2 and Fig. S5) as seen in human
T-ALL (32). Amplification or activating mutations in NOTCHI
have been also been noted in thymic lymphomas arising in A7M-
deficient mice (28). Those lymphomas also contain trisomy 15,
and Nbn~"™4%% tumors similarly appear to have whole chro-
mosome 15 duplications (Fig. 44).

Beyond NOTCH1, mutations of other potential driver genes
were found at various frequencies in Nbn =" tumors (Fig.
4D and SI Appendix, Table S2). TP53 mutations within the DNA
binding domain were found with a high frequency, and were
frequently biallelic due to loss of heterozygosity (Fig. 4D and S/
Appendix, Fig. S5). The 2 mutations observed (S238P corre-
sponding to human S241 and a truncation of oligomerization
domain) affect DNA binding and p53-mediated cell growth
suppression functions (33-36), suggesting that p53 deficiency
may be a driver of Nbn™“ " T-ALL. Other mutations also
found in Nbn ™" tumors include ARID5b, BCL6, BCOR,
and IKZF1 (Fig. 4D and SI Appendix, Table S2).

Rescue of Nbn™“® MEFs Lethality. To test the interpretation that
MREI11 amplification and overexpression are compensatory
changes that can suppress Nbn™% lethality, we overexpressed
the murine MRE11 cDNA in Nbn/™"48 cre ERT2 MEFs (11). In
these cells, cre expression is activated by tamoxifen (4-OHT) to
effect inactivation of the (wild-type) Nb#™™ allele to create
Nbn=""48 cells. MREII-expressing Nbn//™ creERT2 MEFs
were treated with 4-OHT for 48 h, and plated. However, we
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Fig. 3. Nbn™'™98“a" mice develops spontaneous T cell lymphoma. (A) Mouse
tumor-free survival. Each data point represents the percent survival of mice
with Nbn™*"2 and Nbn~"™98a" 4t a given age. N denotes total number of
mice for each genotype, and the average age in death in days is shown. ND
means not determined. Note that the Atm™~"2" survival curve was previously
established in our colony and reported. Data from ref. 19. (B) CD3 immu-
nohistochemistry of thymus (i and ii) and spleen (iii and iv); control IgG (i),
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bearing Nbn mouse; and spleen (iv) from littermate Nbn
mouse. (Scale bars, 100 pm.)
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were unable to establish viable colonies of MRE]I-expressing
Nbn ™8 cells.

As noted above, the Mrell complex plays an integral role in
DNA replication (1, 9). On that basis, we tested the hypothesis
that the coamplification of the CHKI locus uniformly observed
(Fig. 4 A and C) is an obligate event for viability of Nbn "% cells.
Therefore, CHKI and MRE11 were cooverexpressed to determine
whether this would rescue Nbn ™" lethality. After deletion of
the conditional NBN allele, cell clones which were Nbrn™""% but
overexpressed CHKI and MRE11 emerged ghereafter referred to
as Nbn "% CM). Three independent Nbn™"“*® CM clones (2, 7,
and 8) were verified by PCR genotyping, and RT-PCR/sequencing
confirmed that the sole source of RNA for Nbn protein is
Nbrn™ mutant allele (ST Appendix, Fig. S6).

The Nbn~""4 CM clones exhibited slower growth than the
parental Nbr/™/"48 CM cells (Fig. 54). Mrel1 and Chkl levels
were increased in 3 Nbn "% CM clones (Fig. 5B). We also found
that, in clone 2, Nbn levels were increased (Fig. 5B) due to 7.7-fold
amplification of the Nbn™® locus (Fig. 5C), likely in response to
selective pressure imposed by the impaired interaction of Mrell
and Nbn™,

To assess whether MREII and CHKI overexpression allevi-
ates DNA damage occurring in Nbn™""™ cells, we compared
yH2AX foci and metaphase spreads in cells overexpressing ei-
ther MREI11 or CHKI alone or in combination. Five days after
deletion of the conditional NBN allele, the ensuing Nbn " cells
exhibited multiple indices of DNA damage such as YH2AX foci
and chromosomal aberrations (Fig. 5 D and E). Overexpression of
MREI11 and CHKI in combination mitigated those outcomes,
reducing YH2AX, 41.8% vs. 19.7%, and metaphase aberrations,
43.8% vs. 20% (Fig. 5 D and E). Whereas CHKI overexpression
alone had no effect, MRE11 overexpression alone was sufficient to
reduce DNA damage in Nbn =" cells (Fig. 5 D and E) even though
MRE] I-expressing Nbn™"" cells were not ultimately viable. This
indicates that, although overexpression of MRE 11 was sufficient to
alleviate some of genomic instability by Nbn™8 allele, coincident
CHKI overexpression was required for cell viability.

Discussion

In the previous work, we established evidence that the essential
function of Nbn was to stabilize and promote proper assembly and
function of the Mrell complex using biochemical approaches
and atomic force microscopy. In Nbn ™" cells, Mrell complex
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m Missense mutation = Amplification
m Truncating mutation m Heterozygous loss

presented in S/ Appendix, Table S1. The mouse
identification numbers are indicated (in A and D).

components are present at essentially normal levels, but Nbn™i4

interaction with Mrell is compromised, abolishing ATM acti-
vation and blocking viability (11). In this study, we used the
context of hematopoietic development to assess whether Nbn™®
retained residual function.

Whereas Nbn deficiency in the BM led to perinatal lethality
due to anemia, an_/’_"’dsmv mice were viable, with a median life-
span of 169 d. Nbn™""“"® succumbed to a highly aggressive T cell
malignancy that bore some hallmarks of T-ALL in humans.
Genomic analysis of Nbn™"“¥"® cancers revealed copy number
gains and overexpression of MREI] and CHKI in 100% of tumors
analyzed. We were able to establish clonal Nbn " MEF cell lines
only upon cooverexpression of MREII and CHKI, demonstrat-
ing that increased levels of both was required to suppress Nbn™
lethality.

Mre11 Complex Assembly and Tumor Suppression. Each member of
the Mrell complex is essential, and none appear to function
outside of the complex. Nevertheless, Nbn plays a distinct role in
Mrell complex stability. For example, mutations that reduce
Nbn levels do not grossly alter the levels of Mrell and Rad50
(13, 14), whereas the stabilities of Mrell and Rad50 are in-
terdependent, so that mutations destabilizing either reduce the
level of the other (4, 37). Hence, Mrell and Rad50, which are
present in all clades of life, constitute the core of the Mrell
complex, while Nbn, seen only in Eukarya, has evolved to pro-
mote proper assembly and activity of the complex.

We propose that this function of Nbn underlies the selection
for MRE11 amplification and overexpression in Nbn ™" tymors.
Based on principles of ligand binding equilibria, the weakened in-
teraction between Nbn™“ and Mrell would be partially miti-
gated if the levels of either Mrell or Nbn™“® were elevated. This
could increase the steady-state level of productively assembled
complexes to a threshold that would permit viability. Supporting
this concept, in Nbn™™48 CM clone 2, the Nbrn"™™® locus was
also amplified and overexpressed (Fig. 5 B and C). This sup-
pression is not complete, as the defect in IR-induced Kapl S824
phosphorylation of Nbn™/™4%" tumors was not rescued (Fig.
4B). We interpret this to mean that the levels of putatively
assembled complexes were insufficient to allow for IR-induced
ATM activation.

Several mouse models of Mrell complex hypomorphism have
been described (9). No predisposition to malignancy has been
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Fig. 5. Increased expression of MRET1 and CHK1 genes rescues Nbn~"m%

MEFs from lethality. (A) Growth of 3 different stable clones of Nbn~™d
MEFs expressing both exogenous MRET1 and CHK1. NbnXmi¥8 c\ is a
parental cell. Cells were plated (2 x 10% and counted at day 4, mean + SD,
triplicates. Hereafter, V, C, and M denote empty VECTOR, CHK1, and MRE11,
respectively. (B) Western blots show the levels of Mre11, Rad50, Nbn, and
Chk1 in 3 stable Nbn™™9 CM clones. Nbn"**™@& CM is parental cells. (C)
NBN gene amplification occurs in clone 2 of Nbn™™%€ CM. (D and E) Ge-
nomic instability in Nbn™"™ € MEFs was alleviated by ectopic expression of
MRE11. (D) Percentage nuclei with < 10 yH2AX foci and (E) metaphases
with < 2 aberrations were measured in Nbn"°/™%® CreERT2 MEFs expressing
either MRET11 and CHKT alone or in combination, 5 d post—4-OHT treat-
ments. P value was determined by unpaired t test, mean + SD, total more
than 800 nuclei counted from 3 independent experiments for yH2AX foci (in
D) and Fisher's exact test, *P < 0.05, ns: not significant (in E). (F) Summary of
T cell lymphomagenesis in Nbn~™9"2" mice. Gross genomic instability of
Nbn~"™% T cells causes impairment in cell proliferation and developmental
defects. Few cells that spontaneously gain MRET1 and CHK1 amplification
escape from the cellular lethality. By acquiring additional tumor-prone
mutations, these cells can transform into thymic lymphoma.

observed in these mutants, although, in some cases, the latency
of tumorigenesis associated with 7P53 or CHK2 mutations is
reduced; presumably, this reflects the combined effect of ge-
nome instability and checkpoint defects associated with those
mutations. However, the strong cancer predisposition seen in
Nbn~'mid8vav s distinct from other Mrell complex single mu-
tants, and phenocopies that of Nbn*?*® Azm™" " mice. Two
features of these mice likely underlie the similar outcomes (19).
First, ATM activity is virtually absent in the former and com-
pletely absent in the latter, which means that, in both contexts,
DNA damage-dependent cell cycle checkpoints and apoptotic
induction are compromised. Second, both exhibit high degrees of
genomic instability, which likely increases the probability of
chromosome rearrangement and/or mutations that enhance
progression to the malignant phenotype.

The Requirement for CHK1 Overexpression. In Nbp~/mid8 ME-Fs,
overexpression of MREI] alone is not sufficient to restore via-
bility. Cooverexpression of CHKI is required to obtain stable
clones (Fig. 5B). This finding strongly suggests that amplification
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and overexpression of the MREI1 and CHKI loci in Nbn /"8
T-ALL cells reflects the same requirement. Significantly in-
creased copy numbers of both loci were observed as early as 4 wk
of age, supporting the interpretation that the overexpression of
both genes is required for viability, irrespective of the malignant
phenotype. )

Whereas MRE1I overexpression in Nbn "8 MEFs mitigated
the gross chromosome instability observed after cre-mediated
deletion of the Nbn™ allele (Fig. 5E), the requirement for
CHKI1 overexpression suggests an additional stress is imposed by
the Nbn™“-containing Mre11 complex. It is likely that with the
ATM-Mrell complex axis of the DDR crippled by the
Nbn™8 allele, selection for CHKI overexpression is imposed by
the genomic instability associated with severe Mrell complex
hypomorphism. In this scenario, Chk1 function may mitigate the
lethal effects of DNA damage in parallel with its normal role in
the response to DNA replication stress.

DNA replication stress, broadly defined as a state in which
progression of the replisome is impaired by DNA lesions or in-
sufficiency of the nucleotide pool, is an important source of
DNA damage in proliferating cells. DNA replication stress also
appears to be intrinsic to the premalignant and malignant phe-
notypes (38, 39). The viability of cells experiencing DNA repli-
cation stress is largely dependent on the ATR—Chk1 axis of the
DDR (40, 41), and so the development of Chkl and ATR in-
hibitors has emerged as a priority in cancer therapeutics (42).

Given its requirement for preserving genomic integrity during
S phase (6), it is also conceivable that the selection for CHKI
overexpression reflects that Mrell complex depletion causes
DNA replication stress in a manner analogous to depletion of
MCM proteins and other replisome components (43), a state
that acutely requires Chk1 activity to maintain viability (39, 40).

Cytologic analyses of acute Nbn depletion in MEFs offered
the suggestion that the Mrell complex’s role in resolving DNA
replication intermediates underlies its essentiality (44). Consis-
tent with that view, we have shown that Mre11 complex foci arise
during unperturbed S phase. Those foci do not colocalize with
DSB markers such as YH2AX or BRCAL, but colocalize with
PCNA throughout S phase (7, 8). Hence, they do not appear to
be associated with DSBs and could potentially represent DNA
replication intermediates that precede fork collapse and DSB
formation.

An additional possibility is that the Mrell complex is situated at
the fork to degrade secondary structures on the lagging strand and
thereby drive sister chromatid recombination, as has been sug-
gested in bacteria and S. cerevisiae (45-47). Whatever the source
of the initiating DSBs, the Mrell complex is acutely required for
sister chromatid recombination (9), a function that could also
account for Chkl activation upon depletion as well as the com-
plex’s association with the fork under normal conditions.
Nbn~'™d8a and T-ALL in Humans. Genomic analysis of Nbn™8
leukemias revealed a similar pattern of mutations to that found
in human T-ALL (31, 32). The NOTCHI mutations were found
in 6 tumors out of 7 samples analyzed, and the mutations were
restricted to the PEST domain, as seen in human T-ALL and
also T-ALL arising in Arm ™" mice (28, 32). This suggests that
NOTCH]I mutations could be the main driver for T-ALL tumors.
Other known human tumor mutations were also found in the
Nbn~/mi@8av |eykemias. For example, BCL6, BCOR, and IKZF1
are the genes found mutated in human T-ALL and B-ALL (48—
53). BCL6 is a regulator for germinal center reaction and found
deregulated in ~40% diffuse large B cell lymphomas by trans-
location (48, 52). Loss of function mutations in BCOR has been
noted in hematopoietic malignancies (49, 50). In this regard,
Nbn~/™id8av may provide an in vivo model for examining the
contributions of the various driver mutations in T-ALL and other
malignancies in the context of Mrell complex hypomorphism.
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The Mrell complex plays a critical role in preventing oncogene-
induced carcinogenesis in mammary epithelium (54). It is con-
ceivable that Mrell complex hypomorphism in Nbn "™ cells
similarly creates a permissive state for oncogene-driven pro-
liferation and malignancy. The data presented here reveal that
Nbn meets the definition of a tumor suppressor in hematopoietic
cells via its role in ATM activation and in DNA repair. There-
fore, the tumor-suppressive functions defined in the epithelium
appear to be recapitulated in the hematopoietic compartment.
Further examination of genetic interactions between Mrell
complex hypomorphism and oncogenic driver mutations in he-
matologic malignancy will shed light on the mechanisms under-
lying the tumor-suppressive role of the Mrell complex in this
context.
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