We consider that in vitro studies are the
most informative for identifying direct ef-
fects of Drl on individual polymerases. This
is because the sustained overexpression of
Drl in vivo will inevitably perturb all three
polymerases, because each depends on the
products of the others to maintain produc-
tion of transcription factors and polymerase
subunits. We speculate that the cellular role
of Drl is in fine-tuning, allowing transitory
adjustments in polymerase output in re-
sponse to environmental changes.

We have established the potential of
Drl to directly coregulate Pols II and III. In
contrast, Pol 1 transcription appears im-
mune to this factor. Drl may therefore serve
to shift the overall balance of nuclear me-
tabolism in favor of Pol 1. This could be of
considerable value when rRNA levels are
limiting. Factors such as Drl that form a
regulatory network to interlink the three
transcriptional systems are likely to be of
great importance to the overall cellular
economy.
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Rescue of T Cell-Specific V(D)J Recombination
in SCID Mice by DNA-Damaging Agents

Jayne S. Danska,*{ Francoise Pflumio,*f Christine J. Williams,
Ozgur Huner, John E. Dick, Cynthia J. Guidos

Assembly of antigen receptor V (variable), D (diversity), and J (joining) gene segments
requires lymphocyte-specific genes and ubiquitous DNA repair activities. Severe com-
bined immunodeficient (SCID) mice are defective in general double-strand (ds) DNA break
repair and V(D)J coding joint formation, resulting in arrested lymphocyte development. A
single treatment of newborn SCID mice with DNA-damaging agents restored functional,
diverse, T cell receptor B chain coding joints, as well as development and expansion of
thymocytes expressing both CD4 and CD8 coreceptors, but did not promote B cell
development. Thymic lymphoma developed in all mice treated with DNA-damaging
agents, suggesting an interrelation between V(D)J recombination, dsDNA break repair,

and lymphomagenesis.

Lymphocyte development requires the par-
ticipation of a site-specific recombinase sys-
tem to somatically juxtapose widely dis-
persed V, D, and ] gene segments that com-
prise the variable recognition domains of T
and B cell antigen receptors. In V(D)J re-
combination-deficient mice resulting from
natural mutation or created by gene-target-
ing techniques, precursor T (pre-T) and
pre-B cell antigen receptors cannot be ex-
pressed by lymphocyte progenitors, which
accounts for the absence of mature lympho-
cytes in these animals (I). The most well-
defined components of the V(D)] recombi-
nase machinery are developmentally regu-
lated, lymphocyte-specific genes, such as
the recombinase-activating genes RAG-I
and RAG-2 (2) and terminal deoxynucle-
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otidyl transferase, which adds short stretch-
es of nontemplated nucleotides (3). The
murine scid gene defines a dsDNA break
repair activity (4) that is also required for
efficient joining of free V(D)] coding ends
(5-7). Additional DNA repair activities
may also participate in V(D)] recombina-
tion (8). In contrast to the lymphocyte-
specific components of the recombinase
machinery, genes encoding many of the
general DNA repair activities have not
been isolated and little is known about their
regulation and precise functions. We now
show that treatment of newborn SCID mice
with DNA-damaging agents restored nor-
mal T cell receptor (TCR) B recombination
and T cell maturation. However, all of
these mice eventually developed thymic



lymphoma. These observations provide an
in vivo model to elucidate the critical rela-
tion between the regulation of DNA repair,
V(D)] recombination, and the molecular
basis of lymphoid neoplasia.

T cell receptor B, which is rearranged
and expressed before TCRa (9), regu-
lates the proliferation and maturation of
CD4*CD8* double-positive (DP) thymo-
cytes from interleukin-2 receptor a chain—
positive (IL-2Ra™) CD4~CD8~ (double-
negative; DN) blast cell precursors (10, 11).
In SCID mice, defective V(D)] recombina-
tion arrests thymocyte development at the
DN stage (12). Surprisingly, we detected a
high frequency of DP thymocytes in new-
born SCID mice treated with a low dose
of radiation [100 centigrays (cGy)] (13).
Therefore, we investigated the kinetics and
mechanism of radiation-induced DP thy-
mocyte development in SCID mice. Ani-
mals were given a single dose of radiation
(100 cGy) within 72 hours of birth. One
week later, irradiated newborn SCID
(IRNB-SCID) mice had an average of 66%
(range: 42 to 89%) DP thymocytes (Fig. 1A
and Table 1). Immature transitional
CD4°CD8™* cells (I14) were also seen
(mean: 11%; range: 5 to 20%; Fig. 1A and
Table 1). In addition, thymus cellularity in
1- to 2-week-old IRNB-SCID mice was 4 to
20 times greater than in age-matched SCID
controls (Table 1). In wild-type mice, the
DN to DP transition is accompanied by loss
of IL-2Ra and a reduction in cell size that
reflects exit of DP thymocytes from the cell
cycle (15). These phenotypic transitions
were also observed in IRNB-SCID mice
within 1 to 2 weeks, concomitantly with
the appearance of DP cells, which included
large, cycling and small, postmitotic subsets
(Fig. 1A). However, unlike wild-type DP
thymocytes, radiation-induced DP cells in
SCID mice did not express detectable sur-
face TCRpB (Fig. 1A) or CD3g (16). Several
weeks after the radiation-induced appear-
ance of DP cells in SCID mice, mature CD4
or CD8 single positive T cells were consis-

nodes (LN) (Fig. 1A), which suggests that
some rescued DP thymocytes can undergo
further maturation. In contrast to DP thy-
mocytes, mature thymocytes and peripheral
T cells in IRNB-SCID mice always ex-
pressed a surface TCR, but at slightly lower
density than that of peripheral T cells from
wild-type mice (Fig. 1A).

To determine whether other DNA-dam-
aging agents could rescue development of
DP thymocytes, we injected newborn SCID
mice with bleomycin, a drug that induces
dsDNA breaks (17). Both 1 and 2 weeks
later, we observed a predominant DP pop-
ulation, but the incidence of DP rescue was
lower than that obtained with irradiation,
and there was a less pronounced effect on
thymus cellularity (Table 1), perhaps be-

cause of the toxicity of this drug. Thus,

treatment of newborn SCID mice with low
doses of irradiation or with bleomycin in-
creased thymus cellularity to a similar ex-
tent as expression of a rearranged TCRB
transgene (18). Collectively, these results
suggest that agents that induce dsDNA
breaks can rescue the development and ex-
pansion of DP thymocytes in SCID mice.
Analagous to the transition from DN to
DP in T cell development, maturation of
large, B220*CD43* progenitor B (pro-B)
cell blasts into small, B220*CD43~ pre-B
cells requires expression of the gene encod-
ing immunoglobulin heavy chain (IgM)
and a pre-B cell-specific surrogate light
chain composed of Vioren and N5 (19).
However, in contrast to the ability of low-
dose irradiation to rescue development of
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DP thymocytes in SCID mice, we found no
evidence for simultaneous rescue of B cell
development. Surface IgM™* (sIgM ™) B cells
were undetectable in the bone marrow
(BM), spleens, LN, and peritoneal cavities
of IRNB-SCID mice at 1 to 16 weeks after
irradiation (Fig. 1B, top) (20). In addition,
the frequency of early B cell progenitors
(B220%sIgM ™) in BM and spleen was sim-
ilar in irradiated and control SCID animals.
Finally, irradiation did not restore IgM re-
arrangement (20) or the transition of large
CD43" pro-B cells to small CD43~ pre-B
cells in SCID mice (Fig. 1B, bottom), con-
firming that low-dose irradiation fails to
rescue B cell development in SCID mice.
The failure to induce B cell development is
not a result of differential y-radiation expo-
sure of T and B lymphoid progenitors. A
newborn mouse is about 1 cm thick, but the
attenuation length of high-energy (662
keV) photons from a *?Cs source is at least
10 cm when murine tissues are traversed.
Because the distance traversed is small com-
pared to the attenuation length, energy
deposition is uniform throughout the ani-
mal (21).

To investigate the mechanism of rescued
DP thymocyte development, we examined
control and IRNB-SCID thymocytes for
TCRp rearrangement and expression, be-
causeé both events are thought to participate
in the transition from DN to DP (10, 11).
Southern (DNA) analysis of thymus DNA
showed that diverse TCRP rearrangements
were induced concomitantly with the ap-
pearance of DP thymocytes in 1- and

Table 1. DNA-damaging agents induce T cell development in newborn SCID mice. C.B-17 SCID mice
were bred and maintained under defined flora conditions. Newbom SCID mice (1 to 3 days old) received
100 cGy of irradiation from a 137Cs source or an intraperitoneal injection of bleomycin (0.5 X 1073to 1 X
10~8 units per gram of body weight). Thymocytes were obtained at the indicated time points after
treatment and stained as described (Fig. 1). For comparison, 3- to 8-week-old C.B-17 mice had 159 =
60 thymocytes (n '= 16) and 32 = 14 LN cells (0 = 9). Thymocytes from young adult C.B-17 mice
contained an average of 84% CD4*CD8*, 10% CD4+CD8~, and 3% CD4~CD8™* cells. Numbers shown
are means =+ standard deviation of results obtained from 3 to 15 mice. When only two mice were tested,

both values are shown.

tently found in the thymus and lymph Mice Total Phenotype of thymocytes (percent of total cells)
Treatment ") cells
(109) CD4+CD8~ CD4+CD8* CD4-CD8* TCRhi*
J. S. Danska, C. J. Williams, O. Huner, Division of Surgical
R{te;efarcrégr‘ldclimgion %f lmmur%ollogg/ta?d (_'F‘ancej(r, Hgs- 1 week after treatment
pital for Sic ildren Research Institute, Toronto, On-
tario, M5G 1X8, Canada, and Department of immunolo- Nong ) 5 1+04 Y 3*x2 Y 0
gy, University of Toronto, Ontario, Canada. Irradlatlop 24 7x4 0.3 0.2 66 =19 11 =7 0
F. Pflumio and J. E. Dick, Department of Genetics, Hos- Bleomycin 3/6* 66 0.3+0.2 48 + 17 4 1 0
Eitgl fi;SSC;C';X%higren dResea(;cg Instrtitute,tTc?ri;lwt?, Oln— 2 weeks after treatment
ario, , Canada, and Department of Molecular . ] . .
and Medical Genetics, University of Toronto, Ontario, Non.e ’ 2 0.5;1 0.7;1 0.2, 0.3 0.1;03 0
Canada. Irradiation 11 21 x7 2 +1 72 10 3x2 0
C. J. Guidos, Division of Immunology and Cancer, Hos- Bleomycin 2/3% 1:1 0.8;0.8 18; 10 0.8;0.2 0
Pitgl fc&ssécrx(ghgdrendlqesezr%h Inﬂitute,t Tfolronto, O'n- 3 to 4 weeks after treatment
ario, , Canada, and Department of Immunolo-
gy, University of Toronto, Ontario, Canada. Non(.:: . 4 3+1 0.2 0.2 0.1 £0.2 0.2 +£0.2 0.5 *=0.1
Irradiation 14 18 9 2 +1 63 = 20 77 2+ 2

*These authors made equal contributions to this work.
1To whom correspondence should be addressed.
fPresent address: Laboratoire Hematopoiese et Cellules
Souches, Institut Gustave Roussy, Inserm, U. 362, Pavil-
lion de Recherche 1-39, Rue Camille Desmoulins 94805
Villejuif, Cedex, France.

*Determined by staining with H57-597 (antibody to TCRp) or 145-2C11 (antibody to CD3g). 1These are immature
TCR~CD8* transitional thymocytes that are CD4~ or CD4' (74). FTreatment with bleomycin induced development
of DP thymocytes only in the indicated number of mice out of the total. In our SCID colony, <6% of the thymocytes were
DP among control SCID mice less than 2 months old. Therefore, we scored only mice with =10% DP thymocytes as
having responded to the treatment. All irradiated mice showed inductionof DP maturation by this criterion.
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2-week-old IRNB-SCID mice (Fig. 2A),
whereas rearrangement of this locus was not
detected in control SCID mice (5, 20). In
thymus DNA from wild-type C.B-17 mice,
highly diverse rearrangements involving
multiple V, D, and ] loci gave rise to a
characteristic smearing of the Cy germline

bands (Fig. 2A). Thymus DNA from 1- to

4-week-old IRNB-SCID mice also showed
this smearing, which indicates the poly-
clonal nature of the rearrangements. How-
ever, by 6 to 8 weeks after irradiation, pre-
dominant, oligoclonal TCR rearrange-
ments were visible in all samples (Fig. 2A).
By 11 to 15 weeks after irradiation, 60% (n
= 16) of the IRNB-SCID mice tested de-

veloped DP thymic lymphoma, and by 17 to
20 weeks, tumor incidence was 100% (n =
26). Thus, some DP cells acquired mutations
that enhanced their survival or proliferation
relative to that of normal, short-lived DP
thymocytes. Irradiation of adult SCID mice
with a single dose of 150 or 175 c¢Gy has

been reported to induce DP thymic lympho-

IRNB-SCID
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100
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1 week

10 100 1000

o

cbDg —>

Fig. 1. Analysis of T and B lymphocyte development in IRNB-SCID mice. (A)
T cell development as a function of time after irradiation. Thymocytes or LN
cells were obtained at different times after irradiation (100 cGy) of newborn (1-
to 3-day-old) SCID mice and analyzed for forward scatter (FSC) and expres-
sion of CD4, CD8, TCRB, or IL-2Ra by multiparameter flow cytometry as
described (47). Two-parameter contour plots (7% probability) show CD4
versus CD8 expression (far left). Single-parameter histograms show the ex-
pression of IL-2Ra (shaded histograms, left) or TCRB (shaded histograms,
middle), compared to staining with isotype-matched control antibodies (clear
histograms). TCRB expression by IRNB-SCID LN (shaded histogram) was
compared to TCRB expression by C-B.17 LN (clear histogram). The control
SCID mouse was 1 week old. (B) Lack of B cell development in IRNB-SCID
mice. Top: BM and spleen cells were obtained at the indicated times after
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irradiation (100 cGy) and analyzed by multiparameter flow cytometry for sigM
versus B220 expression. These results are representative of mice analyzed at
2 weeks (n = 3), 4 weeks (n = 7), and 8 weeks (n = 6) after irradiation. The
frequencies of B220+sIgM~ pre-B cells in BM were as follows: control SCID:
15 * 3%; IRNB-SCID: 18 + 5%. Bottom: sigM~ BM celis from the indicated
mice were analyzed for B220 versus CD43 expression to distinguish pro-B
(B220+CD43*, square) from pre-B (B220+CD43™) cells. (Note that no sigM™
cells were detected in BM from IRNB-SCID mice.) In addition, the FSC profile
of pro-B cells in each sample is shown. Note that pre-B cells in C.B-17 BM
(shaded histogram) are predominantly small (FSC mean channel = 80). The
frequency and size (FSC mean channel number) of the pro-B subset in each
sample was as follows: C.B-17, 2.2% (114); control SCID, 8% (106); and
IRNB-SCID, n = 3: 12 to 16% (103 to 108).
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mas, but with lower incidence and longer
latency (greater than 6 months) than we
observed in newborn SCID mice (22). In
contrast, young wild-type C57BL/6 and
BALB/c mice rarely develop thymic lym-
phoma when irradiated with single doses as
high as 700 cGy (23), which underscores the
importance of the SCID DNA repair defect
in susceptibility to radiation-induced thymic
lymphomas.

Southemn analysis of three IRNB-SCID
thymic lymphomas that arose 12 to 20
weeks after irradiation supported the idea
that tumors arose from oligoclonal expan-
sions of preneoplastic cells because only
one or two TCRB rearrangements were
seen in each tumor (Fig. 2B). In addition,
cell lines established from these primary
tumors all had the same TCR rearrange-
ments as the primary tumor (Fig. 2B).
Tumors of B lymphoid or nonlymphoid
origin were not observed, despite impaired
dsDNA break repair in all tissues of SCID
mice. Therefore, the T lineage specificity
of neoplastic transformation induced by

low-dose irradiation may reflect an inter-
action between defective dsDNA break
repair and TCR rearrangement.

We examined whether TCR rearrange-
ments observed 1 to 4 weeks after irradiation
were expressed using a reverse transcription—
polymerase chain reaction (RT-PCR) assay
to detect transcripts derived from rearranged
loci. TCRB mRNA was expressed in all
IRNB-SCID thymuses, but only rarely in
age-matched controls (1 out of 26 animals)
(Fig. 2C). These results, which are represen-
tative of 20 to 30 mice analyzed per group,
suggest that radiation-induced TCRP rear-
rangement invariably leads to expression of
appropriately sized VDJC, transcripts. In
contrast, VJC,, transcripts were not detected
in 1- to 4-week-old control or IRNB-SCID
mice (Fig. 2C). Thus, either TCRa rear-
rangements did not occur or they were non-
productive. Similar to results reported for
TCRa-deficient mice (11, 24), surface
TCRB was not detectable on most DP thy-
mocytes found in 1- to 4-week-old IRNB-
SCID mice (Fig. 1A), but we cannot ex-

Fig. 2. Rearrangement A
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with the use of a Molecular Dynamics imaging system. (B) Southern analysis of the TCRB locus in
radiation-induced SCID thymic lymphomas. IRNB-SCID mice (designated LK8, LK9, and LK3) that
showed signs of respiratory distress at 12 to 20 weeks after irradiation were found to contain thymic
lymphomas that filled the whole chest cavity. Cell lines were established from each primary tumor by
established techniques. Southern analyses were performed on DNA extracted from a tissue fragment
of each primary tumor (T) and each cell line (CL) as described in (A). (C) Comparison of TCRB and
TCRa transcripts and surface TCRB expression in control SCID (top) and IRNB-SCID mice (bottom) 1
to 4 and 6 to 8 weeks old. Expression of TCR mRNA was detected by RT-PCR assay that used
degenerate, consensus V, or V,, sense primers and homologous C, or C,, antisense primers, respec-
tively, to detect V(D)J transcripts from rearranged loci (42). Each cDNA sample contained equivalent
amounts of B-actin cDNA. Positive and negative controls for each set of PCR reactions were cDNAs
from reactions seeded with 1 to 2 pg of C.B-17 thymus RNA with and without reverse transcriptase,
respectively. Lanes C, C.B-17 thymus cDNA synthesized with (+) or without (—) reverse transcriptase.
Top: control 1- to 4-week-old SCID thymus. Bottom: thymus (T) and LN (L) from 1- to 4-week-old and

6- to 8-week-old IRNB-SCID mice.
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clude the possibility that a TCRB-contain-
ing pre-T receptor complex (25) is present
in small amounts. Even after 4 to 8 weeks,
when surface TCRB was found on mature
thymocytes and LN cells (Fig. 1A), TCRa
mRNA was rarely detected (Fig. 2C). Thus,
in contrast to our finding that TCR rear-
rangement and expression was rapid and
universal, TCRa expression was detected at
low frequency and only at longer time points
after irradiation. This apparent TCR locus
specificity may indicate that V(D)] recom-
binase activity is only transiently restored
and does not persist until the time when the
TCRa becomes recombinationally active.
This interpretation is based on the facts that
rearrangement of TCRa is developmentally
delayed relative to that of TCRB (9) and
that the maturational arrest conferred by the
SCID mutation occurs before the TCRa
locus becomes recombinationally accessible,
as implied by the absence of TCRa germline
transcripts (26).

We determined the frequency of radia-
tion-induced rescue of productive, in-frame
TCRP rearrangements by flow cytometric
analysis of intracellular TCRB protein in
IRNB-SCID thymocytes. After permeabili-
zation with saponin, cells were analyzed by
two-color immunofluorescence for expres-
sion of CD4 and TCRB. In all mice ana-
lyzed (n = 12) 1 week after irradiation, 50
to 90% (mean: 71%) of the CD4™ thymo-
cytes coexpressed cytoplasmic TCRB (Fig.
3). As expected, no CD4" or TCRB™ cells
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Fig. 3. Analysis of intracellular TCRB chain ex-
pression in IRNB-SCID mice. Thymocytes were
obtained from IRNB-SCID mice 1 week after irra-
diation (100 cGy) and analyzed for intracellular
expression of CD4 and TCRB by multiparameter
flow cytometry. Intracellular staining was done as
described (43). Fluorescence was analyzed as de-
scribed for Fig. 1. Intracellular (IC) CD4 versus
TCRB expression is displayed on two-parameter
contour plots (7% probability). Staining of wild-
type BALB/c LN and thymocytes and age-
matched control SCID thymocytes are shown for
comparison. These results are representative of
several experiments analyzing a total of 12 IRNB-
SCID mice 1 week after irradiation. Twenty to 65%
(mean: 41%) of total IRNB-SCID thymocytes ex-
pressed IC TCRB.
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were detected in control SCID animals,
whereas most BALB/c thymocytes coex-
pressed CD4 and cytoplasmic TCRB. Other
studies indicate that DP thymocytes devel-
op in SCID mice in response to several
different experimental manipulations, in-
cluding adoptive transfer of wild-type BM
cells or T cells or treatment with antibody
to asialo GM-1 (27), but whether these
treatments act by restoring V(D)] recombi-
nase function and expression of TCRB
protein has not been determined. In con-
trast, we show that a single exposure of
newborn SCID mice to low-dose irradia-
tion selectively induces maturation of
large numbers of DP thymocytes that ex-
press TCRP protein.

We tested two possible explanations for
the rapid enhancement of thymus cellular-
ity and coincident rescue of intracellular
TCRP protein expression in 50 to 90% of
IRNB-SCID DP thymocytes (Table 1 and
Fig. 3). DNA damage could promote oligo-
clonal expansion of rare DP cells that made
successful TCRB coding joints, resulting in
limited TCRP diversity. Alternatively,
DNA damage could restore normal VD],
recombination in many precursors, resulting
in a diverse TCRB repertoire. To distin-
guish between these alternatives, we ana-
lyzed the structure and diversity of TCRB
transcripts expressed in IRNB-SCID thy-
mocytes by nucleotide sequence analysis of
cloned RT-PCR products (Fig. 4). TCRB
transcripts containing V8.1, V8.2, and
V38.3 were selected for analysis, because
members of this family are expressed at a
high frequency in wild-type T cells (28). In

addition, V|314-containing transcripts were
chosen to evaluate inversional recombina-
tion, because this gene lies in opposite tran-
scriptional orientation to Dg and Jg ele-
ments (29) and can rearrange only by inver-
sion. Eighty percent (29 of 36) of the TCRB
clones derived from two 1-week-old IRNB-
SCID mice had distinct sequences (Fig. 4),
which indicates a high degree of diversity.
These clones showed combinatorially and
somatically diversified coding joints and
contained four distinct germline J, ele-
ments derived from both the J;1 and J,2
gene clusters (29). Ninety percent (26 of
29) of the sequences were in-frame, consis-
tent with a previous study of TCRpB rear-
rangements in thymocytes from TCRa-de-
ficient mice (30), which, like IRNB-SCID
thymocytes, are not subject to TCRa-
based selection events. These data suggest
selection for productive TCRP rearrange-
ment during development of IRNB-SCID
DP thymocytes.

The high frequency of productive coding
joints we observed in IRNB-SCID thymo-
cytes contrasts with the inability of SCID
pre-T and pre-B cell lines to generate nor-
mal coding joints in recombination signal
sequence—dependent, artificial recombina-
tion substrates (31, 32). The short deletions
of Vg and ] terminal nucleotides in IRNB-
SCID thymocytes (Fig. 4) were indistin-
guishable from normal mouse TCR joints
and contrast with the extensive coding se-
quence deletions observed in spontaneous
SCID thymic lymphomas and Abelson mu-
rine leukemja virus—transformed SCID BM
cells (5, 7, 33). In addition, alignment of

the IRNB-SCID TCRB sequences with
germline V, D, and ] sequences showed that
each clone contained unique, N-region base
additions, without palindromes (P nucleo-
tides) derived from the terminal nucleotides
of germline V or ] segments (34). Both
features distinguish IRNB-SCID TCRB
coding joints from the rare productive
joints seen in “leaky” SCID antigen recep-
tors, which usually contain excessive P nu-
cleotide insertions and short or absent N
regions (35). In summary, the TCRB coding
joints rescued by low-dose irradiation are
diverse and lack the structural anomalies
that characterize rare SCID antigen recep-
tors, which suggests that normal V(D)] re-
combination has been restored.

Successful rearrangement of antigen re-
ceptor genes is a common and critical as-
pect of both T and B lymphocyte matura-
tion. Our demonstration that DNA-damag-
ing agents rescue neither IgM rearrange-
ment (20) nor B cell development (Fig. 1B)
provides evidence that the V(D)] recombi-
nase machinery is not identical, or is not
regulated identically, in T and B cell pro-
genitors. Additional support for this idea
comes from the finding that transgenic
overexpression of the bcl-2 proto-oncogene
in SCID mice enhances the survival of
SCID B cell progenitors and restores IgM
rearrangement and B cell development to a
limited extent, but does not affect T cell
development (36). However, the frequency,
structure, and diversity of the IgM rear-
rangements were not directly evaluated in
that study, so the mechanism by which bcl-2
overexpression promoted limited B cell

Fig. 4. Expression of nor- - v DN - . U sequence n
: uence region sequ
mal, diverse VDJ, rear- one pSeq ' reg a B frame
; _ V8.1
rangements in IRNB-SCID A GTATATTTCTGTGC GCTG 1.3 AATACGCTCTATTTTGGAGAAGGAAGCCGGCTCATTGTTGTAG +
thymocytes. Thymocyte 2 GTATATTTCTGTGCCAGCAGT GCCGA 2.3 GAAACGCTGTATTTTGGCTCAGGAACCAGACTGACTGTTCTC -
; 3 GTATATTTCTGTGCCAGCAGT GGACAGGCAAACTCCGAC 2.3 TATTTTGGCTCAGGAACCAGACTGACTGTTCTC +
RNA was isolated from 4 GTATATTTCTGTGCCAGCAGTG ccGa 2.3  AGTGCAGAAACGCTGTATTTTGGCTCAGGAACCAGACTGACTGTTCTC -
two 7-day-old IRNB-SCID 5 GTATATTTCTGTGCCAGCA GCGGTCARGGCGCT 2.3 GAAACGCTGTATTTTGGCTCAGGAACCAGACTGACTGTTCTC +
3 ) A 6 GTATATTTCTGTGCCAGC ATCGTA 2.4 AACACCTTGTACTTTGGTGCGGGCACCCGACTATCGGTGCTA +
mice. TCRB chains with 7 GTATATTTCTGTGCCAGCAGTG GACAGGCARACTCCGACTACACTTCGGCT| 2.5 GACACCCAGTACTTTGGGCCAGGCACTCGGCTCCTCGTGTTA +
V,8.1, V,8.2, V,8.3, or V8.2
gS-1, V8.2, Vg8.3, 82 | GTGTACTTCTGTGCCAGCGGTGAT
V, 14 genes were amplified 8 GTGTACTTCTGTGCCAGCGGTGA CAGT 1.3 TCTGGAAATACGCTCTATTTTGGAGAAGGAAGCCGGCTCATTGTTGTAG +
B . 9 GTGTACTTCTGTGCCAGCGG GGACAGT 1.3 TCTGGAAATACGCTCTATTTTGGAGAAGGAAGCCGGCTCATTGTTGTAG +
by RT-PCR as described 10 GTGTACTTCTGTGCCAGCGG GTCAG 1.3  CTGGAAATACGCTCTATTTTGGAGAAGGAAGCCGGCTCATTGTTGTAG +
) : 1 GTGTACTTCTGTGCCAGCG GACCTG 2.3 ABACGCTGTATTTTGGCTCAGGAACCAGACTGACTGTTCTC +
for Fig. 2C, cloned into a 12 | GTGTACTTCTGTGCCAGCGGTG ACGTA 2.3 CTGTATTTTGGCTCAGGAACCAGACTGACTGTTCTC +
plasmid vector, and se- 13 | GTGTACTTCTGTG TGACCTGGAGGCTGTG 2.3  AGTGCAGAAACGCTGTATTTTGGCTCAGGAACCAGACTGACTGTTCTC -
o 14 | GTGTACTTCTGTGCCAGCGGTGA GTCT 2.3 ACGCTGTATTTTGGCTCAGGAACCAGACTGACTGTTCTC +
uenced by dideoxynucle- 15 GTGTACTTCTGTGCCAGCGGTGAT GGGGCA 2.4 ACCTTGTACTTTGGTGCGGGCACCCGACTATCGGTGCTA +
au Y ynue 16 |GTGTACTTCTGTGCCAGCGGT GTTGCAACGTTC 2.4 AACACCTTGTACTTTGGTGCGGGCACCCGACTATCGGTGCTA +
otide chain termination 17 | GTGTACTTCTGTGCCAGCGGT T 2.4 CTTGTACTTTGGTGCGGGCACCCGACTATCGGTGCTA +
(44). Clones 1 to4, 9, 12 18 | GTGTACTTCTGTGCCAGCGGTGAT GcT 2.4 CAAAACACCTTGTACT TTGGTGCGGGCACCCGACTATCGGTGCTA +
13 ‘17 A ’ ,d ’ 19 | GTGTACTTCTGTGCCAGCGGTG GGGGGGGG 2.4 CAAAACACCTTGTACTTTGGTGCGGGCACCCGACTATCGGTGCTA +
an were de-
, )
. : Vp8.3 | TTGTACTTCTGTGCCAGCAGTGAT
rived from IRNB-SCID %0 | TTGTACTTCTGTGCCAGCAGTGA Geee 1.3 AATACGCTCTAT TTTGGAGAAGGAAGCCGGCTCATTGTTGTAG +
mouse 1: the rest were de- 21 TTGTACTTCTGTGCCAGCAGT GATCGG 1.3 ACGCTCTATTTTGGAGAAGGAAGCCGGCTCATTGTTGTAG +
’ 22 | TTGTACTTCTGTGCCAGCAGT TCGAT 1.3 AAATACGCTCTATTTTGGAGAAGGAAGCCGGCTCATTGTTGTAG +
i i- 23 | TTGTACTTCTGTGCCAGCAGTGAT Gca 1.3 GGAAATACGCTCTATTTTGGAGAAGGAAGCCGGCTCATTGTTGTAG +
rived from the SeC(:)nd an 24 | TTGTACTTCTGTGCCAGCAGT GCTAGG 1.3 CTCTATTTTGGAGAAGGAAGCCGGCTCATTGTTGTAG +
mal. The nucleotide se- 25 TTGTACTTCTGTGCCAGCAG GGTTCAGCA 2.4 CACCTTGTACTTTGGTGCGGGCACCCGACTATCGGTGCTA +
quences are grouped ac- V.14
N ™ ) B T. T
cordin 1 t] t 26 TTCTACCTCTGTGCCTGGAGT GGTCCGA 1.3 GAAATACGCTCTATTT TGGAGAAGGAAGCCGGCTCATTGTTGTAG +
g to u liza lon of 27 | TTCcTaccrcrerecc GGTGCAGGGG 2.4 ACACCTTGTACTTTGGTGCGGGCACCCGACTATCGGTGCTA +
germline Vg (underlined) 28 [TTCTACCTCTGTGCC CGCGTGGGTCC 2.5 CACCCAGTACTTTGGGCCAGGCACTCGGCTCCTCGTGTTA +
and J, gene segments 29 |TTCcTAaccTcTGTGCC GGCGAGGGC 2.5 GACACCCAGTACTTTGGGCCAGGCACTCGGCTCCTCGTGTTA +
8 .

The average number of
nucleotides deleted at the

Vg —Dgjointis 3.7 = 2.9, and the average number deleted at the Dg = Jgjoint
is 6.0 = 3.9; the average number of DgN region nucleotides is 7.6 = 4.5.
Although no P nucleotides corresponding to germline sequences were found,
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clone 16 has a 4-bp, nontemplated inverted repeat (GT TGCAAC) inserted
between V8.2 and J,2.4. The germline V and J segments in this clone are
each deleted by 3 bp.




maturation was not linked to restoration of
normal V(D)J recombinase activity.
Induction of cellular DNA damage can
cause rapid apoptosis, or cell cycle arrest
and transcription of genes required for
DNA repair (37). One hundred centigrays
of radiation is not sufficient to induce ap-
optosis of SCID thymocytes (20); therefore,
restoration of many normal, diverse TCRB
coding joints most likely results from radi-
ation-induced DNA repair of free coding
ends. If repair is mediated by the scid gene
product itself, it would suggest that the
SCID mutation affects the regulation,
rather than the function, of the scid gene
product, which is consistent with the ob-
served “leakiness” of the mutation and the
low frequency of apparently normal V(D)]
recombination events (31, 38). Alterna-
tively, radiation could stimulate other
DNA repair activities that can function-
ally complement the scid gene at this crit-
ical phase of T cell maturation. These
might include two genes, XR-1 and Xrs-6,
that participate in V(D)] recombination
in fibroblasts transfected with the genes
for RAG-1, RAG-2, and extrachromo-
somal recombination substrates (8). Our
data indicate that simultaneous rescue of
V(D)] recombination and proliferation in
T cell precursors that have an intrinsic
defect in DNA repair may enhance the
generation of illegitimate recombination
events (39), contributing to the invariant
development of thymic lymphoma.
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