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Clamping down on mammalian meiosis
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is a PCNA-like
heterotrimeric clamp that binds damaged
DNA to promote cell cycle checkpoint
signaling and DNA repair. While various
9-1-1 functions in mammalian somatic

The RADY9A-RAD1-HUS1 (9-1-1)
complex

cells have been established, mounting
evidence from lower eukaryotes predicts
critical roles in meiotic germ cells as
well. This was investigated in 2 recent
studies in which the 9-1-1 complex was
disrupted specifically in the mouse male
germline through conditional deletion
of Rad9a or Husl. Loss of these clamp
subunits led to severely impaired fertility
and meiotic defects, including faulty
DNA double-strand break repair. While
9-1-1 is critical for ATR kinase activation
in somatic cells, these studies did not
reveal major defects in ATR checkpoint
pathway signaling in meiotic cells.
Intriguingly, this new work identified
separable roles for 9-1-1 subunits, namely
RADYA- and HUSl-independent roles
for RADI. Based on these studies and the
high-level expression of the paralogous
proteins RAD9B and HUSIB in testis,
we propose a model in which multiple
alternative 9-1-1 clamps function during
mammalian meiosis to ensure genome
maintenance in the germline.

Introduction

The 9-1-1 complex is an evolutionarily
conserved, heterotrimeric PCNA-like
clamp composed of the RAD9A (initially
referred to in the literature as RADY),
RADI, and HUSI proteins.? The 9-1-1

complex is a first responder that binds to
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sites of DNA damage and is thought to
function in both DNA damage checkpoint
signaling and DNA repair. During
DNA replication stress, 9-1-1 recognizes
DNA damage and promotes cell cycle
checkpoint signaling through the ATR
kinase. Roles for 9-1-1 in DNA repair are
less well understood; however, physical
and functional interactions with many
DNA repair proteins have been reported,
including a variety of DNA polymerases,
glycosylases, nucleases, and the RADS5I
recombinase.!? These interactions
implicate 9-1-1 function in DNA repair
pathways as diverse as base excision repair,
repair,
repair, and homologous recombination,

nucleotide  excision mismatch
most likely in recognizing DNA damage
and coordinating recruitment of critical
repair factors.

While the of 9-1-1 in

mammalian somaticcellshave been studied

activities

extensively, little is known about functions
for this complex in the mammalian
germline. Studies in lower eukaryotes
suggest that the 9-1-1 complex may have
critical roles in meiotic recombination
and homologous chromosome synapsis as
well as meiotic checkpoint signaling.*'?
The germline functions of mammalian
9-1-1 were investigated in 2 recent
studies in which conditional mutations
in Rad9a" and HusI"” were targeted to
undifferentiated using
mice that express CRE recombinase
under the control of the St7a8 promoter.'®
The results revealed insights into the
functions of DNA damage checkpoint
proteins during meiosis, including key

spermatogonia

roles for components of the 9-1-1 complex
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in meiotic double-strand break (DSB)
repair as well as the intriguing finding that
RADI1 may have RAD9A- and HUSI-
independent activities during meiosis.

The 9-1-1 Complex Functions
in ATR Activation and DNA
Repair in Somatic Cells

Perhaps the best characterized role
for the mammalian 9-1-1 complex in
somatic cells is in promoting DNA
damage signaling and cell cycle arrest
through the ATR pathway in response
to single-stranded DNA accumulation
during replicative stress and DNA lesion
processing. In the traditional view of
ATR kinase activation, the 9-1-1 complex
is loaded onto 5’ recessed ends at DNA
damage sites, and subsequent interaction
between RAD9A and TOPBP1 enables the
latter to stimulate ATR kinase activity."
An additional protein, RHINO, interacts
with both 9-1-1 and TOPBP1,* and is
also necessary for ATR activation. While
it has been proposed that a major role
of 9-1-1 is to recruit TOPBP1 to sites of
DNA damage, recent work indicates that
TOPBP1 can also be recruited to particular
DNA structures by the MRN (MREI11-
RAD50-NBS1) complex,”>? and that
9-1-1 plays a role in an ensuing step that
enables TOPBP1 to stimulate ATR.>%
Such evidence is consistent with previous
studies in Xenopusindicating that TOPBP1
mediates recruitment of the 9-1-1 complex
to damage sites for ATR activation.?®%
Alternative modes of ATR activation
have been described in budding yeast,
where the 9-1-1 complex (DDC1-RADI17-
MEC3) or DNA2 can directly activate
ATR (MECI) independently of TOPBP1
(DPB11).>*% In mammalian germ cells,
ATR, TOPBP1, and RADI proteins have
been reported to localize along meiotic
chromosomes.*”* However, many details
remain to be resolved regarding the mode
of ATR activation in germ cells, and to the
best of our knowledge, the Rad94" and
Husl studies are the first to suggest that
meiotic ATR activation s, at least in part,
9-1-1-independent.”

A variety of studies in somatic cells
indicate that the 9-1-1 complex not only
contributes to ATR activation but also
participates directly in DNA repair.
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Notably, 9-1-1 interacts with, and in many
cases stimulates the activity of, multiple
factors involved in base excision repair,
including flap endonuclease 1 (FEN1),%
human 8-oxoguanine DNA glycosylase
(hOGGI),” MutY glycosylase (MYH),*
DNA polymerase 3, and DNA ligase 1.9
Multiple interactions have also been
reported between 9-1-1 subunits and
the DNA mismatch repair factors MutS
homolog 2 (MSH2), MSH3, MSHG,
and MutL homolog 1 (MLHI1),"* and
mismatch recognition by the MSH
proteins is stimulated by the presence of
9-1-1.4 Furthermore, human RAD9A and
MSHG6 colocalize in nuclear foci following
DNA methylating agent treatment, and
RADYA focus formation is dependent
upon the presence of MSHG6.#" Li and
coworkers also demonstrated that RAD9A
is important for nucleotide excision
repair by maintaining, among others, the
protein level of the excision factor DDB2
in human cells,”* and RAD9A-deficient
mouse embryonic stem cells are slow to
repair UV-induced DNA damage.* These
repair-related functions of 9-1-1 are likely
to be relevant to meiotic chromosome
biology, as many of the DNA repair factors
mentioned here have known or predicted
roles in meiotic cells. For example, while
DNA polymerase  functions during
base excision repair in somatic cells, it is
also critical for synapsis of homologous
chromosomes during mouse meiosis.*%
Several lines of evidence indicate that
the vertebrate 9-1-1 complex functions
in repair of DSBs as well. For example,
siRNA knockdown of Husl expression
was shown to decrease the efficiency of
homologous recombination in response
to ionizing radiation (IR)-induced DNA
damage, and HUSI-deficient mouse cells
are hypersensitive to IR despite intact
nonhomologous end joining (NHE]).”
Mammalian RAD9YA interacts with
the RAD51 recombinase,” and Rad9a
inactivation leads to decreased repair of
DSBs by homologous recombination and
inefficient exit from G, phase following IR
exposure.>® Similarly, RAD9A-deficient
mouse embryonic stem cells initiate but
do not maintain IR-induced G, delay.**
Immunoglobulin gene
in Rad9z chicken DT40

substantially reduced in a manner similar

conversion
cells is
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to Rad51 or Brca2 mutants with known
defects in homologous recombination.”
Rad9ais also required for immunoglobulin
class switch recombination in mouse B
cells.’® These somatic functions for 9-1-1
raise the possibility of a related role in
meiotic DSB repair, since many of the key
players, particularly RAD5]1, are essential
for homologous recombination in both
somatic and germ cells.

DNA Damage Responses
during Meiosis

Meiosis is a specialized cell division
that involves purposeful breakage and
repair of meiotic chromosomes. Given the
roles of 9-1-1 in DNA repair in somatic
cells, it would not be surprising that the
complex functions in a similar capacity
during meiosis. Crucial redistribution of
genetic material takes place during meiotic
recombination, initiated by programmed
DSBs. These are introduced by the
evolutionarily ~conserved endonuclease
SPO11 at the onset of meiosis and serve
as a target for repair through the use of
either homologs (inter-homolog repair) or
sister chromatids (inter-sister repair) as a
recombination/repair template.
that sequences
recognize each other, a process aided by

Repair
requires homologous
the single-stranded overhangs produced
by DSB resection. Two mammalian
homologs of E. coli RecA, RAD51, and
DMCI, assist the homology search by
promoting strand invasion of resected
DNA DNA
sequences.”? The ultimate goal of this
process is to generate crossovers (COs),
which, together with sister chromartid

ends into homologous

cohesion, provide physical connections
between maternal and paternal homologs
that ensure correct segregation during the
first meiotic division.

Genetic analyses in lower eukaryotes,
particularly in budding yeast,'>% worms,"
and flies,”® have established a role for
9-1-1 in promoting meiotic DSB repair.
In yeast, radl7 (mammalian Radl) and
rad24 (a 9-1-1 clamp loader subunit)
mutants exhibit delayed meiotic DSB
repair that results in an altered ratio of
CrOSSOVer-to-NONnCrossover products.”?
These mutants also have decreased
colocalization of RAD51 and DMCI1
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foci as well as delayed disappearance
of RAD51 but not DMCI1 foci. Yeast
radl7 mutants additionally  exhibit
elevated levels of unequal sister chromatid
recombination  during meiosis.” In
Drosophila husl mutant oocytes, DSBs
are not processed efficiently, and oocyte
nuclear defects are abrogated by blockage
of DSB formation.”® Drosophila oocytes
also exhibit a genetic interaction between
husl and the DNA repair gene brca2.8
DSB repair is also coordinated and
tightly coupled with dynamic changes
in chromatin architecture that facilitate
the homology search and stabilize
interactions between homologous DNA
sequences.*°
chromosome dynamics begin with the

These changes in meiotic

formation of synaptonemal complexes
(SCs) between pre-aligned homologs.
SCs play an important role in DSB
repair and CO formation.”*” These
proteinaceous structures consist of axial
elements, each comprised of SYCP3
protein and sister chromatid pairs, which
later become linked together by SYCP1-
containing transverse filaments of the
central element. Axial elements begin
to form during leptonema prior to SC
formation, which starts in zygonema. SCs
are fully assembled in early pachynema
and disassemble as cells progress through
diplonema.’® In mammals, spermatocytes
with defects in SC formation or DSB
repair are eliminated at mid-pachynema,
and coordination between SC formation
and DSB repair is essential for proper
meiotic progression.”® ¢
Throughout

male mammals, large non-homologous

meijotic prophase in
portions of the X and Y chromosomes
remain mostly unsynapsed. These regions
of the sex chromosomes are remodeled
into a  transcriptionally  silenced,
phospho-histone H2AX (yH2AX)-rich
chromatin domain termed the XY body
or sex body.®"® The importance of a
functional XY body is demonstrated by
the observation that male H2ax'
which fail to produce this structure

mice,

in their pachytene spermatocytes, are
sterile and exhibit meiotic disruption at
pachynema.®* While a major function of
the XY body is thought to be protection of
the partially unsynapsed sex chromosomes
from triggering the synaptic checkpoint

www.landesbioscience.com

machinery at pachynema, it is clear that
aberrant events within this structure can
initiate a checkpoint response.

Rad9a and Hus1 are Critical
for Mammalian Fertility

Homologous chromosome synapsis
and DNA repair are essential aspects of
meiosis and thus organismal fertility.
Consistent with the possibility that
the mammalian 9-1-1 complex plays
critical roles during gametogenesis,
9-1-1 subunits are highly expressed in
the mouse testis,'**3*%-¢ and both
RADI1 and RADYA localize to meiotic
1533 Furthermore, Husl

reduced in the

chromosomes.

gene expression is

mouse testis in the absence of SPO11,%
although it remains possible that this
indicates that HUSI function requires
progression further into meiotic prophase
I rather than a role specifically in meiotic
In order to elucidate
the germline functions of murine 9-1-1,

recombination.

conditional mutations were generated in
Rad94" and HusI" using mice that express
CRE recombinase in undifferentiated
spermatogonia under control of the Stra8
¢ This strategy was adopted
because whole-body deletion of either
Rad94* or HusI® results in embryonic
lethality. Loss of Rad9a or Husl function
in male germ cells resulted in disrupted

promoter.

fertility due to meiotic defects, indicating
important roles for these factors in the

A XY pair
RAD9A
RAD1

RAD9A
RAD1

Autosomal DSBs

#

RAD9A
RAD1

C Asynapsed autosomes

Figure 1. RAD9A and RAD1 proteins localize in distinct yet overlapping patterns on mammalian
meiotic chromosomes. The localization patterns of RAD9A and RAD1 are shown in schematic form
(left) and in representative immunofluorescence images (right). (A) During late pachynema, unsyn-
apsed regions of the X and Y axial elements are continuously coated with RAD1, while the X chro-
mosome axial element additionally harbors discrete RAD9A foci, presumably at sites of DSBs. (B) On
early pachytene-stage autosomes, colocalization of RAD9A and RAD1 is observed in a focal pattern,
likely marking DSB sites. (C) Asynapsed regions of autosomes show extensive RAD1 staining and
discrete RAD9A foci. Similar to what occurs on the unsynapsed X and Y (A), RAD9A is present at sites
that also contain RAD1, whereas RAD1 displays a broader staining pattern that includes regions
without detectable RAD9A. See reference 15 for additional examples of these staining patterns.
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germline. In both models, the numbers of
mature sperm were greatly reduced, and
fertility was severely compromised. Some
Rad9a conditional knockout (CKO) mice
lacked sperm and were infertile, while a
second, sub-fertile cohort of Rad9a CKO
males had sperm counts between 0.6—
10% of the wild-type controls.” Husl
CKO adults had on average only 10%

of the normal number of epididymal
sperm.” Testis size was drastically reduced
in both models, and seminiferous tubules
exhibited severely decreased cellularity,
vacuolization, large multinucleate cells,
and increased apoptosis.'*"

Despite expected defects in mitotically
dividing  spermatogonia  concurrent

with depletion of RAD9A and HUSI,

A

YH2AX

TOPBP1
RAD51
DMC1

?
Asynapsed \
chromatin

ATR
TOPBP1
MDC1
BRCA1
HORMAD1/2

DSBs ;}

) Vieiotic silencing

DSB repair
Checkpoint signaling?

Checkpoint signaling?

RAD9A
RAD1

B Asynapsed autosomes

DSB sites ’ ~ Asynapsed axes

Figure 2. Proposed functions for canonical and alternative 9-1-1 complexes during mammalian
meiosis. (A) We propose that the canonical RAD9A-RAD1-HUS1 complex is loaded on at least a sub-
set of DSB sites and facilitates DSB repair and potentially checkpoint signaling. Alternative trimeric
9-1-1 complexes, containing RAD1 and a combination of RAD9B, RAD9A, HUS1B, or HUS1, may form
in mouse germ cells and localize to asynapsed chromatin to facilitate meiotic silencing through
MSUC and MSCI. The composition of this complex has yet to be determined, but here we propose
a model involving RAD9B-RAD1-HUS1B. Depiction is based on the crystal structure of human
9-1-1.1611% (B) Based on the observed localization of RAD9A and RAD1 along asynapsed autosomes,
we hypothesize that discrete RAD9A foci represent conventional 9-1-1 complexes at DSB sites, while
more extensive RAD1 staining at regions of asynapsis reflects the presence of alternative clamps
that include RAD1 in conjunction with paralogs HUS1B and/or RAD9B, without HUS1 or RAD9A.
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no overt pre-meiotic abnormalities were
observed in Rad92 CKOs (A Vasileva, D]
Wolgemuth, HB Lieberman, unpublished
results).” Some apoptotic spermatogonia
were observed in Husl CKO mice,
potentially  but
indicating possible pre-meiotic defects.”

not  conclusively
In both models, the majority of germ
cells underwent apoptosis during the
pachytene stage of meiosis, although
there were subtle yet distinct differences
in the timing. Rad92 CKO spermatocytes
underwent apoptosis by early to mid-
pachynema, leaving few late pachytene or
diplotene cells." In contrast, only a subset
of Husl CKO cells underwent apoptosis
during pachynema, leaving a substantial
fraction of late pachytene and diplotene
cells that were cleared prior to entry into
metaphase.”

The minor differences between the
2 models, gene
targeting strategies, could relate to the
kinetics of RAD9A or HUSI depletion,
determined by protein half-life and other
factors, or could indicate functional
differences between the subunits of the
9-1-1 complex. For instance, RAD9A
may have additional HUSI-independent
functions. In other cell types, RAD9A
can function as a transcriptional activator,

which used similar

promoting transcription of a specific set
of downstream target genes.”””' RAD9A
physically interacts with p53 binding
consensus sequences in the promoter of
21, and can activate transcription of p21
in a p53-independent manner. As there is
no evidence that either HUS1 or RADI
can bind the p2/ promoter in a similar
fashion, this may be a unique feature
of the mammalian RADYA protein.
Whether this transcriptional activity
of RADYA is needed for progression of
meiosis has yet to be determined, but
might explain some of the phenotypic
differences between Rad9a and Husl
CKO spermatocytes.

RAD9A and HUS1 are Essential
for a Subset of Meiotic
Recombination Events

One of the most striking phenotypes
in both the Husl and Rad9a CKO models
is the presence of unrepaired meiotic

DSBs. In both models, DSBs appeared
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to form with appropriate timing and in
appropriate numbers."™” In Husl CKO
leptotene spermatocytes, RADS51 foci
were present in approximately wild-
type numbers; however, unlike control
spermatocytes in which foci disappeared
HusI-deficient
spermatocytes harbored between 4 and 8

during  pachynema,
autosomal RAD5I foci in late pachynema
that  persisted into  diplonema.”
Furthermore, in the Hus! CKO study, the
number of COs, as measured by numbers
of pachytene MLHI1 foci and bivalent
chromosomes at diakinesis, was similar to
thatin control animals. While the majority
of DSBs were successfully repaired in
both models, flares of YH2AX staining on
pachytene and diplotene chromosomes,
persistent RADS5I foci on late pachytene
and diplotene chromosomes, and flares
of TOPBP1
chromosomes indicated the presence of
unrepaired DSBs in Hus/ CKOs. Similar
patterns of yYH2AX and TOPBPI staining
were seen in Rad9a CKO spermatocytes,
and persistent DMC1 foci were also
evident,' suggesting a role for the entire
9-1-1 complex in meiotic DSB repair.
Although these data suggest defective

staining on pachytene

repair of only a small subset of meiotic
DSBs in the absence of 9-1-1, this number
of unrepaired DSBs likely was sufficient
to cause cell death. In addition, delayed
or defective DSB repair was pervasive, as
all Husl CKO pachytene spermatocytes
and 72% of diplotene spermatocytes
contained persistent RADS51  foci.®
While the persistent breaks in Husl
and Rad9az CKO spermatocytes were
detected by the presence of RADS51 and
DMCI1 foci, respectively, it is possible
that aberrant intermediates were present
earlier and could contribute to other
observed phenotypes, such as synapsis
defects and inclusion of autosomes within
the XY body domain. Altogether, this
evidence supports a model in which the
mammalian 9-1-1 complex plays critical
roles in DSB repair.

What is unique about the small subset
of meiotic DSBs that remains unrepaired
in Rad9a and Husl CKOs? One possibility
is that a DNA structure generated at
these particular break sites requires 9-1-1
for recognition or processing during the
course of repair. It might be that these are

www.landesbioscience.com

recombination events involving multiple
chromatids, such as those seen in BLM/
SgsI helicase and Mus81 endonuclease

7274 which would be consistent

mutants,
with the observation of persistent paired
RADS51 foci on either side of the SC
axial elements in diplotene-stage Husl
CKO spermatocytes.” Such a model
would fit well with the recently identified
role of yeast 9-1-1 in error-free DNA
damage tolerance, where it functions in
homologous recombination and template
switching in mitotic cells, resulting in
the formation of sister chromatid joint
molecules that require resolution by
SGSI helicase (homolog of mammalian
BLM) and TOP3  topoisomerase
(homolog of mammalian TOP3A).”
It is tempting to speculate that 9-1-1
might play a similar role in inter-sister
chromatid recombination during meiosis,
perhaps stabilizing intermediates as they
accumulate RADS51 recombinase.

Another  possibility is  that the
persistent breaks observed in Husl and
Rad9a CKOs are those that are repaired
later in prophase I than most DSBs, and
that 9-1-1 is important for repair of these
late DSBs, due to differences in chromatin
structure, specific DNA intermediates,
or absence of particular recombination
factors. Such a possibility would be
consistent with the fact that RADYA foci
normally persist on the sex chromosome
cores during pachynema, colocalizing
with RADS5I foci at these sites.” Although
RADO9A can interact with MLHI1,** it
seems unlikely that the persistent DSBs in
Rad9a and Husl CKOs result from failed
crossing over, as approximately normal
numbers of pachytene MLHI foci and
bivalent diakinesis chromosomes were
observed in the absence of HUS1. We also
cannot exclude the possibility that HUS1
is involved in partner choice during the
homology search, and that perhaps some
of the DSB sites indicated by MLHI
foci in the Husl CKO are resolved by
inter-sister chromatid rather than inter-
homolog chromosome recombination
events. This might explain the large
percentage of Husl CKO spermatocytes
that undergo apoptosis near meiotic
metaphase, but appears inconsistent with
the observation of normal numbers of
bivalents at diakinesis.
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ATR Pathway Functions
during Meiosis:
Relevance to the 9-1-1 Complex

ATR and its activator, TOPBP1, are
present on meiotic chromosomes and have
been implicated in genome surveillance

meiosis.> 37677

during  mammalian
In particular, both factors localize to
sites undergoing meiotic silencing of
unsynapsed chromatin (MSUC), which
occurs on the autosomes, and meiotic sex
chromosome inactivation (MSCI), which
occurs in the XY body, 78 suggesting that
ATR kinase activation occurs in response
to asynapsis. Currently it is thought that
ATR phosphorylates histone H2AX at
sites of MSCI and MSUC, including
the XY body domain, while the ATM
kinase phosphorylates H2AX at DSBs.”®”
However, this has been difficult to assess,
since inactivation of Az and other ATR
pathway components results in embryonic

lethality in mice.*

#8082 Tnterestingly,
ATM-deficient spermatocytes accumulate
massive amounts of ATR on meiotic

chromosomes,®

supporting a role for
ATR in monitoring meiotic chromosome
abnormalities. The germ cell-specific
conditional knockout strategies described
here for Rad9a" and HusI" provide new
evidence for ATR pathway components
playing a role in the mammalian germline,
though not necessarily in an ATR-

dependent manner, as elaborated below.

Mouse RAD9A and HUS1 are Largely
Dispensable for Homolog Synapsis

In both Husl and Rad9a CKO
spermatocytes,  synapsis and  SC
defects were observed at low frequency.
Specifically,  14%  of  pachytene-
like Husi CKO spermatocytes had
improperly synapsed autosomes,” while
asynapsis or incomplete synapsis was
observed in -10-15% of pachytene-
like Rad9a CKO spermatocytes (A
D] Wolgemuth, and HB
Lieberman, unpublished results). In
addition, -36% of diplotene-stage
Husl CKO spermatocytes” and -22-
25% of pachytene-like Rad9a CKO
spermatocytes' harbored ruptured SCs.

Vasileva,

Could these synapsis defects be due to
an inherent defect in SC structure in
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the absence of 9-1-1? Alternatively, could
ruptured SCs be due to unrepaired DSBs
that lead to SC discontinuities? In yeast,
interaction of 2 9-1-1 subunits, MEC3
(HUS1) and DDC1 (RADY9A), with
the SC lateral element structural protein
REDI is required for SC formation.
Drosophila  hus] mutant oocytes also
exhibit abnormal SC disassembly.® Thus,
it would not be unexpected for the
mammalian 9-1-1 complex to have roles
related to SC formation, maintenance,
or disassembly. However, the relatively
infrequent occurrence of improperly
synapsed chromosomes in Rad9a and
Husl CKO spermatocytes suggests that
9-1-1 function is not essential for synapsis
per se.

Some phenotypes in meiotic HusI and
Rad9a CKOs may indicate more subtle
defects in the SC or in chromosome
structure. For example, phosphorylated
YH2AX persists in flares perpendicular
to the SC,*® which are similar to
rather
than in simple punctate foci along the

previously described L-foci,®

chromosome cores. This suggests that
in the absence of 9-1-1, DSBs may either
become uncoupled from the SC, or
be associated with extensive resection
or altered chromatin configurations.
An aberrant chromatin configuration
at some meiotic DSBs in 9-1-1 CKOs
might not be surprising, as it has been
reported that both RAD9A and HUSI
can form a complex with the HDACI
histone deacetylase.** The large, flared
yYH2AX foci (and similar TOPBP1 foci)
could also be due to formation of multi-
chromatid recombination intermediates
at some DSBs, structures that might also
lead to the presence of paired RADS5I foci
on each side of the SC as noted above.”
Additionally, we cannot rule out the
possibility that the aberrant YH2AX and
TOPBP1 localization is due to altered
DNA damage response signaling at some
DSBs in the absence of an intact 9-1-1
complex. In C. elegans, disruption of
the sister chromatid cohesion gene scc-2
leads to failure to load HUS-1 at sites of
early meiotic DNA damage, as well as
failure of cohesin loading and defective
DNA repair,® raising the possibility that
9-1-1 might interact with meiotic cohesin
proteins and coordinate DSB repair.

3140

New Insights into ATR Kinase
Activation: Disruption
of 9-1-1 Does Not Preclude
MSCI or XY Body Formation

As part of the 9-1-1 complex, RAD9A
and HUSI are predicted to function in
ATR kinase activation through interaction
with TOPBP1 at DNA damage sites. It
was therefore somewhat surprising that
TOPBP1 localization to the XY body
appeared unperturbed (Husl CKO)® or
only slightly affected (Rzd92 CKO)" in
primary spermatocytes in the absence of
the 9-1-1 complex. H2AX phosphorylation
at presumptive autosomal DSBs also
proceeded without RAD9A or HUSI as
noted above. Similarly, gene silencing via
MSCI appeared intact as evidenced by
the normal exclusion of RNA polymerase
II from the XY body domain in Husl
CKO spermatocytes.” That TOPBP1
may activate ATR in a RAD9A- and
HUSI-independent manner is novel, and
distinct even from alternative modes of
ATR activation seen during mitotic DNA
damage checkpoint activation (discussed
above).

The XY body formed in all Rad9a and
Husl CKO cells, though both studies
reported XY body defects, such as extended
yH2AX domains and inclusion of whole
or partial autosomes. While such defects
can have severe consequences, particularly
with respect to inappropriate gene
silencing, these abnormalities are likely
not due to primary synapsis defects in the
absence of RAD9A or HUS], but rather to
secondary effects related to unrepaired or
perhaps aberrantly processed DSBs.

Does 9-1-1 Play a Role in Meiotic
Checkpoint Signaling?

In budding yeast>”'? and other model
7:11,86,87 checkpoints
have been well described and contain at

organisms, meiotic
least 2 major (yet intertwined) branches—
synapsis monitoring and DSB repair
monitoring—both of which primarily
occur during the pachytene stage and
thus have been termed branches of the
pachytene checkpoint. It is not clear
whether or how meiotic checkpoints
operate in mammals, though it seems
likely that there are multiple mechanisms

Cell Cycle

that monitor and regulate progression
through meiosis. Additionally, many of
the same proteins involved in somatic cell
checkpoints, including ATM, H2AX,
ATR, TOPBP1, RAD9A, RADI, and
HUSI, are expressed during meiosis, and
most are known to localize along meiotic
chromosomes>1415:33-3576.83

A variety of meiotic defects have been
shown to lead to cell cycle arrest and
apoptosis between zygonema and mid-
pachynema in stage IV of the seminiferous
epithelium.”” These include cases of
complete absence of DSBs (such as in
Spoll mutants),*® impaired DSB repair
(such as in Dmcl and Msh5 mutants),®!
autosomal asynapsis,”**® or impaired
MSCIL* This period has been loosely
termed the pachytene checkpoint in
mammals, despite being less well defined
than in lower eukaryotes.’ As previously
mentioned, meiotic gene silencing via
MSUC and MSCI involves factors that
have checkpoint activity in somatic cells,
and it is reasonable to predict that these
may be components of a mammalian
synaptic checkpoint.

A possible role for the 9-1-1 complex
in a putative pachytene checkpoint is
supported by the significant fraction of
Husl CKO spermatocytes that progressed
beyond pachynema into the diplotene
stage  despite abnormal
chromosomes, including those with
ruptured SCs, persistent YH2AX and
RADS51 foci, and extended XY body
domains marked by YH2AX.” If meiotic
checkpoints exist and are intact, such

containing

abnormal cells should be cleared during
pachynema, suggesting that a subset of
Husl CKO spermatocytes do not have
the capacity to undergo pachytene-stage
apoptosis. Because most Rad9a CKO cells
did not progress as far into meiosis, it is
difficult to assess whether such a proposed
checkpoint role would involve the entire
9-1-1 complex, though it is possible that
Rad9a CKO cells simply have more DNA
damage or additional defects compared
with Husl CKO cells, and thus die earlier.

Does this mean that HUSI is required
for a pachytene checkpoint? Interestingly,
we observed a loss of phosphorylated
CHK2 in Husl CKO whole-testis
lysates,” suggesting that HUSI, and
potentially 9-1-1, may be required for
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CHK2 phosphorylation,
response to DSBs. In mouse somatic
cells, HUS1?> and RAD9A?*7 each show
strong genetic interactions with the ATM

perhaps in

kinase, which is activated in response to
DSBs and phosphorylates CHK2. While
functional interactions during meiotic
DSB repair would not be surprising, we
expect that 9-1-1 checkpoint functions
primarily involve ATR activation. We
observed that TOPBP1 localizes to meiotic
chromosomes in Husl and Rad9a CKOs,
indicating that TOPBPI recruitment to
DSBs is not mediated via 9-1-1, and in light
of recent studies in Xenopus extracts and
cultured mammalian cells,”? it may be
that TOPBP1 recruitment to meiotic DSBs
is instead facilitated by the MRN complex.

If synapsis and DSB repair checkpoints
do exist during mammalian meiosis, there
are clearly aspects of signaling that appear
to be HUSI- and RAD9A-independent.
For example, in both models, H2AX
appeared 1145
though this is not surprising, since
H2AX phosphorylation can be ATM-
dependent,” or as seen during responses
to replication stress, ATR-dependent
but 9-1-1-independent.”®” Additionally,
increased total CHK1 and P-CHKI1
were observed in the absence of HUS1,%
suggesting that signaling to CHK1 during

phosphorylation

norma

meiosis does not require HUSI.

In yeast, interaction of 9-1-1 with the
SC protein RED1 couples synapsis to
meiotic checkpoint activation.* As there
is little evidence that mammalian 9-1-1
participates in checkpoint monitoring
of synapsis, it is unclear whether direct
interaction between 9-1-1 and SC proteins
would promote a checkpoint response
Rather, the
evidence to date suggests that if there is

during  spermatogenesis.
a true meiotic checkpoint function of
mammalian RAD9A-RADI-HUSI, it
would primarily respond to unrepaired
DSBs. As discussed below, a distinct
RADI-containing complex could perform
synapsis checkpoint functions. While
direct interaction of RADI with SC
structural proteins has not been reported,
the meiotic localization of RADI, like
BRCA1, TOPBP1, and ATR, but not
RADO9A, is highly similar to that of
the HORMA-domain-containing SC

protein, HORMAD1,>3341% and  in
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fact, HORMADL is required for loading
of YH2AX, BRCAI, and ATR in the XY

body domain.'”

RAD1 can Function Independently
of RAD9A and HUS1 during Meiosis

Consistent with a previous report,® we
observed that RADI localized to many
foci along chromosome cores during
zygonema and pachynema, and was
particularly abundant along the X and Y
axial elements (Fig. 1)." The localization
of RADI is reminiscent to that of TOPBP1
and ATR,*7¢ with strong staining on the
unsynapsed axial elements of the X and Y
and on asynapsed autosomes. Together,
this might indicate that RADI1 functions
along with ATR to monitor ongoing
or aberrant chromosomal synapsis and
could also implicate the RADI protein
in the MSUC and MSCI
silencing processes. Surprisingly, RAD9A
and RADI showed distinct, though
overlapping, patterns along pachytene
chromosomes. Most RAD9A  foci
coincided with RADI, but the majority
of RADI foci lacked RADYA (Fig. 1).
Additionally, RADI localization was not
disrupted in Husl CKO spermatocytes,
whereas RADYA foci were completely lost
in the absence of HUS1.” In the reciprocal
experiment in C. elegans, MRT-2 (RADI)
was found to be required for the nuclear
localization of HUS-1 in germ cells.%
Together, these results strongly suggest
that RADL participates in canonical 9-1-1
complexes but also may have RAD9A- and
HUSI-independent
potentially overlapping with those of
TOPBP1 and ATR.

meiotic

meiotic functions,

To B or Not to B: A Hypothetical
Model for Alternative 9-1-1
Complexes Functioning in Meiosis

The 9-1-1 complex in lower eukaryotes
participates in the checkpoint-dependent
of both synapsis and
recombination during prophase I of
meiosis.”*8¢8710L102 - Regults  from both
the Rad9a and Husl CKO mouse studies
strongly support roles for the canonical
RAD9A-RADI-HUSI complex in events
of meiotic recombination but provide

monitoring

licle, if any, evidence of direct roles for
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RADYA or HUSI in synapsis or in the
checkpoint monitoring of synapsis, which
ordinarily leads to meiotic silencing
via. MSUC or MSCI. Since RADYA
and HUSI in mammals have paralogs,
RAD9B and HUSIB, respectively, which
coincidentally are highly expressed in germ
cells, 7103194 it is tempting to speculate that
the meiotic functions of the ancestral
9-1-1 complex, such as that in budding
yeast, have diverged in mammals and have
been split between the canonical RAD9A-
RADI-HUSI complex and an alternative
RAD]1-containing complex, potentially
RADY9B-RADI1-HUSI1B.

The human HUSIB protein is 48%
identical and 69% similar to HUS1,%
while human RAD9B is approximately
35% identical and 55% similar to
RADYA.“"1% These paralogs are expected
to assemble in a similar manner to
canonical 9-1-1 subunits, as depicted in
Figure 2A, leaving open the possibility
that RAD9B and HUSIB could also form
heterotrimeric complexes with other 9-1-1
subunits,1%1%*  resulting in RADYB-
RADI-HUS1B or RAD9B-RAD1-HUS1
complexes. HUSIB reportedly cannot
interact with RAD9A,'” arguing against
the possibility of RAD9A-RAD1-HUSIB
trimer formation.

Relatively little is known about the
functions of RAD9B and HUSIB. In
embryonic stem cells, RADIB aids in
mediating resistance to DNA-damaging
agents,'” and its overexpression in human
U20S cells results in cell cycle delay in
G, phase.® RADIB is also expressed
in tumor cells, where it co-precipitates
with  HUSL'"  Additionally, Rad9
is an essential gene,'” like Rad9a,%
Radl® and Husl,” whereas Huslb is
not (H Hang, KM Hopkins, and HB
Lieberman, unpublished results). Rad9
expression is increased in Rad9a CKO
mouse keratinocytes, suggesting that some
functional overlap between the paralogs
may allow for compensatory responses
in some circumstances.!” HUSIB
overexpression in cultured cells induces
clonogenic cell death, whereas HUSI
overexpression does not.!” Altogether,
these results suggest that RAD9B and
HUSI1B have distinct functions relative to
the conventional 9-1-1 subunits (Fig. 2).
Given the scaffolding functions assigned

3141
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to the family of PCNA-like clamps, it
seems likely that alternative, 9-1-1-related
clamps may have diverged to recognize
distinct DNA structures or to associate
with a different set of effector proteins.
RADI1, TOPBP1, and ATR all localize
to sites of unsynapsed chromatin,*3
and in the case of RADIY
TOPBP1,“">  this  localization s
independent of HUS1” and RAD9A.™
RADI foci are also much more abundant
than RAD9A foci® or even DMCI1
foci,* and only a subset of RADI foci
also contain RAD9A.® Together, these
results strongly support a model in which
RADI1 participates in both the canonical
9-1-1 complex, functioning in DSB repair

and

and possibly in checkpoint signaling, as
well as in a distinct RAD9A- and HUSI-
independent complex that localizes to
asynaptic sites containing TOPBP1 and
ATR (Fig. 2A). We propose that an
alternative RAD9B-RADI1-HUSIB (or
RAD9B-RADI-HUSI) clamp might be
loaded at asynaptic regions to activate
ATR  pathway
and promote silencing of unsynapsed
chromatin. While RAD9B is reported
not to interact with TOPBP1 in human
U20S cells,® serine 387 of RADY9A,
which is important for interaction with
TOPBP1,% is conserved in RAD9B (PX
Lim and RS Weiss, unpublished results).
Based on the observed
patterns for 9-1-1 subunits in mouse

checkpoint  signaling

localization

spermatocytes, we speculate that both
canonical and alternative 9-1-1 complexes
would localize to meiotic chromosomes as
shown in Figure 2B, with 9-1-1 at DSB
sites and an alternative 9-1-1 complex at
asynaptic sites.

Conclusions and
Unanswered Questions

Our findings independently
demonstrate that RAD9A and HUST are
essential for male fertility by ensuring
effective repair of DSBs during meiosis.
Many unanswered questions remain
regarding the function of the 9-1-1
complex and potential alternative RADI1-
containing complexes in this process.
What is the precise composition of the
putative alternative 9-1-1 complex(es)?
Do the high protein levels of RADYB,

3142

HUSI1B, and RADI1 in the mammalian
testis reflect functions specific to meiosis?
Additionally, what is the DNA substrate
recognized by the alternative complex(es)?
Canonical 9-1-1 recognizes single-strand/
double-strand DNA junctions containing
5" recessed ends, which would be present
at resected meiotic DSBs, but what would
be the signal for loading or recruiting
an alternative complex? Do the 9-1-1
complexes share the same clamp loader?
Is there a meiosis-specific clamp loader?
Finally, what are the key effectors, both
for the conventional 9-1-1 complex at DSB
sites and the alternative 9-1-1 complex
at asynaptic sites? Clearly much remains
to be elucidated regarding the biology of
these fascinating and functionally distinct
DNA damage response proteins in the
mammalian germline.
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