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Analysis of Junctional Diversity During
B Lymphocyte Development

KATHERYN MEEK

Immunoglobulin rearrangement is central to generating antibody diversity because of
heterogeneity generated during recombination by deletion or addition of nucleotides
at coding joints by the recombinase machinery. Examination of these junctional
modifications revealed that the addition of nongermline-encoded nucleotides was
more prevalent in adult versus fetal B cells, thus partially limiting the fetal antibody
repertoire. In contrast, deletion of nucleotides occurs equivalently in B cells at different
stages of development and at different points in B cell ontogeny. Finally, the bias in
murine immunoglobulins for one Dy segment reading frame occurs at the DyJu

intermediate.

RYSTAL STRUCTURES OF ANTIGEN-

specific antibody molecules show

that the hypervariable regions of the
immunoglobulin heterodimer are integral to
antigen binding (1)—thus variations in
these regions engender different antigen
specificities. Generally, the most variable
portion is the third complementarity deter-
mining region (CDR3) (2).

The variation in CDR3 is generated by
deletion of nucleotides from the coding
sequences (presumably by an exonuclease
associated with the recombinase machinery)
and addition of nucleotides at the joints (N
segments) in an apparently random fashion,
probably by the enzyme terminal transferase
(Tdt) (3-9). Though the rearrangement
process is ostensibly random, in expressed
immunoglobulins there is a preference for

Department of Internal Medicine, Division of Rheuma-
tology, University of Texas Southwestern Medical Cen-
ter, Dallas, TX 75235.

chains that have rearranged such that one
particular Dy segment reading frame is
used.

In this report, newborn and adult B cell
receptors were examined for differences in
junctional diversity. To analyze deletion of
nucleotides from coding segments, I used
the restriction enzyme sites that occur near
the recombination signal sequences in vari-
ous immunoglobulin gene segments (10~
14). By digesting polymerase chain reaction
(PCR)—amplified rearrangements with the
appropriate restriction enzyme, the propor-
tion of rearrangements that lacked that par-
ticular enzyme site was determined. Because
in most situations the amplified rearrange-
ments were not subject to antigenic selec-
tion (that is, DyJy rearrangements or pseu-
dogenes), the absence of the enzyme site
should reflect the proportion of rearrange-
ments that no longer contained the particu-
lar enzyme site because of nucleotide dele-
tion during rearrangement.
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Fig. 1. (Left) Map of amplified DSP2 to Jul
rearrangements. The black, white, and shaded
boxes represent the Jy1 coding region, N region,
and DSP2 coding region, respectively. Horizontal
arrows depict the amplification primers. Positions
of relevant restriction sites are indicated by the
vertical arrows. Restriction sites that may or may
not be present in an amplified rearrangement are
followed by a question mark. Since the size of
cach rearrangement in the amplified pool of rear-
ts will be variable depending on the
degree of nucleotide deletion or addition, or
both, the approximate lengths of the rearrange-
ments have been indicated. Furthermore, after
digestion with a particular enzyme, only one
indicated. Sequences of relevant gene

2383
528
DSP2  N?  Jyt
—
CELETEE
~7obp T
B ~246
su ~109 bp |? 61bp . &
Taq | ~89bp |7 ~81bp -123
Rsa| . ~84bp |? 86bp

.’

t will be of variable length; this has also been

segments are from (10) and (12). Polymerase chain reactions were

performed essentially as described previously (23-25). (Right) Southern hybridization experiment of
DSP2 to Ji;1 amplifications from adult spleen DNA, cither uncut or restricted with indicated restriction
endonucleases. The hybridization probe was an oligonucleotide complementary to the coding sequence

OfIHI.

DSP2 to Jyl rearrangements from adult
spleen DNA were amplified and then digest-
ed with three restriction endonucleases that
cut within the Ju1 coding sequence (Fig. 1).
Amplified DSP2-Jy1 rearrangements were
digested with various restriction endonucle-
ases and analyzed by Southern (DNA) blot
hybridization with an oligonucleotide com-
plementary to the Ji1 coding sequence. The
Asu I site is the furthest from the site of
recombination—29 nucleotides of Jyl
would have to be removed (considerably
more than usually observed) to destroy the
Asu I site. Thus, Asu I cuts the majority (if
not all) of the amplified products and leaves
a 61-bp fragment. Taq I sites, 12 nucleo-
tides from the recombination site, are most-
ly intact. (Longer exposures show a small
amount of product uncut by Taq L) In
contrast, many Rsa I sites, which are seven
nucleotides from the recombination site,
have been altered, leaving a significant
amount of the product not digested (~170-
bp fragment). This amount of nucleotide
deletion is typical of immunoglobulin DyJy
rearrangement.

To analyze whether nucleotide deletion
differs in adult versus fetal or newborn
rearrangements, I amplified DSP2 to Jyl
rearrangements and assayed for the presence
of the Rsa I site (Fig. 2). Both the uncut
(~170 bp) and cut (86 bp) bands were
present in DyJyl rearrangements from all
ages, fetal to adult. By analyzing the intensi-
ties of the two bands, I determined that the
destruction of the Rsa I site occurs at ap-
proximately the same frequency in B cell
rearrangements from mice of all ages. Diges-
tion with Taq I (site in Jyl) and Mae III
(site in all DSP2 coding sequences) gave
similar results (15). In addition, Vi to DyJy
rearrangements (Vy33, a J558 pseudogene
to Ju3) digested with Rsa I (site in V33)
gave similar results. Thus, the loss of nucleo-
tides from coding sequences during immu-
noglobulin heavy chain recombination is
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roughly equivalent in newborn and adult
rearrangements and is not differentially reg-
ulated through ontogeny.

V.10 to J,1 rearrangements were also
analyzed for nucleotide deletion. The first
nucleotide of the Mae II site is the fifth
nucleotide of the J.1 coding sequence.
There is a second Mae II site in the 3’
flanking region of the J,1 gene segment
(Fig. 3).

After am:gliﬁcation and digestion with
Mac II, a **P end-labeled oligonucleotide
complementary to the third framework re-
gion was used as a hybridization probe. In
both 10-week and newborn V,J . rearrange-
ments, the Mae II site is consistently absent
in some rearrangements (represented by the
presence of the 279-bp V, hybridizing frag-
ment). Thus, these data show that the dele-
tion mechanism affects all types of immuno-
globulin  recombination—rearrangements
that occur carly (heavy chain) and late (light
chain) in lymphocyte differentiation and re-
arrangements from both newborn and adult
lymphocytes. Hence, the enzyme responsi-
ble for nucleotide deletion is either an inte-
gral part of the recombinase machinery or its
expression is coincident with that of the
recombinase.

Lafaille et al. (16) have proposed that two
nucleotides complementary to the last two
bases of the coding sequences are added to
the ends of the coding joints during recom-
bination. These have been termed P nucleo-
tides. Since P nucleotides form palindromes
with adjacent coding sequences, their pres-
ence can be assayed with this system.

The P nucleotides that would be added to
the 5’ end of the Jy2 gene segment create an
Rsa I site and can be detected by amplifying
DSP2 to Jy2 rearrangements and then cut-
ting with Rsa I (Fig. 4). A DSP2 coding
region probe detected a small portion of the
amplified product with the predicted Rsa I
site (78-bp band). P nucleotides at the 3’
end of all of the Dy segments and at the 5’
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Fig. 2. (Top) Map of amplificd DSP2 to Jul
rearrangements. Positions of the Rsa I restriction
site is indicated by the vertical arrow, as in Fig. 1.
(Bottom) Southern hybridization of DSP2 to
Jul amplifications from fetal, newborn, 3 week,
10 week, and adult spleen DNA, cither uncut or
digested with Rsa I. The hybridization probe was
an oligonucleotide complementary to the 5’ flank-
ing sequence of DSP2 Dy segments. The relative
intensities of the hybridizing fragments were de-
termined with a gel imager (Betascope, Betagen
Inc., Waltham, ﬁdassachusctts). Posil:t;n of the
relevant fragments (uncut and 86 bp) are indicat-
ed with arrowheads.
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Mae Il
~279 bp
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369 >
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Fig. 3. (Top) Map of amplified V.10 to J.1
ts (11, 13). The black and shaded
boxes depict the J,1 and V.1 coding sequences,
respectively. Positions of Mae II restriction sites
are indicated by the vertical arrow as in Fig. 1.
(Bottom) Southern hybridization iment of
amplifications from newborn and 10-week spleen
DNA, cither uncut or restricted with Mae II.
Positions of the ~279-bp and 247-bp fragments
are indicated with arrows. The hybridization
probe was an oligonucleotide complementary to
the third framework of V,10. The relative intensi-
ties of the hybridizing fragments were determined
with a gel imager (Betascope, Betagen Inc.).

end of several Ji segments have been exam-
ined (15) and a small percentage of the
amplified product is consistently digested
This suggests that P nucleotides are added and
maintained in a small fraction of rearrange-
ments during the recombination process.
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To assay for differences in N segment
addition, I performed similar cxpcnmcnts
using 3?P-labeled amplification primers and
subsequent analysis by polyacrylamide gel
clectrophoresis. In these amplifications, a
DSP2 coding sequence oligonucleotide was
used to bias the amplification so that only
joints that retained the entire DSP2 coding
sequence were amplified. The size of the
amplified rearrangements should be hetero-

DSP2 N? P? J2 5 =
et o el oo
o kit i ]
Rsal ~78 bp 1?7 91bp

246>
Fig. 4. (Left) Map of amplified
DSP to Ju2 rearrangements (10, 423,
12). Position of potential Rsa I
restriction site (as created by P =
nucleotide addition) is indicated
by the vertical arrow, as in Fig. 1.
(Right) Southern hybridization
experiment of DSP2 to Ji2 amplifications from
adult spleen DNA, either uncut or restricted with
Rsa I. Position of the ~78-bp fragment has been
indicated with an arrowhead. The hybridization
probe was an oligonucleotide complementary to
the 5’ flanking region of DSP2 Dy segments.
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Fig. 5. (Top) Map of amphﬁed DSP2 to Jul
rearrangements with 32P-labeled coding DSP2
oligonucleotide and unlabeled IHI ohgonucleo-
tide. Positions of Taq I restriction sites are indi-
cated by the vertical arrow. The 2P-labeled DSP2
coding’ oligonucleotide and the potential *P-
labeled restriction fragments are indicated with
horizontal arrows. If no nucleotides are deleted
from Jyl and no N t nucleotides are
present, the size of the labeled fragment will be 28
nucleotides. If all of the Jy segment up to the
point of the Taq I site is deleted, the size of the

labeled fragment will be 17 bp. (Bottom) Dena-
turing polyacrylamide gel electrophoresis of
DSP2-Jy1 amplifications from fetal, newborn, 3-
week, 10-weck, and adult spleen DNA restricted
with Taq I. Radiolabeled oligomers were used as
molecular weight markers. The position of a 28-
bp fragment is indicated with an arrowhead.
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gencous depending on the amount of dele-
tion of the Jy segment and how much N
segment addition occurred. The amplified
products were restricted with Taq I and
analyzed on a denaturing acrylamide gel
(Fig. 5). In rearrangements in which the Ju
coding sequence remains intact and no N
nucleotides have been added, the size of the
restricted fragment should be 28 bp (indi-
cated with an arrow). Only rearrangements
derived from animals that were 3wecksold
or older had any restricted ts as
large as (or larger than) 28 bp, evidence that
N segment addition is minimal (if not total-
ly absent) in fetal or newborn immunoglob-
ulin rearrangements. This finding is consist-
ent with sequence data from expressed
immunoglobulins and T cell receptors from
fetal and newborn animals (16, 17). Howev-
er, the present study has the advantage of
assaying N segment addition on a pool of
ents instead of clones. Also, since
these experiments have been done on DyJy
intermediates (and not expressed immuno-
globulins), this differential regulation is
clearly not a result of antigen or repertoire
selection.
Furthermore, the restricted fragments

(Fig. 5) are primarily in multiples of three -

nucleotides—an unanticipated result. Given
that the DyJj; joints from newborn and fetal
animals had no N segment.additions, and
that the entire DSP2 coding’sequence was
used (predicated by the amplification primer
and conditions), the sequence of the pre-
dominant sized fragments can be deduced
from their length. For example the 24-bp
fragment must derive 16 bp from the DSP2
coding sequence and cight nucleotides from
Jul. Since Taq 1 cuts just after the 12th
nucleotide of Jyl, four nucleotides from
Ju1 must have been deleted during Dy to Ju
recombination. Thus, the predominant frag-
ments (24 bp and 27 bp) produce joints in
which (with respect to Jy) the Dy segment
is in the “preferred” Dy segment reading
frame (8) or reading frame 3 (2). Similar
experiments have been performed amplify-
ing for other Dy to Jy rearrangements (with
DFL16.1 and J;;2-4), and this bias for joints
in which the Dy segment is in reading frame
3 is always apparent. In addition, the same
phenomenon is observed in immunoglob-
ulin DyJy joints amplified from thymus
DNA (15).

There are several potential explanations
for this observation. It is feasible that there
is a bias for DyJy joints in a particular
reading frame because of sclection for
DuJup protcms (18, 19). 'However, all
DyJup. proteins described thus far are from
DyJy joints in which the Dy segments are
in reading frame 1 with respect to Ju; other
DyJy rearrangements are not translated

(18). This suggests negative selection for
DyJup proteins. An alternative explanation
for these results is that the bias for a particu-
lar Dy segment reading frame is a function
of the recombinase machinery itself. One
possible explanation for bias in the coding
sequence ligation step of the recombination
reaction is the presence of short sequence
homologies at the ends of the two coding
sequences. Short sequence homologies have
been implicated in illegitimate recombina-
tion in eukaryotes in general (20-22). Gu et
al. have suggested that short sequence ho-
mologies at the ends of the Dy and Jy gene
segments bias immunoglobulin Dy to Ju
joining (17). These data are consistent with
that model.
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A Mouse Model of the Aniridia-Wilms Tumor

Deletion Syndrome

ToMm GLASER,* JOAN LANE, DAVID HOoUsMAN

Deletion of chromosome 11p13 in humans produces the WAGR syndrome, consisting
of aniridia (an absence or malformation of the iris), Wilms tumor (nephroblastoma),
genitourinary malformations, and mental retardation. An interspecies backcross
between Mus musculus/domesticus and Mus sprefus was made in order to map the
homologous chromosomal region in the mouse genome and to define an animal model
of this syndrome. Nine evolutionarily conserved DNA clones from proximal human
11p were localized on mouse chromosome 2 near Small-eyes (Sey), a semidominant
mutation that is phenotypically similar to aniridia. Analysis of Dickie’s Small-eye
(SeyP?), a poorly viable allele that has pleiotropic effects, revealed the deletion of three
clones, f3, f8, and k13, which encompass the aniridia (AN2) and Wilms tumor
susceptibility genes in man. Unlike their human counterparts, Sey”?/+ mice do not
develop nephroblastomas. These findings suggest that the Small-eye defect is genetical-
ly equivalent to human aniridia, but that loss of the murine homolog of the Wilms
tumor gene is not sufficient for tumor initiation. A comparison among Sey alleles
suggests that the AN2 gene product is required for induction of the lens and nasal

placodes.

THE EYE HAS LONG PROVIDED A SYS-
tem for studying inductive interac-
tions during embryonic develop-
ment. In vertebrates, considerable insight
into eye development has been gained
through classical ablation and transplanta-
tion experiments, yet little is known about
the underlying molecular events (1). In Dro-
sophila, a key to understanding the morpho-
genesis of the compound eye has been the
identification of mutations that affect vari-
ous stages of eye development (2). A poten-
tially comparable mutation in humans re-
sults in aniridia, an autosomal dominant
disorder in which the iris is absent or mal-
formed (3). It can occur as an isolated
abnormality, affecting one in 60,000 people,
or together with Wilms tumor in 25 to 33%
of cases, as part of the WAGR 11p~ dele-
tion syndrome (4). The phenotype varies
from a nearly complete absence of iris tissue
to a subtle thinning of the iris margin in an
otherwise normal eye. Vision is often im-
paired because of concomitant hypoplasia of
the fovea and optic nerve, and commonly

T. Glaser, Center for Cancer Research, Massachusetts
Institute of Technology, Cambridge, MA 02139, and
Harvard Medical School, Boston, MA 02115.

J. Lane and D. Housman, Center for Cancer Research,
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deteriorates over a period of years as a result
of cataracts, glaucoma, and corneal opacifi-
cation (3). An aniridia gene (AN2) has been
mapped within chromosome band 11pl13
by analysis of overlapping WAGR deletions,
reciprocal translocations in two aniridia
families, and meiotic linkage in aniridia ped-
igrees (5). AN2 forms part of the WAGR
gene complex and is telomeric to the Wilms
tumor susceptibility locus (W T1). We have
isolated a set of recombinant DNA clones
that are densely distributed throughout this
region (6). We have now used these probes
in a comparative mapping approach to de-
fine a mouse model for the WAGR syn-
drome.

The WAGR complex is flanked by genes
that encode catalase (CAT) and the B chain
of follicle-stimulating hormone (FSHB) (35),
which are located on chromosome 2 in the
mouse genome and are there denoted as
Cas-1 and Fshb, respectively (7). To map this
region more precisely, we selected nine
probes from the proximal short arm of
human chromosome 11 that cross-hybridize
with rodent DNA (Table 1). Probes g2, 3,
k13, f8, and 03 were derived from an irradia-
tion-reduced somatic cell hybrid that con-
tained a 3000-kilobase (kb) segment of
band 11pl3 as its only human DNA (8).
The probes are interspersed within the
WAGR complex and detect three tran-
scribed genes (6), including one that has

been directly implicated in Wilms tumori-
genesis (9, 10). The gene order has been
established by deletion analysis as follows
(5, 6): D11S14-CAT-g2-f3-(WT1, k13, f8)-
AN2-03-D11S16-FSHB-11pter. Under con-
ditions of reduced hybridization stringency,
each probe detects a set of restriction frag-
ment variants between Mus musculus/domesti-
cus (the laboratory mouse) and Mus spretus
(the western Mediterranean short-tailed
mouse) (11). These restriction fragment var-
iants were used to score a panel of 94
interspecies backcross mice (Fig. 1A). The
nine probes from human chromosome 11p
cosegregated in the center of mouse chro-
mosome 2, between I/d, a gene controlling
limb development (12), and the glucagon
gene (Geg) (Fig. 1B). All other potential
orders required several double and triple
crossovers (Table 2). These results and simi-
lar multipoint linkage data of others (13)
strongly suggest that Cas-1 is not distal to
the gene for B, microglobulin (B2m), as it
appears in the consensus map (14). Further-
more, the results localized the murine
WAGR region close to the semidominant
mutation Small-eyes (Sey), the phenotype
and inheritance pattern of which resemble
human aniridia (15).

Individuals with aniridia and Sey/+ mice
have similarly malformed eyes. Both suffer
from a complete or partial absence of iris
tissue, although the phenotype in each spe-
cies varies considerably among carriers of
the same mutant allele. In general, the ocular
defects in Sey/+ mice are more extreme. In
most cases, the eyes are less than half their
normal size (microphthalmos), the anterior
chamber of the eye is missing, the retina is
abnormally folded, and the lens is absent or
small and has anterior cataracts (15).

The Sey gene has been mapped in multi-
point crosses 5 centimorgans (cM) proximal
to pallid (pa), a region corresponding to
Giemsa bands 2D or 2E (15, 16). Three
mutant alleles have been described (15). The
most deleterious are Sey”?, a spontaneous
variant, and Sey*’, a mutation induced by x-
irradiation of oocytes. Carriers of these al-
leles also have a white belly spot, have
reduced pigmentation of their tails and feet,
and are 10 to 20% smaller than their wild-
type littermates. Fetal loss among heterozy-
gotes is about 60%, and homozygous em-
bryos die on or before the 6th day of
gestation. The third allele, Sey™” produces
defects in heterozygotes that are limited to
the eye. Homozygous Sey™#/Sey™* embry-
os survive to birth but lack eyes and noses.
On the basis of these findings, it has been
proposed that Sey”? and Sey” ‘result from
large deletions but that Sey™” is an intra-
genic deletion or point mutation (15).

To investigate the relation between Small-
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