The Rad50 hook domain regulates DNA
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The Mrell complex (Mrell, Rad50, and Nbs1) is a central component of the DNA damage response (DDR),
governing both double-strand break repair and DDR signaling. Rad50 contains a highly conserved Zn>*-dependent
homodimerization interface, the Rad50 hook domain. Mutations that inactivate the hook domain produce a null
phenotype. In this study, we analyzed mutants with reduced hook domain function in an effort to stratify hook-
dependent Mrell complex functions. One of these alleles, Rad50%, conferred reduced Zn** affinity and
dimerization efficiency. Homozygous Rad50%%*% mutations were lethal in mice. However, in the presence of wild-
type Rad50, Rad50% exerted a dominant gain-of-function phenotype associated with chronic DDR signaling. At

the organismal level, Rad50*/%¢

exhibited hydrocephalus, liver tumorigenesis, and defects in primitive hemato-

poietic and gametogenic cells. These outcomes were dependent on ATM, as all phenotypes were mitigated in
Rad50/%% Atm*" mice. These data reveal that the murine Rad50 hook domain strongly influences Mrell
complex-dependent DDR signaling, tissue homeostasis, and tumorigenesis.
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The Mrell complex is a large multicomponent assem-
bly that comprises two Mrell, two Rad50, and two
Nbsl (Xrs2 in Saccharomyces cerevisiae) molecules
that plays a central role in the DNA damage response
(DDR). The complex consists of a globular domain in
which Mrell and Nbs1 associate with the Walker A and
B domains of Rad50 (Fig. 1A). A large coiled-coil domain
of Rad50 extends out from the globular domain and folds
back on itself in an anti-parallel manner, with the Rad50
hook domain at the apex. The hook domain is a highly
conserved interface that mediates homotypic dimerization
via the coordination of a Zn?* atom by two invariant
cysteines from each of two Rad50 protomers (Hopfner
et al. 2002).

The Mrell complex is a sensor of DNA double-strand
breaks (DSBs) that is required for DDR signaling primarily
via the kinase ATM (Stracker and Petrini 2011). Recent
data suggest that the complex may also influence the
activation of ATR, which is primarily activated in response
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to DNA replication stress (Stiff et al. 2005; Duursma et al.
2013; Shiotani et al. 2013). These observations underlie the
view that the Mrell complex plays an integral role in the
regulation of signaling within the DDR network.

The Mrell complex plays a key role in DSB repair,
promoting both homology-directed DSB repair (HDR) and
nonhomologous end-joining (NHE]). With respect its role
in HDR, genetic and physical evidence suggests that the
primary function of the Mrell complex is to promote HDR
between sister chromatids via the hook and coiled-coil
domains of Rad50 (Bressan et al. 1999; Hartsuiker et al.
2001; Gonzalez-Barrera et al. 2003; Wiltzius et al. 2005;
Hohl et al. 2011). Mrel1 complex-mediated NHE]J appears to
be primarily dependent on DNA-binding sites in the globu-
lar domain (Williams et al. 2008, 2009), although we showed
that the hook and coiled-coil domains also influence this
process, presumably via long-range effects on the disposition
of globular domain components (Hohl et al. 2011).
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Figure 1. Analysis of Rad50 hook dimerization. (A, top panel) Schematic representation of the Mrell complex in two possible
configurations. Rad50 globular domain shown in brown, Mrell is in blue, and Nbsl is in gray. (Bottom panel) Sequence of the hook
domain from S. cerevisiae, Mus musculus, and the Rad50% and Rad50"” mutants. (B) Gel filtration profile of Rad50-HK proteins. (C)
Fractions from B were resolved on an acrylamide gel and stained with Coomassie. (D) Molecular weight and Zn>** content of the
indicated Rad50-HK proteins determined by SEC-MALS and ICP-MS, respectively. Theoretical molecular weight for a monomeric (P1),

dimeric (P2 and Rad50-HKYT), and trimeric/tretrameric (P3) species.

Structural analyses of the complex suggest a model in
which the Mrell complex’s effect on DSB repair is
attributable to its ability to bridge DNA molecules in
trans and in cis (de Jager et al. 2001, 2004; van Noort
et al. 2003; Moreno-Herrero et al. 2005). In trans, two
complexes bind DNA independently by their globular
domains and, via association through the Rad50 hook
domain, would bridge sister chromatids and promote
HDR between them. Indeed, studies in yeast have shown
that the dimerization function of the hook domain un-
derlies the influence of this domain on DSB repair, telomere
maintenance, and meiotic DSB formation (Wiltzius et al.
2005). In cis, the globular domain could bridge two DNA
ends in a manner that would promote NHE] (Williams et al.
2008). In this mode, end-to-end DNA bridging is effected by
adjacent monomeric components of the dimeric globular
domain (Lammens et al. 2011; Lim et al. 2011).

Mutations that target the invariant cysteines of the
Rad50 hook domain (Hopfner et al. 2002; Wiltzius et al.
2005; Hohl et al. 2011; He et al. 2012) globally disrupt
Mrell complex functions and thus phenocopy the null
Rad50 mutation. Hence, the specific contribution of the
Rad50 hook to the repair and signaling functions of the
Mrell complex has not been examined in isolation from
the other domains of the complex.

To gain insight into Rad50 hook domain’s role, our
laboratory targeted the residues adjacent to the invariant
cysteine residues in S. cerevisiae in an effort to obtain
hypomorphic alleles. The alleles obtained were exam-
ined and found to encode hook domains with reduced
Zn**-dependent dimerization and increased DNA dam-
age sensitivity (M Hohl, C Tous, T Kochanczyk, A Krezel,
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A Aguilera, and JHJ Petrini, in prep.). In this study, two of
the yeast alleles (rad50-46 and rad50-47) were modeled in
mice.

We found that in the absence of the wild-type Rad50
protein, both Rad50 and Rad50% alleles failed to support
viability at either the cellular or organismal level, consis-
tent with the view that the Rad50 hook domain is integral
to the functions of the Mrell complex. The Rad50% and
Rad50% gene products exerted dominant gains of function
in the presence of the wild-type protein.

Heterozygous Rad50*% and Rad50** cells were
relatively proficient in DNA repair but exhibited chronic
DDR signaling at the cellular level and severe ATM-
dependent phenotypes at the organismal level. The data
suggest that the Rad50*® and Rad50* proteins promote
aberrant heterotypic dimerization at the hook domain
interface. As the functional defect imparted by Rad50%
and Rad50% predominantly affected Mrell complex-
dependent DDR signaling, these data reveal a previously
unrecognized influence of the Rad50 hook domain on
Mrell complex-dependent regulation of the apical DDR
kinases.

Results

Rad50 hook domain mutants

Having previously shown that alteration of the cysteine
residues of the Rad50 hook domain was tantamount to
complete elimination of the protein (Hopfner et al. 2002),
we reasoned that alteration of adjacent residues might
result in a partial loss of function that would provide



insight regarding the functional importance of the Rad50
hook. Using S. cerevisiae, we identified two mutants,
designated rad50-46 and rad50-47, that behaved as hook
domain hypomorphs and have in common the presence of
charged residues in the vicinity of the cysteines that
coordinate zinc (Fig. 1A). As a consequence, both mutants
showed reduced hook-mediated dimerization and re-
duced affinity for Zn>** (M Hohl, C Tous, T Kocharnczyk,
A Krezel, A Aguilera, and JHJ Petrini, in prep.).

A 22.7-kDa fragment of bacterially produced mouse
Rad50 (Rad50-HK) that contained the hook domain flanked
by small segments of the coiled-coil region was purified and
examined by size exclusion chromatography and multi-
angle light scattering (SEC-MALS). Rad50-HK"" eluted as
a single peak (Fig. 1B,C) with a molecular weight of 44.6
kDa, indicating a dimeric species. Inductively coupled
mass spectrometry (ICP-MS) revealed that the protein to
Zn** molar ratio of this species was 2.4, approximating
the expected value of 2 for a Zn?>*-dependent dimer
(Fig. 1D). In contrast, Rad50-HK*® eluted in three peaks
(Fig. 1B). Peak 2 (P2) was similar to Rad50-HKWT in
molecular weight and Zn?* content. Peak 1 (P1) and
peak 3 (P3) contained very little Zn>* and represent mono-
mers and higher-molecular-weight aggregates, respectively
(Fig. 1D). These data suggest that the Rad50* hook domain
is structurally compromised but retains some ability to
dimerize and bind Zn**.

Derivation of Rad50*® and Rad50*" mice

To analyze the function of the Rad50 hook in vivo, mice
expressing analogs of the yeast rad50-46 and rad50-47
alleles were derived. The mice initially retained a LoxP-
flanked neo cassette within intron 13 of the mutant Rad50
locus (Supplemental Fig. S1A,B). These alleles were desig-
nated Rad50*/N¢°% and Rad50*/Ne°?. Rad50*/Ne°¥ chi-
meric mice were unable to produce viable offspring. No
live Rad50*/N¢**” births were noted among 327 pups
produced from 27 different chimeras. PCR genotyping of
tissues from Rad50*/N°* chimeras (including isolated
sperm) indicated that the Rad50N%°% allele was present
(Supplemental Fig. S1C). On this basis, we concluded that
the Rad50™°¥ allele exerted a dominant lethal effect. In
contrast, Rad50*N¢°* chimeric mice transmitted the
Rad50N%°% gllele to viable offspring, and 50% of the
embryonic stem cell-derived pups were Rad50+/Neo%,

Rad50N*°% also exerted a dominant phenotype. The
effects observed were more pronounced following de-
letion of the LoxP-flanked neo cassette (henceforth
Rad50*# mice) by crossing to CAG-Cre mice. Rad50*%
mice were born at the expected Mendelian ratios but
displayed intense skin hyperpigmentation (Fig. 2A), and
27% of them developed hydrocephalus compared with
4% of Rad50*/Ne*% (Fig. 2B). RT-PCR analysis indicated
that the expression of Rad50MN%°* was lower than
Rad50% (Supplemental Fig. SID). Hence, the extent of
dominance was correlated with the dosage of the Rad50%
gene product.

Rad50%/*® males were infertile (discussed further be-
low). This precluded interbreeding of heterozygotes to
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obtain Rad50%¢#¢ mice. Instead, Rad50*/% females were
crossed with Rad50*”* males (Luo et al. 1999). No Rad50%
mice were obtained from 90 offspring (x* P < 1074, in-
dicating that the Rad50% allele does not support embryonic
viability.

Rad50*'* and Rad50** mice were crossed with
Rad50™/d (in which exons 1 and 2 are flanked by IoxP
sites) (Adelman et al. 2009) and a tamoxifen-inducible Cre
(Ventura et al. 2007). In this setting, Cre-mediated exci-
sion of the floxed exons of the Rad50™ allele to generate
Rad50%’~ and Rad50*/~ cells in vivo was carried out. The
induction of Cre is variable in vivo, and so affected tissues
were likely to exhibit mosaicism for the deletion genotype.
Tamoxifen administered in the food produced excision in
the Rad50™ allele in various tissues but was predominant
in the intestine (Supplemental Fig. S2B). Rad50%®~ and
Rad50*’~ mosaic mice did not live beyond 2 wk due to
intestinal failure. Histological analysis of the gut 9 d after
beginning the treatment evidenced a profound alteration
of Rad50%~ intestinal morphology (Supplemental Fig.
S2C). These data indicate that the Rad50% allele does
not support the viability of proliferating cells in vivo.

DNA repair and checkpoint signaling in Rad50*/*¢ cells

We sought to determine the molecular basis of the Rad50*/%
phenotype. SV40-immortalized Rad50*/# and Rad50*"*
mouse embryonic fibroblasts (MEFs) showed similar levels
of Mrell complex proteins, and immunoprecipitations
indicated that complex integrity was not overtly com-
promised (Fig. 2C).

The DNA repair functions of the Mrell complex were
modestly affected in Rad50*% cells. Rad50*% cells
showed increased sensitivity to camptothecin at high
doses (Fig. 2D) but were not sensitive to other DNA-
damaging agents (Supplemental Fig. S3A). Accordingly,
treatment with clastogens failed to increase the yield of
chromosomal aberrations relative to wild-type cells (Sup-
plemental Fig. S3B). The DR-GFP assay, in which an
I-Scel/GFP reporter is integrated at the Pim1 locus (Kass
et al. 2013), was employed to assess HDR proficiency. An
I-Scel-IRES-hCD4 retroviral vector, which allowed cell
sorting of I-Scel-expressing cells, was used to minimize
the confounding effects of poor transfectability and vary-
ing transfection efficiencies of the cells examined. We
found that Rad50%/# cells consistently exhibited a trend
of lower HDR efficiency, although the difference was not
statistically significant (P = 0.17) (Fig. 2E).

The Mrell complex is required for ATM activation
(Stracker and Petrini 2011). Rad50*/%® cells exhibited
indices of spontaneous ATM activation, including pS1987-
ATM and yH2AX formation (Fig. 2F). IR-induced ATM
activation in Rad50*# cells was otherwise normal and
occurred with wild-type kinetics (Fig. 2F). Rad50*#” skin
fibroblasts generated from chimeric mice phenocopied
Rad50*# cells in all respects (Supplemental Fig. S4).
These results suggested that Rad50*/#° (and Rad50*%)
cells exhibited spontaneous DNA damage. An alternative
nonexclusive possibility is that the Rad50%® and Rad50%
alleles are hypermorphic with respect to DNA damage
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Figure 2. Rad50% allele is dominant. (A) Representative image showing hyperpigmentation in tail and paws in a Rad50*#® mouse
compared with a Rad50*"* littermate. (B) Incidence of hydrocephalus in Rad50*#6, Rad50"N°% and Rad50**¢ Atm™'~ mice and
representative X-ray images of an 8-wk-old Rad50*/#® mouse with hydrocephalus and a Rad50*/* littermate. (C) Rad50, Mrell, and
Nbs1 protein levels in Rad50** and Rad50"/# SV40-immortalized MEFs and Nbsl immunoprecipitation to assess Mrell complex
integrity in mock-treated cells (—) or 1 h after 5 Gy IR. Mre114T-PIATLDT cells were used as control for cells with reduced Mrell
complex levels (Theunissen et al. 2003). (D) SV40-immortalized MEFs were treated with camptothecin for 24 h, and colonies were
assessed 10 d later. Experiments were done three times in triplicate using two independent cell lines per genotype. Error bars depict
standard deviation (SD). (E) Primary mouse fibroblasts Rad50"* Pim1*PR¢F’ and Rad50+* Pim1*/PRF were infected with Scel-
IRES-hCD4 retrovirus, and GFP* cells were assessed 72 h after infection. The efficiency of GFP* is measured relative to the infected-
only (CD4") cells. Experiments were done in triplicate with two independent cell lines per genotype. P-value was determined by
Wilcoxon rank-sum test. (F) SV40-immortalized MEFs of the indicated genotypes were left untreated (t = 0) or irradiated with 2 Gy IR,
and the levels of pS1987-ATM and yH2AX were assessed in the indicated time points.

OS/S

signaling, as observed previously in Rad5 mice (and nents, including hematopoietic stem cells (HSCs) and line-

yeast) (Usui et al. 2006), and thereby exhibited indices of
ATM activation at levels disproportional to the extent of
DNA damage. This latter interpretation predicts that
Rad50* phenotypes would be ATM-dependent.

The Rad50*/4® phenotype is ATM-dependent

Precedent for the hypothesis that Rad50*#® phenotypes
could be ATM-dependent comes from Rad50%S mice,
which at both the cellular and organismal levels exhibited
phenotypes reminiscent of Rad50*/# (Bender et al. 2002;
Morales et al. 2005). We found that most aspects of the
Rad50%% pathology, including hydrocephalus (Fig. 2B,
were rescued in the context of Atm heterozygosity, dem-
onstrating the acute ATM dependence of the Rad50*/%
phenotype.

Mrell complex-dependent ATM signaling affects the
viability and proliferative behavior of Lin~ Scal* c-Kit*
(LSK) cells, which contain primitive hematopoietic compo-
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age progenitors (Morales et al. 2008). Rad50*/#° mice showed
an altered LSK population characterized by an expansion
(average increase of 4.7-fold) of the multipotent precursors
(MPPs) (Fig. 3A). This phenotype was also dependent on
ATM because it was suppressed in Rad50*/% Atm*'~ mice
(Fig. 3A). The increased MPP population was not corre-
lated with elevated levels of its proximal descendants, the
common lymphoid progenitor (CLP) and common mye-
loid progenitors (CMPs) (Fig. 3B). CFU-S assays, which
measure the ability of MPPs to differentiate and form
colonies in the spleen of lethally irradiated mice, were
carried out (Spangrude et al. 1988). We noted a 50% reduc-
tion in the colony-forming ability of Rad50*/%® MPP cells
(Fig. 3C). These data indicate that the expanded Rad50*/#
MPP population is not fully functional.

A remarkable outcome in Rad50%5 Atm™/~ mice was
the suppression of lymphomagenesis associated to ATM
deficiency (Morales et al. 2005; Usui et al. 2006). Simi-
larly, the latency of thymic lymphomas typical of the
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mice. (A) Quantification of long-term hematopoietic stem cells (LT-

HSC), short-term hematopoietic stem cells (ST-HSC), and MPPs in bone marrow from mice of the indicated genotypes. Bars denote the
average = standard error of mean (SEM). Rad50**, n = 8; Rad50"/*°, n = 8,; Rad50*/*® Atm*'~, n = 2. (B) Quantification of CMP,
granulocyte macrophage progenitor (GMP), megakaryocyte erythroid progenitor (MEP), and CLP. Bars denote the average = SEM.
Rad50*"*, n = 5; Rad50*#°, n = 5; Rad50*/#° Atm*~, n = 2. P-values were determined by unpaired t-test. (C) Representative images and
quantification of CFU-S assay at day 13 using bone marrow cells of the indicated genotype. Bars denote the average + SEM of all the
spleens obtained from three independent experiments. Rad50**, n = 21; Rad50*#°, n = 20; Rad50*/%® Atm*'~, n = 5. P-values were
determined by unpaired t-test. (D) Kaplan-Meier survival curves of Atm /", Rad50%’%, Rad50%® Atm~'~ (previously published; Morales
et al. 2005), Rad50*/*°, and Rad50**® Atm~'~ mice. Rad50*/*® mouse survival was not assessed beyond 18 mo, and thus the events

were censored at that age.

Atm~/~ genoytpe was markedly increased in Rad50*/%

Atm™~'~ mice (Fig. 3D). In light of recent data suggesting
a role for the Mrell complex in ATR activation (Duursma
et al. 2013; Shiotani et al. 2013), the suppression of lympho-
magenesis in Rad50*/* Atm™'~ mice may reflect compen-
satory Mrell complex-dependent ATR activation.

Germ cell dysfunction in Rad50*/*° mice

Rad50** mice exhibited severe fertility defects. All males
and 27% of the females were infertile, and the remaining
Rad50*"* females produced fewer and smaller litters than
Rad50""* controls during the same breeding period (Supple-
mental Fig. S5A,B). Rad50*/% exhibited ovarian and testic-
ular atrophy (Fig. 4A,B), and the seminiferous tubules
displayed severely reduced cellularity (Fig. 4C). As with
the hematopoietic phenotype, testicular defects were
ATM-dependent. Testes from Rad50*/%® Atm*’~ mice
were twofold larger than those from Rad50*/%° (Fig. 4A),
and the cellularity of the seminiferous tubules was
increased (Fig. 4C).

Immunohistochemical staining for the synaptonemal
complex protein SYCP3 revealed that Rad50*/%° mice

showed an eightfold reduction in meiotic prophase cells
per tubule (Fig. 4C,D). Similar analyses revealed a 23-fold
reduction in SYCP3-positive cells from 14-dpp Rad50+/4
mice (Supplemental Fig. S5C,D). TUNEL staining of
Rad50"* tubules from adult and juvenile mice was
unremarkable (Fig. 4C,D; Supplemental Fig. S5C,D),
suggesting that the reduction in Rad50*/#® meiotic cells
was not due to apoptotic attrition. The reduction in
cellularity did not appear to reflect a stage-specific block
in meiotic progression, as chromosome spreads from the
rare meiotic cells present revealed spermatocytes in all
stages of meiosis (Supplemental Fig. S5E).

Spoll protein initiates meiotic recombination by
forming DSBs through a covalent protein-DNA inter-
mediate. Spoll is cleaved from DSB ends to liberate
Spoll-oligonucleotide complexes (Neale et al. 2005) by
a process that in yeast requires activity of the Mrell
complex (Neale et al. 2005; Milman et al. 2009). In
S. cerevisiae rad50-46 mutants, DSBs are formed, but Spol1
remains covalently bound to genomic DNA (M Hohl,
C Tous, T Kochariczyk, A Krezel, A Aguilera, and JHJ Petrini,
in prep.). We tested whether a defect in removal of Spoll
from DSB ends accounted for the infertility of Rad50*/4
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staining of testis sections from adult mice of the indicated genotypes. Bar, 50 pm. (D) Quantification of immunohistochemical staining
from C. The TUNEL-positive area is expressed as a ratio to the total testis area. Testis analyzed: Rad50**, n = 8; Rad50"*, n = 10;
Rad50*% Atm*'~, n = 5. P-values were determined by unpaired t-test.

mice. Spoll-oligonucleotide complexes were nearly ab-
sent in adult and juvenile Rad50*/#® mice (Supplemental
Fig. S5F). The reduction in Spoll-oligonucleotide com-
plexes in Rad50*/# testes was not simply a consequence of
testicular atrophy because they were evident in Dmc1~/~
testes, which, like Rad50"/%, are severely atrophic (Sup-
plemental Fig. S5F). These data suggested that in Rad50*/%
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mice, meiotic DSBs are not created, or Spol1 is not released
following DSB formation. We could not exclude the
possibility that this effect is due to the paucity of
meiotic cells in Rad50*/# testes. To directly address
whether defects in the formation or repair of meiotic
DSBs were the cause of infertility of Rad50"/#° mice, we
generated Rad50"%° Spo11~/~ mice. Seminiferous tu-



bules from Rad50*% mice showed reduced cellularity
compared with Spo11~/~ (Supplemental Fig. S5G). Analy-
sis of sections from Rad50**° Spo11~/~ mice revealed that
Rad50*# was epistatic to Spo11~/~. This result indicated
that the Rad50"/% phenotype was independent of Spo11
and thus excluded the possibility of impaired Spoll
removal as a cause of Rad50"/% infertility.

These data suggest that the Rad50"# defect was mani-
fest prior to initiation of the meiotic program. Supporting
that interpretation, Rad50*# tubules displayed 1.6-fold
more cells positive for PLZF (a marker of undifferentiated
spermatogonia) (Buaas et al. 2004; Costoya et al. 2004)
compared with Rad50"* mice (Fig. 4C,D). This expansion of
primitive precursors together with the reduction of meiotic
cells and the lack of increased cell death was consistent with
a block in spermatogonial differentiation, analogizing the
block observed in primitive hematopoietic precursors.

Mrell complex and ATM activation in Rad50*/~ cells

Rad507"™ and Rad50*/™? MEFs and ear fibroblast (EF)
cultures were established. Lentiviral-mediated delivery

The mammalian Rad50 hook domain

of Cre resulted in excision within the Rad50™ allele in
3 d (Supplemental Fig. S6A) to produce Rad50*’~ and
Rad50™"~ cells that could be maintained in culture for 7-8 d
after Cre infection. This provided a window of time to
assess the outcome of limiting cells to Rad50*° as the sole
source of Rad50 protein. As shown previously in Rad50*/~
cell extracts (Adelman et al. 2009), Rad50%~ cells dis-
played decreased levels of Rad50, Mrell, and Nbsl (Fig.
5A), suggesting that Mrell complex proteins were less
stable in Rad50%~ cells.

Acute disruption of the Mrell complex results in a
dramatic increase in chromosomal aberrations (Demuth
et al. 2004; Frappart et al. 2005; Reina-San-Martin
et al. 2005; Yang et al. 2006; Adelman et al. 2009).
Excision in the Rad50™? allele in Rad50%%/9 cells
produced a similar outcome, with 53% of Rad50*/~ and
42% of Rad50%'~ cells showing chromosomal aberra-
tions compared with 12% of Rad50*'~ (Fig. 5B). Cells
with multiple aberrations (three or more) were not seen in
Rad50"~ controls but represented up to 30% and 11.8%
in Rad50*’~ and Rad50%%/~, respectively (Supplemental
Fig. S6B).
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Figure 5. Mrell complex and ATM activation in Rad50%~ cells. [A) Analysis of Mrell complex levels in Rad50*¢ Rad50*/™4  and
Rad50%°/4 §V40-immortalized MEFs 8 d after the lentiviral delivery of Cre or GFP and Nbs1 immunoprecipitation to assess the Mrel1l
complex integrity in the same cells. Kap1 was used as loading control. (B) Analysis of chromosomal aberrations in Rad50*/"¢, Rad50*/"4,
and Rad50%/"4 §V40-immortalized MEFs 8 d after the lentiviral delivery of Cre or GFP. Shown is average * SD of three
independent experiments. Twenty-five or more metaphases were scored per genotype and experiment. (C) Analysis of the G2/M
checkpoint in Rad50*4, Rad50*/™4, and Rad50%¢/"¢ SV40-immortalized MEFs 8 d after the lentiviral delivery of Cre or GFP. Mitotic
cells were determined in mock-treated cells or 1 h after 5 Gy IR by measuring the phospho-Ser10 Histone H3-positive cells. The ATM
inhibitor KU-55933 was added 2 h before IR treatment and kept throughout the experiment. Shown is average mitotic ratio relative to
mock-treated = SD of two independent experiments done in triplicate. (D) Analysis of pS824-Kapl and Chk2 phosphorylation in
Rad50*™4 Rad504/74, and Rad50%°/"¢ $V40-immortalized MEFs 8 d after the lentiviral delivery of Cre or GFP after 2 Gy of vy
radiation. Time O corresponds to untreated cells. Note that Chk2 migrates as a higher-molecular-weight species when phosphorylated
(pChk2). Ku70 levels were used as loading control.
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Rad50*’~ MEFs were unable to activate ATM in re-
sponse to IR, as evidenced by reduced phosphorylation of
Kapl and Chk2 following IR treatment (Fig. 5D). Rad50%%'~
MEFs were also impaired in ATM activation but to a lesser
extent. Whereas phosphorylation of Kapl and Chk2 was
undetectable in Rad50*’~ MEFs, we could consistently
detect it in Rad50%’~ MEFs (Fig. 5D). This suggests that
Rad50%’~ cells retain a degree of Mrell complex func-
tion; however, this observation may reflect the presence
of residual wild-type Rad50 protein.

Reduced ATM activation in Rad50%~ cultures was
associated with impairment of the DNA damage-depen-
dent G2/M checkpoint. One hour after 5 Gy of IR, cells
with at least one copy of wild-type Rad50 showed an
80%-90% reduction in the mitotic cells, indicative of
a proficient G2/M checkpoint (Fig. 5C). Excision in the
Rad50™ allele to produce Rad50*’~ or Rad50%'~ cells
caused defects in the G2/M checkpoint, with cells
exhibiting only a 36% and 52% reduction in the pro-
portion of mitotic cells, respectively, after IR (Fig. 5C).

Rad50*¢ promotes tumorigenesis

The Mrell complex has been implicated in the suppres-
sion of malignancy in several contexts (Stracker and
Petrini 2011; Foster et al. 2012; Gupta et al. 2013).
Accordingly, cohorts of 30 Rad50"%°, 31 Rad50+Neo%,
and 34 Rad50** mice were followed for 18 mo. Although
no signs of morbidity were evident, multiple liver neo-
plasms were noted upon necropsy. The incidence was
26% in Rad50"Ne°% mice, 37% in Rad50*/%® mice, and
3% in Rad50"* mice (Fig. 6A). Most of the affected mice
presented hyperplastic nodules and/or adenomas, but
10% of Rad50*%® mice developed malignant hepatoblas-

A Rad50+* Rad50+*° Rad50+Neo6
Hyperplastic nodules 1(2.9%) 8 (26.7%)* 7 (22.6%)"
Adenomas 1(2.9%) 8(26.7%)" 6 (19.4%)"
Hepatoblastomas 0 (0.0%) 3 (10%) 3 (9.7%)
Combined liver malignancy 1 (2.9%) 11 (36.7%)*** 8 (25.8%)*"

B

Hepatoblastoma

Hepatocellular
adenoma

Hyperplastic nodule

: 7 5

k;; sl - PR v“-.aﬁ Sz
Figure 6. Rad50*/% and Rad50"N°°* mice develop liver tu-
mors. (A) Frequency of liver tumors developed by Rad50*,
Rad50"4%, and Rad50*N°°%* mice by 18 mo of age. P-values
were calculated with Fisher’s exact test comparing with Rad50*"*.
(*) P =005 (**) P = 001; (***)P = 0.001. (B) Representative
images and H&E staining of the hepatic tumors developed by
Rad50*¢ and Rad50*N*°* mice. Bar, 200 pm for all images.
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toma (Fig. 6A,B). Unlike adenomas, which arise from
mature hepatocytes, hepatoblastomas arise from he-
patic progenitor cells of the portal areas (Marquardt and
Thorgeirsson 2010). This indicates that both differentiated
hepatocytes and immature progenitors are susceptible to
Rad50%-induced malignancy.

Discussion

We showed previously that alteration of either invariant
cysteine of the S. cerevisiae Rad50 hook domain results
in complete inactivation of Rad50, limiting the ability to
distinguish hook-specific from general Mrell complex
functions (Hopfner et al. 2002). The residues between
the cysteines are also nearly invariant. The first is either
Pro (85%) or Tyr (10%), and the second position contains
Leu or Val in 80% of the cases (Stracker and Petrini
2011). In this study, the functional significance of the
Rad50 hook domain in the mammalian Mrell complex
was examined through the generation of mouse mutants
affecting those residues. Neither of the hook mutants
encoded gene products that support viability at the
organismal or cellular level, indicating that, as in S.
cerevisiae, the hook domain is required for Mrell com-
plex function in mammals. In the heterozygous configu-
ration, we found that Rad50% and Rad50?” behaved as
dominant gain-of-function alleles that promoted chronic
DDR signaling. These outcomes at the molecular level
were associated with severe phenotypes in vivo, includ-
ing embryonic lethality, hydrocephalus, defects in the
development and maintenance of primitive cells of the
bone marrow and germline, and increased incidence of
liver neoplasms.

Rad50* is not a loss-of-function allele

Despite the phenotypic severity observed, the data are
inconsistent with Rad50% being a null allele. First, the
phenotypes in Rad50%®/~ cells are milder than Rad504/~.
Although perdurance of wild-type Rad50 protein follow-
ing Cre-mediated deletion in Rad50%/*¢ cultures cannot
be excluded, Rad50*° may retain limited functionality.
Second, Rad50% exerts dose-dependent dominance; the
phenotype of Rad50"N°% in which expression of the
mutant gene is lower than in Rad50%/#¢, was less severe.
In contrast, Rad50* mice and cells are indistinguishable
from wild-type (CF Bender, CA Adelman, and JHJ Petrini,
unpubl.). Hence, the observed phenotypes do not simply
reflect reduced dosage of wild-type Rad50. Finally, ge-
netic ablation of Rad50 in the liver is not associated with
detectable pathology (Adelman et al. 2009), whereas liver
neoplasia and liver tumors were common in Rad50*/#
mice.

Given that mutations in Rad50* and Rad50% affect
one of the Mrell complex’s dimerization domains, it is
likely that the dominant behavior of these alleles results
from interaction of the mutant gene product with the
wild-type Rad50 protein. Supporting this hypothesis, we
found that Rad50"" and Rad50*® hook domains interact
in vitro (Supplemental Fig. S7). In principle, Rad50"/#



cells could contain wild-type homodimers, mutant/wild-
type heterodimers, and mutant homodimers. The Rad50"/%
phenotypes observed are likely attributable to heterotypic
complexes. Several lines of evidence indicate that alter-
ations of the hook domain exert global effects on Mrell
complex function (Hopfner et al. 2002; Wiltzius et al. 2005;
Hohl et al. 2011). The data presented here further suggest
that these effects can be exerted in trans within the
dimeric assembly of the complex.

Chronic DDR signaling

Rad50%% and Rad50""% cells exhibit constitutive yH2AX
formation. However, Rad50"% cells exhibited only a mod-
est reduction in HDR efficiency and a slight sensitivity to
camptothecin and did not show increased spontaneous
chromosomal aberrations. These facts are inconsistent
with spontaneous DNA damage as the cause of yH2AX
formation and suggest the possibility that Rad50"/%
behaves as a hypermorph with respect to DNA damage
signaling, as previously observed for the Rad50S allele
(Usui et al. 2006). Although the underlying mechanisms of
Mrell complex-dependent DDR regulation remain un-
clear, the increased latency of lymphomas in Rad50*/%
Atm™/~ mice supports this interpretation.

The Rad505 and Rad50* mutations affect domains
widely separated yet engender similar DDR signaling
phenotypes (Rad50% is the K20M substitution). AFM
studies have shown that DNA binding by the globular
domain promotes spatial reorganization of the coiled-coil
and hook domain (Moreno-Herrero et al. 2005). Conversely,
Rad50*'% and Rad50**” mutations as well as mutations
that truncate the Rad50 coiled-coil domain affect functions
that are likely specified within the globular domain (Hohl
et al. 2011). These data illustrate the functional interde-
pendence of the hook and globular domains within the
Mrell complex.

The Rad50*/*® phenotype and progenitor cells

Consistent with the interpretation that the Rad50% allele
chronically activates ATM, the phenotypic outcomes in
Rad50"% mice are dependent on Atm. Again, this situa-
tion is comparable with Rad50%° mice, and the tissues
primarily affected are the same: primitive cells in the
hematopoietic and germline lineages. These observations
indicate that the Mrel1-ATM-dependent signaling path-
way is important for the maintenance and function of
primitive cells in the bone marrow and germline (Morales
et al. 2008; Takubo et al. 2008; Maryanovich et al. 2012).
The Mrell complex-ATM signaling axis likely affects
progenitor cells in other organs systems (Shiloh and Ziv
2013). For example, hyperpigmentation, common to both
Rad50%® and Rad50"#, has also been observed in mice
with chronic DDR signaling in the skin due to telomere
dysfunction (Hockemeyer et al. 2008; He et al. 2009;
Martinez et al. 2010) or DNA repair defects (Zhang et al.
2011). In those instances, melanocyte expansion appears to
occur in response to epidermal stem cell depletion (Stout
and Blasco 2009).

The mammalian Rad50 hook domain

Tumorigenesis in Rad50%/*® mice

Roughly a quarter (26.7%) of Rad50**® mice developed
hepatocellular adenomas that were frequently coincident
with additional preneoplastic lesions, primarily hyper-
plastic nodules and areas of disorganized architecture.
The Mrell complex-ATM pathway has been previously
implicated in liver cancer, as Atm is required for dieth-
ylnitrosamine-induced liver carcinogenesis (Teoh et al.
2010). Notably, almost one-third of the tumor-bearing
mice developed hepatoblastoma, a rare tumor that in
humans primarily affects infants and children. The blastic
and undifferentiated character of this tumor suggests
that it arises from hepatic progenitor cells of the portal
areas (Marquardt and Thorgeirsson 2010). This outcome
represents an additional instance in which Mrell com-
plex-ATM signaling affects homeostasis by affecting
progenitor cells.

Mrell complex mutations have been identified in
~4% of human tumors (data from cBioPortal; Cerami
et al. 2012). The observation here of dominant Rad50
mutations promoting tumorigenesis supports the possi-
bility that heterozygous Mrell complex mutations may
underlie tumor development, a possibility that should be
considered in the genomic analysis of tumors.

Materials and methods

Rad50-HK expression, purification, and analysis

6xHis-SMT3-tagged Rad50-HK proteins (amino acids 591-773)
were expressed in Escherichia coli. Soluble extracts were pre-
pared in HK buffer (200 mM NaCl, 50 mM Tris at pH 7.5, 0.2%
NP-40, 10% glycerol, 0.5 mM DTT) plus protease and phospha-
tase inhibitors and was purified by nickel-chelating affinity
chromatography followed by Ulpl protease treatment and a sec-
ond nickel-chelating affinity purification step to separate the
6xHis-SMT3 tag. Rad50-HK proteins were analyzed by SEC
using a 24-mL Superdex200 column equilibrated with 20 mM
Tris (pH 7.6), 500 mM NaCl, 0.1 mM EDTA, and 2 mM DTT.

SEC-MALS was performed as described (Rambo and Tainer
2010) with a size exclusion column equilibrated with 20 mM
Tris (pH 7.6), 500 mM NaCl, 0.1 mM EDTA, and 1 mM tris(2-
carboxyethyl)phosphine. MALS experiments were performed
using an 18-angle DAWN HELEOS light-scattering detector
connected in tandem to an Optilab refractive index concentra-
tion detector (Wyatt Technology). Metal concentrations were
measured using a quadrupole-based ICP-MS (7500ce, Agilent
Technologies) equipped with a MicroMist nebulizer (Agilent
Technologies).

Gene targeting and mice

The targeting vectors were constructed using the recombineer-
ing method previously described (Liu et al. 2003). Targeting was
carried out via electroporation into the embryonic stem cell AC1
that had a 129/SvEv-background (gift of G. Oltz and E. Rhuley).
Selection, clonal expansion, and analysis were performed using
previously published procedures (Luo et al. 1999). Chimeras were
generated at the SKI Transgenic Facility using standard methods,
and male chimeras were crossed with C57BL6 mice to detect
germline transmission. Rad50*N°* mice were mated with
CAG-Cre transgenic mice (Sakai and Miyazaki 1997) to generate
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the Rad50 allele. All mice were maintained on mixed 129/SvEv
and C57BL6 background.

Mice were housed in ventilated rack caging in a pathogen-free
facility. The Institutional Animal Care and Use Committee of
Memorial Sloan-Kettering Cancer Center approved animal use
protocols. Atm™/~ and Spo11~/~ mice were previously described
(Barlow et al. 1996; Baudat et al. 2000).

Cellular assays

MEFs and EFs were generated, cultured, and immortalized as
described (Bender et al. 2002). Rad50**” EFs were generated from
Rad50*"N°?7 chimeric mice by growing the cells in medium
containing 1 mg/mL G418 followed by lentiviral delivery of Cre
and clonal selection.

Western blots were carried out on 40 pg of protein extracted
with NTEN (20 mM Tris at pH 8, 150 mM NaCl, | mM EDTA,
0.5% NP-40) plus protease and phosphatase inhibitors. For
H2AX blots, we used 3 pg of the histone fraction extracted with
0.1 M HCI after a pre-extraction with NTEN. All of the
antibodies were incubated overnight at 4°C in 5% milk. The
antibodies used were rabbit anti-Rad50 polyclonal (custom
Petrini laboratory antibody m84-7), rabbit anti-Nbs1 polyclonal
(custom Petrini laboratory antibody 92-5), rabbit anti-Mrell
polyclonal (custom Petrini laboratory antibody 42-5), ATM
(Cell Signaling), ATM pS1981 (Cell Signaling), yH2AX (Millipore),
H2AX (Bethyl Laboratories), Kapl pS824 (Abcam), Kapl (Novus
Biologicals), Chk2 (Clone 7, Millipore), and Ku70 (Santa Cruz
Biotechnology).

For Nbsl immunoprecipitation, cell extracts of SV40-immor-
talized MEFs were prepared with lysis buffer A (300 mM NaCl,
20 mM Tris at pH 8.0, 0.5% sodium deoxicholate, 1% Triton
X-100, 5 mM MgCl, supplemented with protease and phospha-
tase inhibitors). Total protein (0.5 mg) was incubated with 2 pL of
anti-Nbsl antisera and protein A-agarose beads (Amersham) for
3 h at 4°C, washed extensively, and eluted with Laemmli’s buffer.

For colony-forming assays, cells were treated with the in-
dicated clastogens and plated in triplicate, and colonies were
assessed 10 d later by staining with crystal violet.

Metaphases were prepared from cultures treated with 2 X 1077 M
colcemid for 1 h. Cells were harvested, hypotonically swelled
with 0.075 M KCl for 15 min at 37°C, fixed, washed in ice-cold
3:1 methanol:acetic acid, and dropped on slides. Slides were
stained with 5% Giemsa (Sigma) for 10 min and rinsed with
distilled water, and coverslips were mounted with Permount
(Fisher). Images were captured using an Olympus IX60 micro-
scope and imaged with a Hammamatsu CCD camera. More than
25 spreads were scored for each sample.

G2/M checkpoint was done as previously described (Theunissen
and Petrini 2006).

Lentiviral production, concentration, and titering were carried
out using previously described methods (Dull et al. 1998; Lois
et al. 2002). For lentivirus-Cre and lentivirus-GFP infections,
5 X 10* cells were resuspended in 3 mL of DMEM supple-
mented with 10% CCS containing 5 pg/mL polybrene and
lentivirus at a multiplicity of infection (MOI) 50. Twenty-four
hours after infection, fresh medium was added, and cells were
trypsinized and replated every 3 d to avoid confluency.

DR-GFP assay

Pim]PR-GFP/DR-GFP mice (Kass et al. 2013) were crossed with

Rad50*%, and heterozygous Pim1*/PRCGFP Rad507%° and
Pim1*/PR-CFP Rad50%* primary skin fibroblast cultures were
established. To deliver I-Scel and monitor only the I-Scel-
expressing cells, we inserted and IRES-hCD4 cassette into the
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retroviral vector pMX-IScel (gift from Fred Alt). I-Scel-hCD4-
expressing retrovirus produced in Phoenix cells were used to
infect primary cultures in the presence of 5 pg/mL polybrene
for 24 h. Seventy-two hours after the infection, cells were
harvested, stained with anti-CD4 PE-Cy5 (BD-Pharmingen),
and analyzed by flow cytometry. The number of GFP-positive
cells was expressed as a ratio to the CD4-positive (infected)
cells.

Hematopoietic lineage analysis

Hematopoietic lineages were determined as previously described
(Brenet et al. 2013). Briefly, bone marrow single-cell suspensions
prepared from both back legs were depleted of lineage-positive
cells using a lineage cell depletion kit (Miltenyi Biotec) and
simultaneously stained with different antibodies. Hematopoietic
populations were identified as follows: long-term HSCs, LKS*
CD34 Flk2™; short-term HSCs, LKS* CD34" Flk2™; MPPs, LKS*
CD34* FIk2*; CMPs, LKS~ CD34* FcR°; granulocyte macro-
phage progenitors, LKS™ CD34* FcR*; and megakaryocyte ery-
throid progenitors, LKS™ CD34~ FcR™. The CLP population was
defined as LKS* Flk2*, IL7Ra*. DAPI was used to exclude dead
cells during flow cytometric analysis.

MPPs were enumerated using the day 13 CFU-S assay. In
brief, recipient mice were lethally irradiated and injected with
bone marrow cells. Spleens were isolated 13 d after trans-
plantation and fixed in Bouin’s solution, and macroscopic
colonies were counted.

Histological sample preparation, staining, and analysis

Tissue samples for histological analyses were fixed overnight at
4°C with 4% paraformaldehyde, rinsed, stored at 4°C in 70%
ethanol, and then processed for paraffin embedding. Eight-
micrometer sections were prepared, and slides were processed
and stained at the Memorial Sloan-Kettering molecular cytoge-
netics core facility for hematoxylin and eosin (H&E), TUNEL,
anti-VASA, anti-SYCP3, and anti-PLZF.

H&E-stained and immunohistochemically stained slides were
digitally scanned using a Mirax scanner. TUNEL staining was
quantified relative to the total area using standardized color filter
settings in the Metamorph image analysis software. Anti-PLZF-
and anti-SYCP3-positive cells per tubule were manually scored
from at least 25 tubules per testis.
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