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It takes two
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hromosome pairing is involved in

X chromosome inactivation, a clas-
sic instance of monoallelic gene expres-
sion. Antigen receptor genes are also
monoallelically expressed (“allelically
excluded”) by B and T lymphocytes, and
we asked whether pairing contributed to
the regulation of V(D)] recombination
at these loci. We found that homologous
immunoglobulin (Ig) alleles pair up dur-
ing recombination. Homologous g pair-
ing is substantially reduced in the absence
of the RAG1/RAG2 recombinase, but a
transgene expressing an active site RAG1
mutant (which binds but does not cleave
DNA) rescues pairing in Ragl” develop-
ing B cells. RAG-mediated cleavage on
one allele induces the other allele to relo-
cate to pericentromeric heterochromatin
(PCH), likely to ensure that only one allele
is cut at a time. This relocation to PCH
requires the DNA damage sensor ATM
(ataxia telengiectasia mutated). In the
absence of ATM, repositioning at PCH is
diminished and the incidence of cleavage
on both alleles is significantly increased.
ATM appears to be activated by the
introduction of a double-strand break on
one allele to act in trans on the uncleaved
allele, repositioning or maintaining it at
PCH, to prevent bi-allelic recombination
and chromosomal translocations.

The vertebrate immune system is virtuo-
sic in its ability to produce antibodies to
just about any molecule it encounters. It
achieves both versatility and specificity by
creating DNA damage (in a tightly con-
trolled fashion) and then repairing it with
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the help of the ubiquitous DNA damage
sensing and repair machinery. Chickens,
rabbits, sheep, cattle and swine rely on
gene conversion and somatic hyper-
mutation to achieve antibody diversity."?
Fish, amphibians, rodents and primates,
however, diversify the antigen receptor
repertoire primarily through V(D)] recom-
bination. (They also use class switching
and somatic hypermutation after V(D)]
recombination, but these are beyond our
scope here; for a concise introduction to
these topics see.)*”

During their development, B and T
lymphocytes undergo several rounds of
V(D)] recombination to form a novel anti-
gen receptor gene. V, D and ] segments, so
named for historical reasons, are arrayed
by the hundreds along different antigen
receptor loci scattered among different
chromosomes.® The loci containing B cell
receptor gene segments are called immu-
noglobulin (Ig) loci, since B cells produce
immunoglobulins  (a.k.a. antibodies).
V(D)] recombination is accomplished by
the lymphoid-specific RAG1 and RAG2
proteins (recombination activating genes
I and 2), which select two different seg-
ments that might be kilobases apart, bring
them into a synaptic complex, excise the
intervening DNA, and join the segments
with the help of the nonhomologous end
joining (NHE]) repair machinery to cre-
ate a “coding joint.” After several rounds
of recombination, a unique VD] and V]
sequence is created for the heavy and light
chains of the antibody, respectively, and a
unique antigen receptor can be expressed

(Fig. 1).
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Figure I. Scheme showing the different stages of B cell development and the various phases of rearrangement of the Ig loci. The heavy chain is
denoted by the subscript H; the light chain is denoted by the subscript L. The pre-BCR (B cell receptor) is an early form of the antigen receptor, com-
posed of only a heavy chain and a “surrogate light chain,” which must be expressed on the cell surface to trigger rearrangements at the light chain loci;
the BCR (B cell receptor) at the immature B stage is the product of both heavy and light chain rearrangements.

The uniqueness of the antigen recep-
tor is crucial: according to clonal selection
theory, each lymphocyte must express
only one antigen receptor specificity so
that, when triggered to proliferate upon
encountering a specific antigen, the B cell
clone doesn’t produce several different
antibodies that could increase the chances
of, for example, cross-reactivity and auto-
immunity. To ensure only one antibody
specificity is produced, recombination is
completed at only one allele per locus. This
“allelic exclusion” ensures monoallelic gene
expression, much as X chromosome inac-
tivation ensures only one X chromosome
is active in females. The order of recombi-
nation within the locus is important, too,
since only at later steps is allelic exclusion
enforced: at the heavy chain (Igh) locus,
D,, to ], recombination occurs first on
both heavy chain alleles, followed by V ,
to DJ,, on only one allele (Fig. 1). If the
first attempt is successful, the cell goes on
to recombine the light chain. If, however,
the first atctempt fails, being out of frame,
for example, the cell can attempt rear-
rangement on the other allele. If that fails,
the cell dies. If it succeeds, the cell goes on
to recombine the light chain.

Because D,-J,, rearrangement begins
on both alleles, allelic exclusion at the V to
D], stage clearly relies on some sort of feed-
back mechanism. But how it is established
has remained an enigma. Another major
question has been how genomic stability is
maintained during all this rearranging. A
number of elegant studies have shed light
on the multiple mechanisms involved in
regulating recombination, ranging from
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DNA sequence to chromatin packaging.”®
Yet recombination errors do occur, and
we still lack a detailed understanding of
how translocations arise in the face of such
deftly orchestrated constraints.

Much to our surprise, part of the answer
to both questions is the same. It has been
known for some time that location at the
nuclear periphery or regions of pericentro-
meric heterochromatin (PCH) correlates
with repressed gene expression and that
movement of chromosomes to the center
of the nucleus, into euchromatin, is asso-
ciated with gene expression.”?** The field
was also beginning to understand that
higher-order regulation of chromosome
conformation (namely, locus contraction
and decontraction) was important for
recombination. (The g/ locus contracts to
allow the RAG proteins to synapse DJ, to
the distal V| region gene segments, which
otherwise are separated by an insuperable
distance of up to -3 megabases.) We dis-
covered that locus contraction depends
on the B cell specific transcription factor,
Pax5,” itself an important determinant of
commitment to the B cell lineage early on
in development.'®"”

We had also noticed by this time that
the Igh and Igk loci associate with one
another, and that this association directs
the /gh locus to heterochromatin, perhaps
to signal the transition from one stage of
recombination to the next. After hearing
this data at a Keystone conference, Mark
Schlissel told me about some earlier results
that he had been unable to explain. He
had been looking at mice lacking a par-
ticular enhancer that is involved in Igk
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recombination (the 3" Ek’ mice) and
had found, using Ligation Mediated PCR
(LM-PCR), that the absence of this regu-
latory element allowed recombination at
the /gh locus to continue in small pre-B
cells, when only Igk recombination should
be taking place (Fig. 1)."* We began to col-
laborate and found out that, in the absence
of this enhancer, Igh/Igk do not associate,
Igh is not repositioned to heterochromatin
at the pro- to pre-B transition, and the Igh
locus does not decontract.” Protracted
locus accessibility should not only account
for ongoing Igh rearrangement but also
violate allelic exclusion—yet these cells
express only one receptor.” There must
therefore be additional mechanisms in
place to ensure silencing of one allele in
the event that both are functionally rear-
ranged. At the pre-B stage in 3' Ex™" cells,
we noticed an unusually high frequency of
homologously paired Zgh alleles and began
to wonder whether homologous pairing
could have anything to do with allelic
exclusion. It had recently been discovered
that pairing is a pre-requisite for X chro-
mosome inactivation,?”?! and we decided
to analyze each stage of B cell develop-
ment to map whatever chromosomal
movements we found.

The results were published in spring
2009 in Nature Immunology.** In brief,
we found that there are two phases of
homologous pairing: one that occurs dur-
ing D -to-],, rearrangement when the
loci are in a fully extended form, and a
second, Pax5-dependent phase of pairing
that occurs during V, -to-DJ,, rearrange-
ment when the loci are contracted. Mere
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expression of the RAG proteins is suf-
ficient to induce pairing: expression of a
catalytically inactive RAG1 mutant that
blocks cleavage but allows DNA binding
is perfectly capable of inducing pairing in
RAG-deficient cells.

RAG-mediated cleavage of one allele,
however, is required for repositioning
the other allele to heterochromatin while
the rearranging Igh allele remains in
euchromatin. (We visualized cleavage by
tracking the formation of YH2AX foci.)
Repositioning of one allele requires ATM,
a serine-threonine protein kinase involved
in DNA damage sensing.??* In the
absence of ATM, a significant number of
cells develop YH2AX foci on both homol-
ogous alleles, suggesting biallelic cleav-
age—i.e., failure of allelic exclusion. This
would explain why ATM deficiency leads
to high levels of apparently harmless but
still abnormal trans-rearrangements.”>%’
Deregulated, bi-allelic cleavage should
produce many more breaks that are avail-
able for misrepair, trans-rearrangements,
and translocations, such as those that fre-
quently occurinleukemiasand lymphomas
in the context of ATM mutations.?®-°

Because YH2AX focus-formation is an
imprecise measure of double-strand break
formation and resolution, we sought ways
to complement what we were observing
through DNA FISH. The Bassing lab
used repair-deficient cell lines in which
they could quantify the accumulation of
unrepaired RAG-induced double strand
breaks at the Igk loci.* Southern blot-
ting showed that repair-deficient cells
contained 30-50% less germline J,, and
correspondingly more J, coding ends,
than control (RAG-deficient) cells, indi-
cating RAG cleavage was taking place
on about half the gk alleles. In ATM-
deficient cells, however, there was 80%
less germline J, and correspondingly more
J, coding ends: rearrangement was defi-
nitely occurring on both alleles. Moreover,
RAG-induced breaks led to translocations
of one Igk allele in a small percentage of
repair-deficient cells, but two-thirds of
cells doubly deficient in repair and ATM
showed translocations—and half of these
cells contained lesions arising from cleav-
age of both gk alleles.?> This is important
evidence since, in theory, biallelic yYH2AX
foci arising in ATM-deficient cells might
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merely reflect unrepaired breaks persist-
ing through the cell cycle in the absence
of ATM checkpoints.?®

Before moving forward, let us put
this all together into a model (Fig. 2). It
appears that RAG-mediated cleavage on
one of the /g alleles during D, -to-] , rear-
rangement activates AT M, recruiting it to
the site of the double-strand break, where
it then appears to act in trans on the other
allele to re-position it to PCH just long
enough to repress further efforts at recom-
bination during repair of the first allele.
We propose that when repair is completed,
ATM signaling ceases, and the “second”
allele is free to move away from PCH.
Once D,;-to-],, rearrangement takes place
on both alleles, we suspect that excision
of some key portion of the intervening
chromosome during D, -to-] , recombi-
nation signals V -to-DJ  rearrangement
to begin. RAG cleavage once again trig-
gers ATM signalling to relocate the other
allele to PCH, and the cycle continues.
Sequential rearrangement on individual
alleles prevents simultaneous V ,-to-DJ,,
rearrangement and therefore helps initiate
allelic exclusion.

Although we hypothesize that V(D)]
recombination initiates on one of the
paired /g alleles, our data cannot rule out
the possibility that RAG-mediated cleav-
age also occurs on unpaired alleles. If
ATM recruited to the rearranging allele by
RAG cleavage must act in trans to inhibit
recombination of the other allele, how-
ever, this seems more likely to occur if the
two Ig alleles are in close proximity to one
another than if the pool of activated ATM
must diffuse over a large distance in the
nucleus (see model in Fig. 2).

We can now hazard an explanation of
the high level of pairing at the pre-B cell
stage in 3' Ex” mice, which have pro-
longed accessibility of the /gh locus and
ongoing rearrangement.”” Just as in XCI,
pairing seems to ensure monoallelic expres-
sion, i.e., even if allelic exclusion is violated
at the genotypic level (by rearrangement
occurring on both alleles under abnor-
mal circumstances), continued pairing
prevents more than one allele from being
expressed (“phenotypic” allelic exclusion).

Our thinking about these experiments
has continued to evolve in recent months.
Early on in our studies, before we had

Nucleus

performed experiments in ATM-deficient
cells, we did a simple (and, as it turns
out, simplistic) calculation to determine
whether the monoallelic YH2AX focus for-
mation in wild-type cells was attributable
to low-efficiency, stochastic cleavage or a
regulated cleavage process. The original
Figure 6 contains our attempt to compare
the numbers of cells in which one would
expect to find bi-allelic co-localization of
YH2AX foci if RAG targeting were inef-
ficient and/or stochastic versus the actual
number obtained. Because the percentage
of wild-type cells with bi-allelic YH2AX
foci was significantly lower than the pre-
dicted frequency, we thought we had
settled a long-standing controversy in the
field: cleavage is regulated, not stochastic.
QE.D.!

Michael Krangel of Duke University,
however, believed that our calculation
should have been done on an allele basis,
not on a per-cell basis, and he detailed his
thinking in a letter that prompted a series
of discussions amongst the coauthors and
no little angst on our part: Michael is a
proponent of the stochastic model and a
very thoughtful scientist. We never did
resolve which approach made more sense,
because—thanks in part to consulta-
tions with biostaticians and mathemati-
cians at Duke University, NYU School of
Medicine and NYU’s Courant Institute,
who also came down on both sides of the
initial question—all parties eventually
realized that it was not possible to do the
calculation on ezther basis. A calculation of
predicted frequencies requires that the pre-
pro-B, pro-B and pre-B cells are homoge-
neous populations in which all alleles are
equally available for cleavage. This is most
definitely not the case: some cells have two
alleles available for rearrangement while
others have already undergone a non-
functional rearrangement on one allele
and therefore have only one allele left to
rearrange. Furthermore, some cells have
functionally rearranged one allele and
moved to the next developmental stage.
In short, the calculation presented in
Figure 6 cannot say anything useful about
stochastic versus regulated cleavage.

In retrospect, we should have recon-
sidered the calculation after we obtained
data in ATM-deficient cells to compare
against wild-type. The ATM-deficient
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Figure 2. Model for recombination regulated by RAGI/2 and ATM. Top row, left to right: Igh alleles in default, unpaired state. RAGI/RAG2 (green
circles) bind to accessible regions, causing homologous alleles to pair. Bottom row, left to right: RAGI/RAG2 cleave DNA on one allele; ATM (orange
ovals) stabilizes the RAG post-cleavage complex and signals transient relocation of the uncleaved allele to pericentromeric heterochromatin (pale gray
area), where it becomes inaccessible; the RAG proteins can no longer bind. ATM, yH2AX and other factors such as the MRN complex*** |ocalize to
the site of the DNA break to facilitate repair of the cleaved allele. When repair is compleated, the ATM is no longer needed and leaves the repaired
break site, allowing the PCH-located allele to re-enter euchromatin. If the rearrangement is nonfunctional, recombination can be attempted again on
either allele. Functional V ,-DJ,, rearrangement drives progression to the next stage of B cell development and leads to Igh/Igk association, transient
downregulation of RAG proteins, and V,, locus decontraction of the unrearranged allele.

cells gave us an opportunity to perform
a straightforward comparison via the chi-
squared test, and, to our great relief, we
found that the incidence of biallelic foci
in ATM-deficient cells was significantly
different than in wild-type. This calcula-
tion is published as an addendum to the
original paper.”

Exactly what activities of ATM accom-
plish this repositioning of one allele to
PCH? We recently performed experi-
ments using Abelson transformed cell
lines in which we block ATM’s kinase
activity using the inhibitor KU-55933.3!
Rearrangement of the gk locus is initi-
ated by taking the cells out of cycle using
the small molecule Abl kinase inhibitor,
STI571% to allow upregulation of the
RAG proteins. When we block ATM’s
kinase activity, we observe an increase
in biallelic cleavage similar to what we
observe with a complete deficiency of
ATM and a reduction in the frequency
with which one gk allele is repositioned at
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PCH (Fig. 3). The kinase function is thus
central to restricting recombination to
one allele. Furthermore, since these cells
have been taken out of cycle, this experi-
ment provides yet another line of evidence
that the observed increase in biallelic
cleavage is not attributable merely to the
absence of ATM checkpoints and progres-
sion through the cycle in the presence of
unrepaired breaks.??

Speaking of Igk, we would like to
explain an observation reported in our
original work that has puzzled many—
including us. Astute readers will notice
that we confined our discussion here to
the Igh locus, in which RAG expression
leads to pairing, and RAG cleavage leads
to repositioning of one allele to PCH. At
the gk locus, however, RAG expression
leads to both pairing and positioning of
the pair such that one allele is at PCH; in
the absence of ATM, we observe a failure
to maintain the locus at PCH. Why the
difference? Recall that fgh recombination
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must take place before gk rearrangement
can begin, and that the /gh and gk alleles
briefly associate. We propose that this brief
interaction allows the pericentromeric
Igk to communicate with the unrecom-
bined Igh allele. If both of the gk alleles
were euchromatic, which allele would Zgh
communicate with? Can there even be
cross-talk among three alleles? Further
experiments will be needed to work out
whether our hypothesis is correct, but we
think it is a reasonable conjecture.
Pairingclearly allows cross-talk between
(two) chromosomes, which in the case of
X chromosome inactivation and allelic
exclusion serves to enforce monoallelic
gene expression. Curiously, disruption of
pairing might also foster biallelic expres-
sion in the case of the 15q11-13 GABAA
receptor genes in neurons.” Perhaps the
most well-known cases of homologous
pairing occur during homologous recom-
bination and meiosis. There are multiple
mechanisms that allow alignment and
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of Igk locus.

Figure 3. Inhbition of ATM kinase activity increases biallelic cleavage and reduces the frequency with which one Igk allele is repositioned at PCH.

(A) Treatment of a wild-type Abelson transformed cell line with both the Abl kinase inhibitor (STI571) for 48 hours and either DMSO as a control or
an ATM kinase inhibitor (KU-55933, 10 uM) takes the cells out of cycle. Flow cytometry plots of DNA content measured by DAPI staining are shown
with markers indicating G,, S and G,/M stages of the cell cycle. (B) Graph showing that inhibition of ATM (ATMi) diminishes recruitment of Igk alleles to
PCH. (C) Graph showing percentage of cells with YH2AX foci on either one or both alleles after ATMi or DMSO control treatment. Data is repre-
sentative of three independent experiments. RAG-deficient cells have a low level of background breakage, resulting in 1-3% cells showing association
of yH2AX foci. RAG cleavage in wild-type cells largely occurs on one allele, with only three out of 305 cells showing biallelic cleavage while 57/305
showed monoallelic cleavage. In the context of ATM inhibition, however, YH2AX foci form abundantly on one or both alleles (in 96 and 30 cells out of
300, respectively). The overall increase in cleavage in ATM-inhibited cells over wild-type is significant (p = 2.76 x 10-'%); also significant are the increases
in monoallelic (p = 6.81 x 10-) and biallelic cleavage (p = I.l x 107), calculated independently by the chi-squared test (the Yates correction was used
when any value was <|0). (D) YH2AX focusformation frequently occurs on both Igk alleles in cells treated with the ATM kinase inhibitir. Here we pres-
ent confocal sections showing monoallelic association of YH2AX with the Igk alleles (left an right, respectively) with each row of photographs tracking
one allele (arrows). The probes used are diagrammed to the right. Because there is always background DNA damage in these cells, most sections show
several YH2AX foci, but the only YH2AX foci of interest to us are those located on the Igk allele (arrow). Ck, constant region of Igk locus; Vk, V region

pairing of chromosomes, but they can
be divided into those that require double
strand break formation and those that do
not—the preferred mechanism varies with
the organism.* Recent work suggests that
DNA molecules with identical sequences
of at least 100—200 bp spontaneously pair
by short-range electrostatic interactions.”
Persuasively, this is also the optimal length
of homology for repair by homologous
recombination. But if this is the case, then
one must ask why homologous chromo-
somes aren’t paired more frequently.

Our experiments with catalytically
inactive  RAG were foreshadowed by
studies in S. cerevisiae carried out by the
Kleckner lab in 1994.3° Expression of
Spollp, which generates meiotic double-
strand breaks, is necessary for homologues
to pair during meiosis in yeast. Deletion of
the protein abolishes pairing, but a cata-
lytically inactive Spollp mutant rescues
the phenotype—just as the RAGI D708A
mutant rescues pairing in RAG-deficient
cells. These studies hint that perhaps
Spollp and RAGI/2 serve a structural
role.*¥ Page and Hawley note that all of
the DNA regions believed thus far to pro-
mote pairing either map near or comprise
repetitive sequences, and they speculate
that it is the aggregation of proteins that
bind to these sites that mediates pairing.**
This is certainly plausible in the context
of V(D)] recombination, since RAG1/2
complexes not only avidly bind the recom-
bination signal sequences (RSS) flanking
the V, D and ] segments but must also
associate with one another for synapsis and
recombination to proceed.®** Whatever
the answer, pairing clearly allows crucial
communication between alleles. It helps
establish allelic exclusion, and it helps
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protect genome integrity during recombi-
nation by providing a “safe sink” for errant
recombination events (better to rearrange
in trans with a homologous locus than

translocate to another chromosome).

We might say that recombination entails
a collective conversation in the nuclear
context.

Science, too, is a collective conversation.
At critical junctures in this story, conver-
sations and collaborations and kindly criti-
cisms propelled us along. We are especially
grateful to our collaborators in this work—
Craig Bassing, Meinrad Busslinger, David
Schatz and Barry Sleckman—who have
provided a generous source of intellectual
stimulus and support.
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