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T Cell Receptor Gammaand Delta Rearrangements in Hematologic Malignancies
Relationship to Lymphoid Differentiation

Frank Griesinger, James M. Greenberg,* and John H. Kersey
Departments of Laboratory Medicine and Pathology and *Pediatrics, University of Minnesota, Minneapolis, Minnesota 55455

Abstract

Wehave studied recombinatorial events of the T cell receptor a
and y chain genes in hematopoietic malignancies and related
these to normal stages of lymphoid differentiation. T cell re-

ceptor a gene recombinatorial events were found in 91% of
acute T cell lymphoblastic leukemia, 68% of non-T, non-B
lymphoid precursor acute lymphoblastic leukemia (ALL) and
80% of mixed lineage acute leukemias. Mature B-lineage leu-
kemias and acute nonlymphocytic leukemias retained the T-
cell receptor a gene in the germline configuration. The inci-
dence of T cell receptor 'y and was particularly high in
CD10CD19+non-T, non-B lymphoid precursor ALL. In lym-

phoid precursor ALL, T cell receptor a was frequently rear-

ranged while T cell receptor y was in the germline configura-
tion. This suggests that TCRa rearrangements may precede
TCRy rearrangements in lymphoid ontogeny. In T-ALL, only
concordant T cell receptor a and y rearrangements were ob-
served. Several distinct rearrangements were defined using a

panel of restriction enzymes. Most of the rearrangements ob-
served in T-ALL represented joining events of Jb1 to upstream
regions. In contrast, the majority of rearrangements in lym-

phoid precursor ALL most likely represented D-D or V-D
rearrangements, which have been found to be early recombina-
torial events of the TCR a locus. Wenext analyzed TCR a
rearrangements in five CD3'TCR'y/5' ALL and cell lines. One
T-ALL, which demonstrated a different staining pattern with
monoclonal antibodies against the products of the TCR -y/S
genes than the PEERcell line, rearranges Jb1 to a currently
unidentified variable region.

Introduction

Leukemias are believed to represent clonal expansions of he-
matopoietic precursor cells arrested at varying stages of differ-
entiation (1, 2). They provide an opportunity to study clonal
populations of lymphoid cells at different stages of differentia-
tion at the molecular level. These studies have provided im-
portant insight into the frequency, hierarchy, and diversity of
rearrangements of members of the immunoglobulin supergene
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family. Recently, a fourth T cell receptor gene, TCRI 6, has
been identified (3-8). Its gene product is coexpressed as a het-
erodimer in conjunction with the TCR y chain on a subset of
T lymphocytes with so far unknown function (3-9). Since the
genomic repertoire of the TCRy chain gene appears to be very
limited (10-14), the determination of the genomic diversity of
the TCR 6 chain gene is of great importance for a better un-
derstanding of antigens that are potentially detected by the T
cell receptor y/b chain. Due to its unique chromosomal local-
ization within the TCR a locus, the TCR a locus must be
deleted when a functional Va-Ja rearrangement occurs (3-6,
15-20). Therefore, the TCR6 locus may play a crucial role in
early lymphoid ontogeny, and it may be helpful in elucidating
the relationship of leukemic precursor cells to the T- and B-
lineages. Recently, a high incidence of TCR6 rearrangements
and deletions of 80-90% has been reported (21, 22) in B cell
precursor ALL. In order to come to a better understanding of
these issues, the TCR6 and y gene rearrangements were stud-
ied in human lymphoid and myeloid malignancies and cell
lines and questions of frequency and lineage association, hier-
archy, and diversity of TCR a recombinatorial events were
addressed.

Methods

Fresh leukemic cells and cell lines. Patient samples were selected ac-
cording to availability and sufficient material. Samples included pa-
tients enrolled in the Children's Cancer Study Group (CCSG) whose
bone marrow samples were sent for immunophenotyping to the refer-
ence laboratory at the University of Minnesota and local pediatric and
adult patients at the University of Minnesota and affiliated hospitals.
Mononuclear cells were isolated from leukemic peripheral blood or
bone marrow containing > 80% leukemic blasts as described pre-
viously (23-25). Leukemic cells and cell lines are listed in Table I based
on immunophenotype and cytochemistry, as discussed later. The cell
lines used in this study were established from patients with lymphoid,
myeloid, and mixed lineage acute leukemias, as described elsewhere
(23, 25). The cell lines Molt 3, Molt 4, HPB-mlt, HSB-2, Nalm 6,
HPB-null, ML-2, ML-3 were generous gifts from Dr. J. Minowada.
ML-2 and ML-3 (cases 65, 66) are well described cell lines from the
same patient with acute myelogenous leukemia. The RS4; 1 cell line
(case 67) was established from a patient with ALL and displays the
combination of lymphoid and monocytic characteristics in vitro as
described in detail elsewhere (26). The DU.528.4 (27) cell line was a
kindly provided by J. Kurtzberg and M. S. Hershfield, Duke Univer-
sity, Durham, NC. Two EBV-transformed cell lines were established

1. Abbreviations used in this paper: AL, acute leukemia; ALL, acute
lymphoblastic leukemia; ANLL, acute nonlymphoblastic leukemia; C,
constant region; CLL, chronic lymphocytic leukemia; D, diversity ele-
ment; J, joining region; LCL, lymphoblastoid cell lines; LP-ALL, lym-
phoid precursor acute lymphoblastic leukemia; PE, phycoerythrin;
SSPE, sodiumchloride, sodiumphosphate, EDTA; TE, Tris-HCI,
EDTA; TCR, T-cell antigen receptor; V, variable region.
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from B cells from a normal donor (FJO-LCL) and a patient post-bone
marrow transplantation (TM-LCL), respectively.

MN-B3 (case 30) is a nonleukemic TCR -y/6 clone, established
from the peripheral blood of a normal donor. Peripheral blood mono-
nuclear cells were isolated as described and cultured in the presence of
recombinant human IL-2 200 U/ml (AMGen Biochemicals, Thou-
sand Oaks, CA) for 10 d. The cultured cells were sorted on a FACSIV
(Becton, Dickinson & Co., Mountain View, CA) for the CD3+WT31-
population and set up in bulk culture for additional 3 d in the presence
of Identi-T 6 TCS1 (T-Cell Sciences, Cambridge, MA) and IL-2 200
U/ml. The cells were subsequently subcloned by limiting dilution in
the presence of IL-2 and irradiated EBV-transformed lymphoblastoid
feeder cells.

Cytochemistry. The acute nonlymphoblastic leukemias and cell
lines were positive for at least one of the following myeloid lineage
associated cytochemical stains: myeloperoxidase, nonspecific esterase,
chloroacetate esterase, leukocyte alkaline phosphatase. All fresh acute
lymphoid leukemias, T and B cell lineage cell lines were negative for
myeloid lineage associated cytochemical stains and had lymphoid
morphology.

Immunophenotyping. The expression of surface membrane anti-
gens on fresh and cultured leukemic and nonleukemic cells was deter-
mined on a cytofluorograph (Ortho Spectrum III; Ortho Diagnostic
System, Raritan, NJ) or a FACSIV. Staining with unconjugated (for
indirect immunofluorescence) and FITC- or phycoerythrin (PE)-con-
jugated (for direct immunofluorescence) MAbwas carried out as de-
scribed previously (23). Mouse control ascites and isotype matched
directly conjugated IgG1,2 a, and b (Becton, Dickinson & Co.; Coulter
Immunology, Hialeah, FL) served as negative control for indirect and
direct fluorescence staining, respectively. The following panel of un-
conjugated and conjugated MAbwas used (cluster designation, CD,
where available, is given in brackets): OKT6 (CD1); 13B3 (CD2);
OKT3, Leu4-PE (CD3); Leu3, Leu3-FITC (CD4); T101 (CD5); 3A-I.
G3.7, Leu9-FITC (CD7); OKT8, Leu2-FITC (CD8); BA-2 (CD9);
BA-3, J5-PE (CDIO); MCS-2 (CD13); MY3 (CD14); B43, Leul2-
FTIC, Leul2-PE, B4 (CDI9); BA-I (CD24); MY9, MY9-PE (CD33);
MY10, HPCA-I (CD34); T10 (CD38); MY8and Leul9-PE. The Leu
series as well as HPCA-1 were purchased from Becton, Dickinson &
Co., the OKTseries from Ortho, J 5 and the MYseries from Coulter
Immunology, the remaining MAb were kindly provided by T. W.
LeBien and D. A. Vallera. The following MAbwere used against the
TCR y/b gene products: Identi-T 6 TCSI (T-Cell Sciences), which
detects a subpopulation of TCR 6 cells; 5A6.E9 (TCR 6 1) kindly
provided by M. Brenner, Dana Farber Cancer Institute, Boston, MA,
which most likely detects a TCR6 chain framework structure (28); anti-
TCRgamma/delta ( I1 F 2), kindly provided by J. Borst, The Nether-
lands Cancer Institute, Amsterdam, Netherlands, with specificity for
TCR y/6 cells (29); anti-Ti y A, kindly provided by Th. Hercend,
Pasteur Institute, Paris, France, which specifically detects an epitope
on the gene product of a Vy9-Jy 1.2 rearrangement (30).

T-ALL and T-lineage cell lines. Based on the presence (2 20% of
cells positive) of CD1, CD2, CD3, CD4, CD5, CD7 and/or CD8 and
the absence (< 20% positive) of more than one B-lineage associated
antigens (CD 10, CD19, CD24) and myeloid markers, 33 ALL and cell
lines were defined as belonging to the T-lineage. These were further
assigned to four different groups as shown in Table 1: 1: Early thymo-
cyte (CDI 'CD2+CD3-CD4-CD5+CD7+CD8-CD I0+HLA DR'
TdT+): cases 1-12, II: Commonthymocyte (CD1+CD2+CD3-CD4
and/or CD8+CD5+CD7+CD10-HLADR-): cases 13-23, III: Mature
TCRa/13 expressing lymphocyte (CD1-CD2+CD3+CD4 or CD8+
CD5+CD7+CD10-HLA DR-WT31+ 6-TCS-l-, Ty/b-, TCR 6
I-, TiyA-): cases 24-28, IV: Mature TCR y/6 expressing lym-
phocyte (CD1-CD2+CD3+CD4-CD5+CD7+CD8-CD10-HLA
DR-WT3I -6TCS- I +T-y/+ or TCR6 1+, Ti yA+): cases 29-33 (31).

The PEERcell line, which has a functional Vy8-J-y2.3 rearrange-
ment (32) and the nonleukemic Ty/6 clone MN-B3 (case 30) were
negative with Ti y A (30), which binds an epitope on the gene product
of a Vy9-Jy 1.2 join (12), but stained positive with all the anti-TCR 6

monoclonal antibodies used in this study (6 TCS-1, Ty/6 (29), and
TCR61). Cases 31 and 32 had a CD3+WT31- phenotype and expressed
the TCRy chain demonstrated by immunoprecipitation as previously
reported (14). No material was available for further immunophenoty-
pic studies using the antibodies described above. The leukemic blasts
of case 33 expressed CD3 and were T-y/6, TCR 6 1+, WT31-,
6TCS-l, TiyA-, which is consistent with the presence of a Ty/6 re-
ceptor on the cell surface (28, 29, 32, 33). Notably, a different staining
pattern from PEERand MN-B3 was observed in this leukemia. Addi-
tionally, the coexpression of CD19 on the cell surface or the leukemic
blasts was demonstrated by staining with the monoclonal anti-CDl9
antibodies B4, B43, and Leu 12.

Mature B-lymphocytic leukemias, lymphomas, and cell lines. 15
leukemias and cell lines were called mature B-lineage malignancies
based on the presence of monotypic immunoglobulin heavy and/or
light chains on the cell surface and the absence of T or myeloid lineage
associated antigens and cytochemical stains (Table I). These included
six B-CLL (cases 34-39), two B-cell lymphomas (case 40, 41), one
Burkitt's lymphoma (case 42), two follicular lymphomas (cases 43, 44),
two EBVtransformed lymphoblastoid cell lines (cases 45, 46) and two
Burkitt's cell lines Raji and Daudi (cases 47, 48).

Fresh ANLL and myeloid cell lines. 16 ANLL and myeloid cell
lines were defined based on the positivity of myeloid lineage cytochem-
ical stains. Phenotypic characteristics of cases 49-64 are shown in
Table I. All expressed the panmyelomonocytic antigen CD13 (MCS-2)
and at least one of the following antigens associated with the myeloid
lineage: CD15, MY8, or CD33. Cases 49-53 were CD7+ANLL, cases
49 and 50 were TdT+. Only the morphology and the cytochemical
stains of cases 61-64 were available, they were all myeloperoxidase
positive ANLLM4according to the FAB classification (35). The KG- I
cell line expressed CD7, which differs from the published pheno-
type (36).

Mixed lineage AL and leukemic cell lines. Mixed lineage acute
leukemias (mixed lineage AL) were defined by the coexpression of
antigens or cytochemical stains associated with different lineages on
the same leukemic cell. The phenotypic characteristics of five mixed
lineage AL and leukemic cell lines are shown in Table I. Coexpression
of antigens associated with different lineages was demonstrated by dual
color phenotyping as outlined in Methods. Case 68 showed a complex
phenotype with B lineage associated antigens CD9, CD10, CD19,
CD24and the T lineage associated antigen CD7. Coexpression of CD7
with CD1Oand CDl9 was directly demonstrated by two-color flow
cytometry on 45% of the leukemic blasts. The leukemic blasts of case
69 had a lymphoid morphology, 40% were TdT+ and negative for all
cytochemical stains associated with the myeloid lineage. The leukemic
blasts displayed a phenotype consistent with an early thymocyte
(CD2+CD7+), however they coexpressed the panmyelomonocytic an-
tigen CD13 and CD33, which is found on granulocyte-monocyte pre-
cursor cells (CFU-GM) (reviewed in 37). Coexpression of CD7 and
CD33 was directly demonstrated by two color flow cytometry on 45%
of the leukemic blasts.

Other lymphoid precursor ALL and leukemic cell lines. Based on
the absence of T and myeloid lineage associated antigens and the
absence of mature B lymphocyte differentiation antigens, a group of 31
ALL and leukemic cell lines were defined as lymphoid precursor ALL
(cases 70-100, Table I). These cases generally expressed the CDl9
antigen.

DNAextraction. High molecular weight DNAwas extracted from
fresh and cultured leukemic cells by proteinase K digestion in TE,
NaCl 0.1 M, 1% SDS, subsequently two phenol/chloroform/isoamyl
alcohol (25:24:1) and two chloroform/isoamyl alcohol (24:1) extrac-
tions. Finally the DNAwas precipitated with absolute ethanol, dried,
and resuspended in TE pH 7.4, as previously described (23).

Detection of gene rearrangements. Southern blot analysis was per-
formed according to standard methods (23). Briefly, high molecular
weight DNA, digested to completion with Eco RI, BamHI, Xba I, and
Hind III (Bethesda Research Laboratories Life Technology, Inc.,
Gaithersburg, MD) was size fractionated on 0.6 or 0.8% agarose gel
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Table I. Phenotype and Genotype of Hematologic Malignancies

TCR6 Rearr.
Eco RI/

T-ALL: CDI CD2 CD3 CD4 CD5 CD7 CD8 CDI0 CD19 CD24 TCR6 BamHI TCR-y

I: Early thymocyte
1 RPMI 8402
2 DU.528.4
3
4
5

6
7
8

9
10
11
12

II: Common
thymocyte

13 HSB-2
14 Molt 4
15 Molt 3
16 CEM
17
18

19
20
21

22

23

III: Mature TCRa/,
lymphocyte

24 HPB-mlt
25 JURKAT
26
27
28

IV: Mature TCR-f/b
lymphocyte

29 PEER
30 MN-B3

31
32
33

_ +

- + -

_ + _

+ _

+ + _

_ + _

ND + -

+ + _

+ + _

+ + _

_ + -

+ + _

+ - _

+ +

+ + _-

+ +

_-

- + + - + - ND
- + + _-

+ _-

_ + + _-

+ +

_ + + _-

+ + _-

+ + + + -
+ + + + _-

+ + + - _ _ _

+ + + + _-
+ + + + ± _-

+ + + + -
_ _ + + _-

+ - + - _ _ _

R/D
R/D
G
R/G
R/R

G
G
R/R

R/D
R/R
D/D, V:G
R/D

D/D, V:G
D/D
D/D
D/D, V:G
R/G
R/R

23/13 R/R
16/8 R/R

G/G
3.5/<23 R/R
2.0/9.0* R/R
1.9/15.5*

G/G
G/G

4.0/1 1.5 R/G
2.9/10.0
4.0/1 1.5 R/R

R/R
R/R

1.0/12.0 R/R

4.6/15
7.0/17.0
7.0/9.6

D/D
R/D 7.0/17.0
R/R 3.5/>23

2.9/10.0
R/R 3.5/>23

1.0/12
- + _

+ + _

+ + +
+ + +
_ + +
_ + +
_ + +

_ + + + _-

+ + +
_ + +
_ + +

+ + +
_ + +

_ _ + - + +

NDND + - + +

_ ± +

+ - +

- + +

_ - +

+ - +

_ + +

WT31

+- - - +

_- - +

+ - - +

_ +

R/R
R/R
R/R
R/R
R/R
R/G

R/G
R/G
R/

Rl

R/D 2.9/10.0 R/R

D/D
D/D
D/D, V:G
D/D
R/D

WT31 TCRbI 6TCS- I Ty/6 TiyA
- - - - - + + + - R/D
- - - - - ND + ND - R/R

- - - - - ND ND ND ND R/G
- - - - - ND ND ND ND R/G
- - + - - + - + - R/R

R/D
R/R
R/
R/R

1.0/1 2 R/R

3.5/>23
3.5/>23
2.9/10.0
3.5/>23
3.5/>23
6.0/17.0
4.0/11.5

R/R
R/R

R/R
R/G
R/R

CD2 CD5 CD9 CDIO CD19 CD20 CD24 HLADR IgH. IgLSm

- ND - - + + + + IgD X

+ + - - + + + + ND K

+ + - - + + + + ND X

- + - + + + + IgM X

- + - - ND + + + IgM K

- - - - + ND + + IgM K

+ + - - + + + + ND K

- + + - + + + + ND K

- ND - - + + ND IgM X

- - + + + + + IgM X

- - + + ND + + + IgM X

- - - - + + + + IgM K

- - - - + + - + IgM X

- - - + + + ND + IgM K

- - - + + + ND + IgD -
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Mature B-lineage
malignancies:

34
35

36
37

38

39

40
41

42

43
44

45 TM-LCL
46 FJO-LCL
47 DAUDI
48 RAJI

G
G
G
G
G
G
G
G
G
G
G
G
G
G
G

G/G
G/G
G/G
G/G
G/G
G/G
G/G
G/G
G/G
G/G
G/G
G/G
G/G
G/G
G/G



Table L (Continued)

ANLLandmyeloid CD2 CD7 CD9 CDIO CDl9 CD24 HLADR CD13 CD14 CD15 CD33 My8
cell lines:

_ + + _-

± ± + ND -
- + ND -

+

+ -+ _-

- ND + ND -
ND ND - - ND ND

+

- +
+

-

+
+ _-

+

+
+

+

+
+

+

+

+

+

+ - - + +

+ - + + _

+ - + ND

+ ± + _-
+ - + + -

+ ± ± + +

+ - + + ND
- - + - ND
+ ND ND + ND
+ ND ND - ND
+ - + + +

+ + + + +

Mixed lineage acute
leukemias and cell

lines: CD2 CD3 CD4 CD5 CD7 CD8 CD9 CDIO CD19 CD24 HLADR CD13 CD33

65 ML-2 - - + - + - ND - - - + + + R/R 7.0/17.0 R/R
7.0/9.6

66 ML-3 - - ± - + - ND - - - + + + R/R 7.0/17.0 R/R
7.0/9.6

67 RS4;1 - - -- - - + + + _ ND D/D, V:G G/G
68 - - - + - + + ± + - - R/D 7.0/17.0 R/R
69 + - - - + - + - - - + + + G G/G

Lymphoid precursor CD2 CD5 CD7 CD9 CD0 CDl9 CD24 HLADR
ALL:

- NDND + -
_ _

- + -

_ _ _ + -

_ _
- + _

- - - ND -

_ _ - + +

_ _ _ + -

_ _ - + +

_ _ - ± +

+ - +

+ - +

+
_ +

- ND
+ +

_ + +

+ + +

+ + +

79LAZ221 - - - + ±

80Nalm 16 - - - + +

± +

+ +

+
6.0/17.0

R/D 4.0/1 1.5
R/R 7.0/17.0

4.0/11.5
- - - ND +

_ _ - + +

_ _ - + +

_ _ - ± +

- - - ND +

_ _ - + +

ND - ND + +
_ _ - + +

_ _ - + +

+ + ± .+ +

_ _ - + +

_ _ - + +

+ + ND
+ + +

+ + +

+ + ND
+ + ND
+ + +

+ +
+ +

+ +

+ +

+ +

+ +

7.0/9.6
R/G 4.0/1 1.5
R/R 7.0/17.0

4.0/11.5
ND

+

T Cell Receptor Rearrangements in Hematological Malignancies 509

49
50
51
52
53
54
55 HL-60
56 K562
57 KG-1
58 KG-la
59
60
61
62
63
64

G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G

G/G
G/G
G/G
G/G
G/G
G/G
G/G
G/G
G/G
G/G
G/G
G/G
G/G
G/G
G/G
G/G

70
71
72
73
74
75 Nalm 6
76 HPB-null
77 REH
78 KOPN-1

G
D/D, V:G
G
R/G
G
G
G
D/D, V:G
R/R

G/G
R/G
G/G

16/16 G/G
G/G
G/G
G/G
R/R

7.0/17.0 G/G

81
82
83
84
85
86

R/G
R/G

87
88

89
90
91
92

R/G
R/G
G
D/D, V:G
R/G
R/R

7.0/17.0 G/G
7.0/9.6 R/R

G/G
R/

7.0/17.0 G/G
7.0/17.0 R/G

R/G
R/G

G
G
G
R/G

G/G
G/G
G/G

7.0/17.0 G/G



Table I. (Continued)

Lymphoid precursor CD2 CDS CD7 CD9 CDI0 CD19 CD24 HLADR
ALL:

93 - - - - + + + + R/G 4.0/6.0 G/G
94 - - - ND + + + ND G R/G
95 - - - ± + + + + D/D, V:G G/G
96 - - - + + + + + R/R 7.0/17.0 R/G

4.0/11.5
97 - - - ND + + + ND R/G 7.0/9.6 R/G
98 - - - + + + + ND R/G 7.0/17.0 R/G
99 - - - + + + + + R/D 7.0/17.0 G/G

100 - - - + + + + ND R/G 7.0/17.0 G/G

and transferred on a Nylon membrane (Nytran; Schleicher and
Schuell, Inc., Keene, NH) in lOX SSPE. After washing and baking, the
membrane was prehybridized for 2-4 h and hybridized for 20 h at
42°C according to the manufacturer's instructions. Probes were la-
beled with [32P]adCTP to high specific activity by the random primer
method (38), for filter hybridization. The membranes were washed
twice for 15 min with 6X SSPE, 0. 1%SDSat room temperature, twice
for 15 min with 1X SSPE, 0.5% SDS at 37°C and finally with O.1X
SSPE, 1% SDSat 60-65°C for 30 min. Autoradiography was carried
out on Kodak XR film with two intensifying screens for 14-72 h at
-700C.

Rearrangements of the TCR6 gene were detected using three dif-
ferent probes: a genomic J 6 1 probe, J 6 S 16, kindly provided by T. H.
Rabbitts, MRC, Cambridge, UK (16), a genomic TCR 6 constant
region probe p67 (Greenberg, J. M., C. W. Wilkowski, and J. H. Ker-
sey, unpublished results) and the cDNA probe 0/240-38 (5), kindly
provided by M. S. Krangel, Dana Farber Institute, Boston, MA.
0/240-38 detects VA I (according to the nomenclature of references
19, 39, see note added in proof), J 6 I and part of the constant region of
the TCR6 gene (Fig. 1).

Rearrangements of the TCRy gene were detected in BamHI and
Eco RI digests with a 1.6-kb Eco RI/Eco RI cDNAprobe pTy 1 (40)
kindly provided by R. Holcombe and J. Seidman, Harvard University,
Boston, MA.

Results

Categories of TCR 6 gene status. The following categories of
TCR 6 genotype were detected: Biallelic germline configura-
tion when the Cb and the J6 1 bands had the expected intensity
and no nongermline bands were detectable (G). Because no
rigorous densitometry was done, the possibility of germline
configuration on one allele and deletion of the complete TCR
6 locus (C6 and Jb 1) on the other allele can not always be
excluded. The presence of one rearranged Jb 1 band in the
presence of a germline Jb 1 band was scored as R/G (monoal-
lelic rearrangement and germline configuration on the other
allele), in the absence of a germline J6 1 and decreased intensity
of the CA band as R/D (i.e., deletion of the J6 1 and C6 on one
allele), and in the presence of another rearranged Jb 1 band
(R/R). In some cases (i.e., LAZ 221, case 99) we cannot com-
pletely rule out the possibility of rearrangements of 3' joining
regions. In the case of missing C6, Jb 1, and V6 1 bands (as
detected by 0-240/38) this was scored as D/D, when V6 1 was
present as D/D, V:G.

Frequency and patterns of TCR6 recombinatorial events in
T-ALL and other leukemias. Wefirst studied the frequency of
TCR6 recombinatorial events in T-ALL and other leukemias

in order to evaluate lineage association. Only 9% of T-ALL
were germline for one or both TCR6 alleles, reflecting a high
frequency of recombinatorial events. 61% had TCR 6 rear-
rangements and 30% biallelic deletions. In contrast to the
T-ALL, all 15 mature B-lineage malignancies and all 16 ANLL
retained the TCR6 in germline configuration. TCR6 recom-
binatorial events were frequently seen in mixed lineage AL
(80%), of which 60% were rearrangements and 20% deletions.
A very high incidence of 68%of TCR6 recombinatorial events
was observed in lymphoid precursor ALL; 55% had rearrange-
ments and 13% had biallelic deletions. The frequency of TCR
6 recombinatorial events differed between the CDIO- (cases
70-74) and the CDI0+ lymphoid precursor ALL (cases
75-100) subgroups. Cases 70-74 underwent TCR6 recombi-
natorial events in 40% (2/5), compared to 73% (19/26) in the
CDI0+ subgroup. However, these differences were statistically
not significant. Overall, these results indicate a high frequency
of TCR6 recombinatorial events in lymphoid precursor cells.

Further analysis of the pattern of recombinatorial events in
T-ALL and lymphoid precursor ALL revealed marked differ-
ences between these two groups. The combination of monoal-
lelic rearrangement and germline configuration of the second
allele (R/G) prevailed in lymphoid precursor ALL (59% of the
rearranged cases). This recombination pattern occurred in
only 20% of the rearranged T-ALL. Biallelic deletions of the
TCR6 locus were observed in 33% of the T-ALL compared to
only 13% of the lymphoid precursor ALL. Thus deletional
events of the TCR6 locus were by far more frequently seen in
T-ALL than in lymphoid precursor ALL. These differences
were also reflected in the analysis of individual alleles. In
T-ALL, the majority of alleles (85%) underwent deletion
(42.5%) or rearrangement (42.5%), whereas in lymphoid pre-
cursor ALL the majority of alleles (47%) remained in the
germline configuration. The usage of the cDNAprobe allowed
to assess the status of the V61 region in those cases that showed
biallelic deletions of the TCR6 constant and joining regions.
Whereas V6 1 was not deleted in any of the lymphoid precursor
ALL, the majority of T-ALL with deletion of the TCR6 join-
ing and constant locus (64%) also deleted the V6 1.

TCR6 rearrangements in various stages of T-cell differen-
tiation. We next addressed the question whether frequency
and pattern of recombinatorial events in T-ALL were depen-
dent on the stage of differentiation within the T-lineage. Three
cases retained the TCR6 gene in the germline configuration,
all of which were at the earliest stage of differentiation (early
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Table IL Distinct Types of TCR6 Rearrangements

Restriction fragment sizes with various enzymes
Type of

rearrangement Eco RI BamHI Hind III Xba I

kb

1 16 8 ND ND
2 16 16 (G) 7.0 1.6 (G)
3 7.0 17.0/9.6 7.0 1.6 (G)
4 6.0 17.0 5.7 (G) 4.2
5 4.5 15.5 9.0 9.0
6 4.0 11.5 5.7 (G) 1.6 (G)
7 4.0 6.9 5.0 10.0
8 3.5 >23 12 9.6
9 2.9 10.0 ND 3.5

10 2.0* 9.0 5.3 9.3
11 1.9* 14.5 5.4 5.8
12 1.0 12.0 5.7 1.8

Restriction fragment sizes of TCR6 rearrangements obtained with
different enzymes using J 6S 16 as a probe. The sizes of those restric-
tion fragments that comigrate with the respective restriction enzyme
germline band are indicated with a (G). The assignment of the re-
striction fragments of the types 10 and 1 I rearrangements were not
possible because they occurred in only one leukemia.

thymocyte). In later stages of differentiation, the percentage of
biallelic deletions of the TCR6 locus increased. In the group of
mature TCRa/, expressing T-lymphocytes all but one (case
28) deleted both TCR 6 alleles. The TCR y/6 expressing
T-ALL rearranged one TCR6 allele and had the second in a
rearranged, deleted or in the germline configuration.

Relationship of TCR 6 and y rearrangements. We next
studied whether recombinatorial events of the TCR 6 locus
occurred in concordance with TCR7 rearrangements. These
studies would allow us to determine whether TCR 6 and y
genes are rearranged in a hierarchically ordered versus a sto-
chastic pattern. In T-ALL, TCR y gene rearrangements were
observed in 91% of the cases, and no discordant rearrange-
ments between TCR y and TCR6 were demonstrated. How-
ever, discordant rearrangements of the TCR 6 and y genes
were observed in 32% (10/3 1) of the lymphoid precursor ALL.
9 of 10 underwent TCR 6 recombinatorial events (8 cases
rearrangement of the Jb1 region, 1 case biallelic deletion of the
TCR6 gene locus) and retained the TCR y gene in the germ-
line configuration, while one lymphoid precursor ALL dis-
played a monoallelic rearrangement of the TCRygene with a
germline status of the TCR6 locus. Overall 42% (13/31) of the
lymphoid precursor ALL rearranged the TCR y gene, while
58% showed a germline pattern. In the group of mixed lineage
leukemias and cell lines all cases displayed a concordant status
of the TCR y and 6 genes with the exception of RS 4; 11 (case
67). RS4; 11 retained the TCR y gene in the germline configu-
ration while deleting both TCR6 alleles. Concordant with the
germline configuration of the TCR 6 gene, all 15 mature B-
lineage malignancies and 16 ANLL retained the TCRy locus
in the germline configuration.

Types of rearrangements in T-ALL and other leukemias. In
order to determine, whether rearrangements detected with the
J6 1 probe differed in T-ALL and other types of leukemias, 51
rearranged alleles were analyzed with four different restriction

enzymes. This approach allowed the identification of a num-
ber of distinct rearrangements (Table II; Fig. 2). The sizes of
the rearranged bands for Eco RI, BamHI, Xba I, and Hind III
are given in Table II and instructive Southern blots are shown
in Figs. 3 and 4.

Evaluation of the distribution of the different rearrange-
ments in various groups of leukemias revealed that types 3 and
6 rearrangements were most frequently found in lymphoid
precursor ALL and mixed lineage AL where they accounted
for 92% of the rearrangements (Fig. 2). In T-ALL, the 3.5-kb
Eco RI rearrangement (type 8) was most frequently seen
(seven cases) and accounted for 28% of the rearranged
T-ALL-alleles.

The analysis of TCR6 rearrangements with the restriction
enzymes Xba I and Hind III were particularly instructive. The
type 3 rearrangement was not rearranged with Xba I and the
type 6 rearrangement was not rearranged with Xba I and Hind
III. The restriction map of the TCR6 locus (Fig. 1) locates the
Xba I site between the J6 1 and the D62 regions and the Hind
III site 5' of D62. Therefore, the type 3 rearrangement most
likely represents a joining event of D62 to a 5' region, possibly
Db 1 or a Va/6 region. However, recombinations of yet unde-
fined regions 5' of Jb 1 can not be ruled out. The type 6 rear-
rangement may represent the recombination of as yet unde-
scribed regions 5' of D62. The other types of rearrangements
described above, were all rearranged with both Hind III and
Xba I, indicating that a D62-J6 1 join underwent further rear-
rangement to 5' regions, possibly Db 1 or Va/6 region.

Of particular interest is the 3.5-kb Eco RI rearrangement,
which was observed in 7 T-ALL and not in other leukemias.
This rearrangement has been shown to represent a functional
V6I-J6 1 join in leukemic and nonleukemic TCR7/6 express-
ing cell lines. Two CD3+TCRy' fresh T-ALL (cases 31 and
32) displayed the identical 3.5-kb Eco RI rearrangement. In
addition, the 3.5-kb Eco RI rearrangement was observed in the
nonleukemic T7/6 clone MN-B3, which was TCS-1+ TiyA-.
The 3.5-kb Eco RI rearrangement was however not restricted
to mature T7/6 leukemias. Three immature CD3-Ti- T-ALL
(cases 5, 21, 22) displayed this rearrangement as well as the
expected fragment sizes with the other enzymes.

The type 12 rearrangements cross-hybridized with the C6
probe p67 in Bam HI digests, suggesting the possibility of a
V63 rearrangement (see Addendum).

Case 34 was unique in its staining pattern with anti-TCR 6
monoclonal antibodies. The leukemic blasts stained only posi-
tive with TCR61, a TCR6 chain framework antibody (28) and
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Figure 1. Restriction map of the TCR6 locus. BamHI (B), Eco RI
(E), Hind III (H), and Xba I (X) sites and the location of the TCR6
constant (C6), joining (Jb1-3), and variable (V6l) regions, as well as
the diversity elements (Db1,2) are shown. pB7 and J6S16 are genomic
CA and Jb1 probes, respectively, 0/240-38 is a V6I-J6I-C6 cDNA
probe.
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Figure 2. Distribution of distinct TCR6 rearrangements, as defined
in Table II, in T-ALL and other acute leukemias (LP-ALL, mixed
lineage AL). 51 rearranged alleles were analyzed with Eco RI, Bam
HI, Hind III, and Xba I.

T,y/6 (29). In this leukemia, type 3 and 4 rearrangements were
detected, while no 3.5-kb Eco RI rearrangement was observed.
In Southern analysis, using the cDNA probe 0-240/38, the
VA 1 region was not found to be rearranged but remained in the
germline configuration. Wetherefore propose that a so far
unidentified Vb region was functionally rearranged in this
T-ALL. To the knowledge of the authors, this is the first report
of a CD3+TCR'y/6 leukemia expressing a variable region dif-
ferent from VA1.

Discussion

TCR 6 recombinatorial events in hematopoitic cells. In this
manuscript, we present results on recombinatorial events in-
volving the TCR6 and y loci in a series of 100 hematological

65 88 2 98GL

-"16kb

Figure 3. Type 1, 3, and 6
TCR6 rearrangements in
ALL. Demonstration of a

7.0kb monoallelic TCRJ 61 rear-
-? _.~ -rangement in case 2 (T-ALL

group I). Biallelic TCRJ 61 re-
arrangements (type 3) in case
65, biallelic TCRJ 61 rear-
rangements (types 3 and 6) in

4.0kb case 88 (LP-ALL), monoallelic
TCRJ 61 rearrangement (type
3) with germline configuration
of the second allele in case 98
(LP-ALL). High molecular
DNAwas digested with Eco RI
and hybridized with 0-240/38.
Only the V61 and Jb1 bands
are shown. Germline bands are
indicated with bars, rearranged
bands with arrowheads.

Figure 4. Type 3, 4, 8, 9, 12 TCR6 rearrangements in ALL. Geno-
mic DNAwas digested with Xba I and probed with J6S 16. Types 3
and 4 rearrangements are demonstrated in the cell line KOPN-1
(case 78) and a CD3'TCRy/6' ALL (case 33). Cases 99 (LP-ALL)
and 65 (ML-2) which display type 3 rearrangements, and case 9 (T-
ALL group I) which displays a type 6 rearrangement, are not rear-
ranged with Xba I. Type 8 rearrangements in cases 5, 21, 22 and 29,
case 21 shows an additional type 9 rearrangement. Cases 13, 22, and
28 display type 12 rearrangements. Rearranged and germline bands
are indicated as in Fig. 3.

malignancies. A high incidence of TCR6 rearrangements and
deletions has been reported in T-ALL (5, 17, 21, 22, 41), non-
leukemic human (5) and mouse (3, 4) T-lineage cells. The first
aim of the present study was to determine the frequency and
lineage association of TCR6 rearrangements in lymphoid and
myeloid precursor leukemias as well as in mature B malignan-
cies and mixed lineage AL. In acute T-lineage leukemias and
cell lines, a high percentage of TCR6 recombinatorial events
(91 %) was found. These results were consistent with the pre-
viously reported frequency of TCR f3 and y gene rearrange-
ments in T-ALL and T lineage lymphomas, as well as the
recently reported frequency of TCR6 gene (21, 24, 25, 41-5 1).
Wewere especially interested in TCR6 recombinatorial events
in lymphoid precursor ALL, i.e., leukemias devoid of definite
T-lineage and mature B-lineage differentiation antigens. A
high percentage (68%) of lymphoid precursor ALL displayed
recombinatorial events of the TCR6 locus, compared to only
45% rearranging the TCR y gene. The frequency of TCR y
rearrangements in lymphoid precursor ALL is similar to the
30-50% reported previously in this group of leukemia by our-
selves and others (21, 22, 24, 42-45). Also similar frequencies
of TCR6 recombinatorial events (80-90%) have been recently
reported (21, 22) in this group of leukemias. Furthermore, the
frequency of TCR6 rearrangements may be underestimated,
because rearrangements of not yet described 5' joining regions,
recombinations with the deletional acceptor site "6 Rec" (20)
or V6-Db rearrangements can not be detected with the probes
and the restriction enzymes used in this study (see Fig. 1). In
lymphoid precursor ALL the highest incidence of TCRband y
rearrangements was observed in leukemias with a
CDIO+CD19+ phenotype. In the present study, 73% of the
CDlO+CDl9+ lymphoid precursor ALL underwent TCR 6
gene recombinatorial events and 48% rearranged the TCR Y
gene. In contrast, only 40% or the CD10- lymphoid precursor
ALL underwent TCR6 and 20% rearranged the TCR y gene.
This tendency has been reported previously for the TCRyand
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# genes (38, 44, 45). Unfortunately, our numbers are too small
to demonstrate statistically significant differences in the fre-
quency of TCR a rearrangements between these two sub-
groups. Taken these results together, CDlIOCDl9+ ALL co-
rearrange IgH and TCR genes with a surprisingly high fre-
quency. These findings raise interesting questions as to which
hematopoietic cell is the target cell for malignant transforma-
tion in CDlIOCDl9+ ALL. The majority of CDlIOCD19+
ALL do not express cytoplasmic CD3 or cytoplasmic immu-
noglobulin and therefore lack markers which indicate com-
mitment to the T- or B-lineage. The other antigens normally
expressed on this type of ALL, however, are not lineage- and in
some instances not even lymphoid or hematopoietic tissue-re-
stricted. CD1Ois expressed on a variety of lymphoid precursor
cells, as well as on nonhematopoietic cells such as kidney tu-
bulus and glomerulus cells, neutrophils (52, 53, reviewed in
54). CDl9 is considered to represent a B-lineage associated
antigen (52). However, anti-CD19 antibodies have been re-
ported to detect structures on M4 and M5 leukemias (55).
Recently, 12% of 252 de novo ANLL were found to stain
positive with the anti-CD19 monoclonal antibody B4 (56).
Thus, the CD19 antigen may not be restricted to the B-lineage.
In our own series, we identified a CD3+TCRy/6' ALL, which
coexpressed the CD19 antigen, as demonstrated by dual color
staining using three different anti-CD 19 monoclonal antibod-
ies. CD24 has been found on B-lineage as well as myeloid cells
and HLA-DR is expressed on a wide variety of hematopoietic
and nonhematopoietic cells (52).

Taken the phenotypic and genotypic results together, we
therefore propose that among the lymphoid precursor leuke-
mias, the CDlIOCDl9+ group is the least likely to be commit-
ted to a particular lymphoid lineage. They may be capable of
expressing markers of different lineages simultaneously and
often co-rearrange T cell receptor and immunoglobulin genes.
Wecannot however, rule out the possibility that the high fre-
quency of rearrangements of both TCRand IgH genes may be
due to posttransformational events (57), i.e., are inherent to
the malignant state of leukemias. According to this hypothesis,
the leukemic cells would continue to rearrange genes of the
immunoglobulin supergene family as they are arrested in a
stage of lymphoid development with an active recombinase
and open chromatin structure at TCRand IgH loci. This hy-
pothesis would predict the frequent occurrence of polyclonal
or in case that certain rearrangements conferred growth ad-
vantage, oligoclonal rearrangements in lymphoid precursor
leukemias. However, in none of the 64 immature leukemias
did we observe oligo- or polyclonal rearrangements of the TCR
genes. Wetherefore favor the hypothesis of a not yet commit-
ted lymphoid precursor cell as the target cell in CDlIOCDl9+
acute lymphoblastic leukemia. It will be important to identify
the normal, nonleukemic counterparts of these leukemias.

The pattern of recombinatorial events was different in
T-ALL and lymphoid precursor ALL. Lymphoid precursor
ALL tended to undergo recombinatorial events only on one
allele, while in T-ALL biallelic recombinatorial events pre-
vailed. These data are similar to the TCR y gene, where lym-
phoid precursor ALL predominantly display monoallelic and
T-ALL biallelic rearrangements (24, 43-46, 51). Similarly to
the lymphoid precursor ALL, TCR6 recombinatorial events
were frequently observed in mixed lineage AL. In contrast to
the lymphoid precursor ALL, none of the mature B-lineage
cell lines and malignancies rearranged the TCRa locus. These
findings are consistent with previous reports on the low inci-

dence of rearrangements of the TCR y and , genes in mature
B-lineage cells (58, 59). Our findings confirm the hypothesis
that in the cases of mature B-cell lymphoma and B-CLL, a
more mature and committed cell undergoes malignant trans-
formation.

The analysis of the myeloid leukemias and cell lines re-
vealed that all 16 cases studied retained the TCRa gene in the
germline configuration. These findings are consistent with the
previous results obtained by ourselves (24) and others (60) in
acute nonlymphoblastic leukemias in which no TCR y and ,B
or IgH rearrangements were present. These observations con-
firm the notion that only rare myeloid leukemias will undergo
rearrangement of members of the immunoglobulin supergene
family. However, a larger sample number may reveal a low
percentage of TCR6 rearrangements and deletions as has been
shown for TCRy and ,B and the immunoglobulin heavy chain
genes (61, 62). In conclusion, these data suggest (a) a certain
restriction of TCR 6 rearrangements to lymphoid precursor
cells and (b) that rearrangements of the TCRa gene are useful
clonal markers, but are not restricted to cells committed to the
T-lineage. Many cases of lymphoid precursor ALL appear to
be not yet definitely committed to a particular lineage, but
rearrange either TCRor immunoglobulin genes or both.

Hierarchy of TCR 6 and y rearrangements. Wenext ana-
lyzed the frequency and pattern of TCR a rearrangements at
different stages of differentiation within the T-lineage. Of 33
T-lineage ALL and T-cell lines studied, only immature T-ALL
expressing a phenotype of early thymocytes (31) retained the
TCR6 gene in the germline configuration. Although the TCR
a gene is rearranged and transcribed very early in T-lineage
ontogeny, these data may suggest that the commitment of a
lymphoid precursor cell to the T-lineage may not require TCR
a rearrangements. A lower incidence of rearrangements of the
TCRy and , genes (24, 63, 64) has been previously reported in
these early cells of the T-lineage. Recent studies in murine
T-precursor clones showed that the TCR y and ( genes re-
mained in the germline configuration (65).

Weand others have proposed that similarly to the immu-
noglobulin heavy and light chain genes, rearrangements of the
TCR genes may observe a developmental hierarchy during
thymic development, that is TCR y and (3 rearrange before
TCRa (24, 48, 63, 64). Although it has been demonstrated
that TCR y and 6 are transcribed early in T cell ontogeny (3),
the precise order of rearrangements is unknown. In our series
of 33 T-ALL, no discordant TCR aand y rearrangements were
observed. These results are consistent with previous reports
that TCR y and agenes are generally rearranged concordantly
in T-ALL (17, 21). In contrast to T-ALL, discordant rear-
rangements between TCR6 and y were frequently observed in
lymphoid precursor ALL, the majority of which had under-
gone recombinations involving the TCR agene while retaining
the TCR y gene in the germline configuration. Similar results
were reported recently (21, 22). Based on these findings we
propose that the TCR a gene may be rearranged before the
TCR y gene very early in lymphoid development. T-ALL may
originate from more mature cells that have already undergone
both TCR aand y rearrangements. Further studies in nonleu-
kemic precursor cells are necessary to evaluate the question,
whether lymphoid precursor leukemias can be used as a para-
digm of lymphoid differentiation.

The frequency of TCR a deletions was highest in more
mature stages of T cell differentiation. Whereas deletions were
seen in 25%of the alleles in early thymocytes and in 55%of the
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common thymocytes, all but one TCRa/i3+ leukemias dis-
played biallelic deletion of the TCR 6 locus. This and two
previous instances (17) are consistent with the idea that a
functional rearrangement of the TCRa gene may be achieved
without deleting noth TCR6 alleles. Of interest is the fact that
many of the cases of leukemias with biallelic deletion of the'
TCR 6 constant and joining regions retained the major VA
regions (VA 1) in the germline configuration. Thus, the TCR6
deletional mechanism may be activated without prior attempt
to rearrange the major variable region V6 1 (3, 4, 20, 40).

Types of TCR6 rearrangements in leukemias. Determina-
tion of the diversity of TCR 6 gene would provide useful in-
sight in the overall diversity of the TCR-y/6 heterodimers and
possibly lead to a better understanding of the function of this
T-cell receptor. In this study we sought to determine whether
one of the J6 regions was used preferentially. Of 200 evaluable
alleles, all either retained J6 1 in the germline configuration or
rearranged J6 1 or deleted the complete TCR6 locus (constant
and joining regions). In six alleles, it was not possible to rule
out the rearrangement of a joining region 3' of J6 (J62). Simi-
lar results were obtained in studies in mouse and human (4,
21, 66, 67), suggesting that the 3' joining regions J62 and 3 are
used infrequently.

Analysis of 51 rearranged alleles with four different restric-
tion enzymes allowed the identification of distinct types of
rearrangements. These seem to be nonrandomly used in dif-
ferent types of leukemias. Preferential usage of TCR 'y joining
and variable (1 1, 12, 14) and of TCRa joining regions (17)
between T- and non-T-ALL have been reported previously. In
addition, it was possible to evaluate the hypothesis whether
lymphoid precursor ALL represent the least mature cell types
and therefore are likely to demonstrate the earliest stages of
TCR 6 rearrangements. Specifically, it has been proposed by
murine thymocyte studies that V-Db or D6-Db rearrangements
may represent the earliest recombinatorial events of the TCR6
locus (4, 15). Rearrangements that do not delete intervening
sequences between J6 1 and D62 have been recently reported to
prevail in non-T-ALL (21). The type 3 TCR6 rearrangement
(Table II) is consistent with a D6-Db2 or Va/6-D62 rearrange-
ment. The second most frequent rearrangement in lymphoid
precursor ALL (type 6) is consistent with a joining event not
involving Jb1, but most likely rearranging regions 5' of D62.
The existence of rearranging regions in addition to the known
diversity elements Db1 has also been proposed in the murine
TCR6 locus (15). The types 3 and 6 rearrangements accounted
for 84%of the rearrangements in lymphoid precursor ALL and
100% in mixed lineage AL.

Leukemias of the T-lineage are more mature than those
involving lymphoid precursors and therefore are more likely to
demonstrate more mature and complex rearrangements. In
fact, T-ALL differed from lymphoid precursor ALL by the
presence of rearrangements representing joining events of JO 1
to upstream regions. 28% of the T-ALL alleles had Jb 1 rear-
rangements compared to 5% of the lymphoid precursor ALL
alleles.

The limited number of TCR6 rearrangements in the pres-
ent study was remarkable. These data suggest a limited geno-
mic repertoire of the TCR6 gene, as previously proposed for
the murine TCR6 gene (4, 10, 67, 69). Analysis of functional
TCR y genes reveals that the functional diversity may be lim-
ited to only three variable regions (Vy5, Vy8, and Vy9) (14,
30, 68). In TCR6 limited usage of VA regions has been demon-
strated in mouse thymocytes and T-lymphocytes and in a

number of T y/6 cell lines (3, 4, 5, 7, 10, 66-69). Wetherefore
sought to determine whether additional functional TCR6 rear-
rangements exist in humans.

One leukemia, which expresses the Ty/6 receptor (case 33)
is of special interest. This leukemia presumably uses a different
VA region than cases 29-32 and those of others (5-7, 66, 67).
The negative staining pattern with 6TCS- 1 which is considered
to detect a variable structure of the V I -J6 1 TCR6 gene prod-
uct (28) adds more evidence to the hypothesis that this leuke-
mia expresses a TCR6 gene product which is different from
the VAI-J6 1 gene product, typically seen in the PEERcell line
(type 8 rearrangement) (see Addendum). In conclusion, our
data suggest that only a small number of VA regions, at least
two, are available for functional rearrangements.

Addendum

During the time of the review of this manuscript, two new VA regions
were described by Hata et al. J. Exp. Med. 169:41-57, 1989. In Xba I
digests, V62 and V63 joining events to J6 1 yielded rearranged bands of
4.2 kb and 1.9 kb, respectively. These sizes are virtually identical to the
Xba I sizes of the type 4 (4.2 kb) and type 12 (1.8 kb) rearrangements
suggesting that the type 4 rearrangement is a V62-(D)-Jb 1 and the type
12 rearrangement a V63-(D)-Jb 1 rearrangement. Studies are under way
to confirm this hypothesis.
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