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The gene encoding the P chain of the human T-cell receptor for antigen is composed of variable (V), diversity
(D), joining (J), and constant (C) gene segments which undergo specific rearrangements during T-lymphocyte
ontogeny. Southern blot analyses of seven human T-cell tumor lines and normal human T-lymphocyte clones
revealed that most of these T-cell lines rearrange their Tip3 genes differently. The T-cell tumor line HPB-MLT
rearranges and transcribes both of its Tip3 genes. Cloning and sequencing of the Tip cDNAs corresponding to
these rearrangements revealed that one of the rearranged Tip3 genes is defective, while the other is functional
and corresponds to the Tip protein expressed on the surface of these cells. Thus, this cell line displays a pattern
of allelic exclusion of Tip gene expression. A comparison of four C(32-containing Tip cDNAs from three
different cell lines revealed that three of the four utilize the same J(32.5 gene segment joined to different Do and
V,( genes, suggesting that there may be preferential use of this J gene during J(2 rearrangements.
Hybridization analyses with probes for the a and (3 genes of the T-cell receptor and the T-cell-specific Ty gene
revealed that HPB-MLT cells appear to express approximately equivalent amounts of RNA corresponding to
each of the rearranged Tia and Tip3 genes. However, they express a much lower level of Ty RNA.

The antigen specificity of T lymphocytes is derived from
their expression of clone-specific (idiotypic) receptors for
antigen (Ti). These T-lymphocyte receptors have been
serologically and biochemically identified as 90-kilodalton
heterodimers composed of disulfide-linked acidic (Tia) and
basic (Tip) chains with an approximate size of 40 to 50
kilodaltons (2, 17, 28). The murine and human genes encod-
ing both chains of this receptor have recently been indepen-
dently cloned by several groups (10, 11, 19, 20, 33, 35, 44).
These genes, which display significant homology to immu-
noglobulin genes, are composed of variable (V)-, diversity
(D)-, joining (J)-, and constant (C)-region gene segments
which undergo specific rearrangements during thymic devel-
opment (10-12, 15, 35, 37, 38). Studies of both murine and
human cDNA and genomic clones of the Tip gene have
revealed the existence of two tightly linked C-region gene
segments (C(31 and C,B2) which are 95 to 97% homologous at
the nucleotide level (15, 22, 26). These two C-region gene
segments are apparently used interchangeably by cytotoxic
and helper T-lymphocyte subsets. It is not yet clear whether
suppressor T lymphocytes use these or different receptor
genes (21, 24, 31). In addition to the Tia and Tip genes, a
third T-cell-specific immunoglobulinlike gene, Ty, which
displays a limited amount of diversity as compared with the
Tia and Tip genes, has recently been described (18, 32).
Thus far, the role of this third gene in T-cell function remains
unknown.
Although a great deal is already known about Ti gene

structure, relatively little, as yet, is known about the mech-
anisms of Ti gene rearrangement and the control of Ti gene
expression. We analyzed the rearrangement and expression
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of Tip genes in five human acute lymphocytic leukemia
(ALL) cell lines as well as in two normal human T-
lymphocyte clones. Southern blot analyses showed that,
except for two pairs of the ALL cell lines which appear to be
identical, these cell lines appear to rearrange their Ti,B genes
differently. A more detailed analysis of Tip gene expression
in the human T-cell ALL cell line HPB-MLT indicated that
this cell rearranges and transcribes both copies of its Tip3
genes. Cloning and sequencing of cDNAs corresponding to
the two rearranged Ti,B genes revealed that one rearrange-
ment is defective and is characterized by an out-of-frame
V-D-J joining event which causes the generation of stop
codons in downstream C-region sequences. A second cDNA
represents the functional Ti,B gene from this cell line. The
deduced amino acid sequence of this functional Tip cDNA
corresponds to the previously described N-terminal protein
sequence of the Tip polypeptide isolated from the surface of
HPB-ALL cells. Thus, although this cell line rearranges and
transcribes both copies of its Tip genes, it displays a pattern
of allelic exclusion of Tip3 gene expression. A comparison of
the sequences of four Ti,B cDNA clones from three different
cell lines showed that, although each of the clones utilizes a
different V,B gene, three of the four utilize the same J(32.5
gene segment. This finding suggests that this JP2 gene
segment is used preferentially during V-D-JP2 rearrange-
ment. To determine whether Ti gene expression is regulated
at the transcriptional level, a cDNA library from the HPB-
MLT cell line was hybridized to a variety of T-cell-specific
probes. These studies indicated that HPB-MLT appears to
coordinately express all of its rearranged Tie and Tip genes
(whether functionally or defectively rearranged) while ex-
pressing a much lower level of Ty RNA.
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FIG. 1. Partial restriction endonuclease map of the human germ line Tip genes (40). The relevant EcoRI (R) and HindIll (H) restriction

enzyme sites are shown below the map.

MATERIALS AND METHODS

Cell lines. HPB-MLT, HPB-ALL, CEM, MOLT-3, and
MOLT-4 T-cell ALL cell lines have been previously de-
scribed in detail (30) and were supplied by Jun Minowada.
L17 is a T3+ T4+ T8- human cytotoxic T-lymphocyte clone
which specifically kills a subset of human cells bearing the
class II major histocompatibility complex (MHC) antigen
DQ1 (DC1) (Fraser et al., submitted for publication). 2G2 is
a T3' T4- T8+ cytotoxic human T-lymphocyte clone which
specifically kills human cells bearing the class I MHC
antigen HLA-B27 (8). These T-lymphocyte clones were

grown and supplied by John Fraser and Michael Brenner in
our laboratory.

Construction and screening of cDNA libraries. The cDNA
library from HPB-MLT was constructed in bacteriophage
Agtll as previously described (22). This library is composed
of 2 x 106 different clones with an average insert size of 1.0
kilobase (kb). The 2G2 cDNA library was prepared by a

modification of the method of Gubler and Hoffman (16).
Briefly, approximately 1 ,ug of poly(A)+ RNA was prepared
from 107 cells by the guanidium isothiocyanate-cesium chlo-
ride procedure (41). First-strand cDNA synthesis was car-

ried out with avian myeloblastosis virus reverse transcrip-
tase. Second-strand synthesis was carried out with RNase H
and Escherichia coli DNA polymerase 1 (16). The ends of the
double-stranded cDNA were made blunt with T4 DNA
polymerase, and the cDNA was treated with EcoRI
methylase. EcoRI linkers (New England BioLabs, Inc.,
Beverly, Mass.) were ligated to the ends of the cDNAs with
T4 DNA ligase, and the resulting mixture was digested with
an excess ofEcoRI. The cDNA was then separated from free

linkers and partially size fractionated by passage over a

Sepharose CL-4B column. AgtlO DNA was digested with
EcoRI and treated with calf intestinal phosphatase to pre-
vent self-ligation. cDNA (12.5 ng) was mixed with 0.5 ,ug of
EcoRI-digested and calf intestinal phosphatase-treated XgtlO
DNA and ligated with T4 DNA ligase overnight at 12°C. The
ligation mixture was packaged in vitro by standard tech-
niques (27), and the resulting phage were amplified on lawns
of E. coli C600 hfl. The 2G2 library prepared in this way is
composed of 105 different clones with an average insert size
of 1.0 kb.
Phage libraries were screened as follows. Phage (3 x 104)

were plated on a lawn of E. coli C600 hfl on each of five
150-mm plates. The phage were grown at 37°C for approxi-
mately 6 h until they were subconfluent. Plaques were

transferred to nitrocellulose filters. Phage DNA was dena-
tured by a 60-s treatment with 0.5 M NaOH-1.5 M NaCl.
Filters were neutralized for 5 min with 0.5 M Tris (pH
8.0)-1.5 M NaCl and washed with 2x SSPE (1x SSPE is
0.18 M NaCl, 10 mM NaH2PO4, and 1 mM EDTA) for 5 min.
After drying at room temperature for 30 min, the filters were
baked in vacuo at 80°C for 2 h. Prehybridization was for 4 h
at 680C in 5x SSPE-5x Denhardt solution-0.1% sodium

dodecyl sulfate-100 ,ug of denatured salmon sperm DNA per

ml-2 p,g of poly(A) per ml. A 0.2-,ug sample of 32P-labeled
nick-translated probe (2 x 108 to 4 x 108 cpm/,ug) was added
to the prehybridization mixture, and hybridization was con-

tinued for 16 to 20 h at 68°C. Filters were washed twice in 2 x
SSC (1x SSC is 0.15 M NaCI plus 0.015 M sodium citrate,
pH 7.0)-0.1% sodium dodecyl sulfate for 15 min at room

temperature, and twice in 0.3x SSC-0.1% sodium dodecyl
sulfate for 1 h at 68°C. Autoradiography was carried out for
4 to 48 h at -70°C with Du Pont intensifying screens.

Positive plaques were picked and purified to homogeneity
by sequential hybridization with the appropriate radiola-
beled probe. Inserts were cut out of phage DNA with EcoRI
and subcloned into EcoRI-digested calf intestinal phospha-
tase-treated pUC18 vector (42).

Isolation of human genomic Tip clone. A human genomic
library was constructed, and clones containing the entire
unrearranged J31-Cp1 and JP2-C,B2 gene clusters were iso-
lated as previously described (13b).
DNA sequencing. DNA sequencing was done by the

dideoxy chain termination method of Sanger et al. (34) with
[35S]dATP. Appropriate restriction enzyme fragments were

subcloned into M13mpl8 and M13mpl9 directly from low-
melting-point agarose as described by Crouse et al. (13). All
clones were sequenced on both strands, and all restriction
enzyme sites were sequenced across.

Southern blots. High-molecular-weight DNA (10 ,ug) pre-
pared by the method of Bell et al. (6) was digested for 5 h at
37°C with a fivefold excess of restriction endonuclease and
separated by electrophoresis on a 0.7% agarose gel. DNA
was transferred to a nitrocellulose filter by the method of
Southern (39). Hybridizations were carried out as described
above for the screening of cDNA libraries, except that the
probe concentration was approximately 5 x 106 cpm/ml.

RESULTS

Tip gene rearrangements in human T-cell tumor lines and
normal human T-lymphocyte clones. A partial restriction
endonuclease map of the germ line Tip gene is shown in Fig.
1. By probing EcoRI- and HindIII-digested human DNAs
with a Tip C-region probe, the number and type of Tip gene
rearrangements in a given cell line can be determined (13b,
36, 40; J. Leiden and J. Strominger, unpublished data).
Specifically, when a Southern blot containing EcoRI-
digested unrearranged B-lymphocyte DNA is hybridized to a

C, probe, two bands are seen: a 4.2-kb band containing the
C,2 gene segment which is unchanged in size by V-D-J
rearrangements, and a 10.2-kb germ line band containing the
entire J11-C131 gene cluster. The size of this 10.2-kb germ-
line band is altered by V-D-Jpl rearrangements, and it is
deleted by V-D-JP2 rearrangements. Similarly, when a

Southern blot containing HindlIl-digested unrearranged B-
cell DNA is hybridized to a C,B probe, three bands are seen:
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FIG. 2. Southern blot analysis of human T-cell ALL cell lines and normal human T-lymphocyte clones with Tip probes. DNA from the

indicated cell lines was digested with EcoRI or HindIll and hybridized to the 12A1 (V-D-J-C12) cDNA probe (A) or a C,B probe consisting
of the 280-bp BgIII fragment of the 4D1 cDNA clone (B-D) (22). Bands containing the germ line C,1l and C,B2 gene segments are indicated
to the right of sections A to D. Because the Col and CP2 gene segments are 97% homologous in their coding regions, the C,B2 probe hybridizes
to fragments containing both Cp1 and CP2 sequences (22). Size markers are shown in kilobases to the left of each figure. The faint band of
19 kb seen in panel A, lanes 1 and 2, is also present in panel C, lane 1, but did not reproduce well in the photograph.

(i) an 8.3-kb band containing the J,2 gene segments and the
5' portion of the C,2 gene, (ii) a 6.7-kb band containing the
3' end of the CP2 gene, and (iii) a 3.5-kb band containing the
C,1l gene segment. The size of the 8.3-kb germ line band is
altered by V-D-JP2 rearrangements.
A Southern blot analysis of five human T-cell ALL lines

and two human T-lymphocyte clones is shown in Fig. 2 and
summarized in Table 1. These analyses revealed that the
MOLT-3 and MOLT-4 ALL cell lines display an identical
pattern of Tip gene rearrangement which is characterized by
two JP2-CP2 gene rearrangements (the germ line HindIII
8.3-kb band is replaced by novel 14.0- and 18.5-kb bands in
both cell lines). This suggests that, rather than sharing a
single Tip gene rearrangement, these two cell lines are
actually identical. This finding was not unexpected as they
were originally isolated from the same patient with T-cell
ALL (30). Similarly, the HPB-MLT and HPB-ALL cell lines
display an identical pattern of Tip gene rearrangement which
is clearly distinct from that of MOLT-3 and MOLT-4 (Fig.
2A; Table 1). The CEM cell line and the two normal
allospecific cytotoxic human T-lymphocyte clones each
show novel patterns of Tip gene rearrangement (Fig. 2;
Table 1). It is noteworthy that all the T-cell ALL cell lines
examined by Southern analysis rearrange both JP2-CP2 gene

segments, usually with concomitant deletion of both Cp1
genes. The significance of this pattern is unclear. However,
a similar phenomenon has been observed in murine T-cell
lymphomas (24). The finding that the L17 clone, which is a

cytotoxic cell specific for the class II DQ1 MHC antigen,
rearranges a Jpl-Cpl gene segment while the 2G2 clone,
which is a cytotoxic cell specific for the class I B27 MHC
antigen, rearranges two JP2-CP2 gene segments (and deletes

both gene clusters) indicates that the cytotoxic phenotype is
not uniquely associated with C,1 or C,2 gene segment use.
This is in agreement with the previous results of Royer et al.
(31), Hedrick et al. (21), and Kronenberg et al. (24).
The HPB-MLT cell line displays a pattern of allelic exclu-

sion of Tip( gene expression. B lymphocytes are known to
display a pattern of allelic exclusion of immunoglobulin gene
expression. That is, a given B lymphocyte expresses a single
immunoglobulin protein on its surface (reviewed in reference
14). A number of mechanisms are utilized by B cells to
produce this pattern of allelic exclusion. Some cells rear-
range a single immunoglobulin heavy- and light-chain gene.

Others rearrange multiple copies of a given immunoglobulin
gene, but only one of the rearrangements is productive,
while the others are defective, i.e., they are characterized by
out-of-frame joining events or somatic mutations which
generate mRNAs which cannot be translated into functional
immunoglobulin protein. Finally, some B cells express more
than one functional immunoglobulin light chain in their
cytoplasms but only assemble and express a single func-
tional immunoglobulin protein on their surface (3, 4, 7, 25).
The patterns of Tip gene rearrangement shown in Fig. 2

reveal that, like their B-cell counterparts, some T-cell clones
(e.g., L17) rearrange a single Tip gene, thereby producing a
pattern of allelic exclusion of Tip gene expression. How-
ever, as noted above, most T-cell ALL lines and at least one
human cytotoxic clone (2G2) rearrange both of their Tip
genes (Table 1). To determine whether HPB-MLT cells,
which rearrange two Tip genes (Table 1), display a pattern of
allelic exclusion of Tip gene expression, several Tip cDNA
clones were isolated from an HPB-MLT cDNA library and
subjected to DNA sequence analysis. We have previously
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GCA GCA CTG CAC CTG AIC AM ACG AGA OGA ('AG CAC GTG ACT CTG AGA TGC TCT CCT ATC TCT GGG CAC MG AGT GTG TCC TGG TAC CM CAG GTC

4D1 TG. GAG ..C..G..T GA. ..A ..T ..A ..T .CT GC C.T.A. G A AG.
Trp Glu . . . sp.Thr Ala Lou Tyr . . Arg . Ser

200
l

12A1 Leu Gly Gln Gly Pro Gln Phe Ile Phe Gln Tyr Tyr Gly Lys Glu Glu Arg Gly Arg Gly AnsmPh.ro - spk g b Ser Ala Ar Gin Pb 67
CTG GG CAG GM0 CCC CAG Tm1 ATC TIT CAG TAT TAT GAG MA GAA GAG AGA GA AGA GA MC TTC CC= --- GAMA TTC TcA Gdr CGC CAG TNC

4D1. ..G ... C..A G.. C.. C.A A.. T.C .TC C.A .GC .CG .GT .C. GC. .AT GAC TC. GGG C.G ..C MC. ..G. .T ..A GT. AG. CCr
. Glu Lu Leu Ile Tyr Phe Gln Gly Thr Gly Ala A AspAsp Ser Gly Leu . sn . . . PX . Val Arg Po

- J12AI
300

- D F- J4D1
12AI Pro As Tyr Ser Ser Glu Lm An Val Mn Ala Lou Lou Lou Gly Asp Ser Ala Leu Tyr Lau Cys Ala er Ser - Ser Arg LyS Thr Ginlnr 99

CC! AAG TAT TAc GAG CTG MT GTG MC GCC TIC TIG STGCO, GAc ToG oCC CTG TAT dTCTGTGSC AGC AGC --- TG CG M ACO CAG TAC
4D1 GAG GA .CC GT ... ACr..G A.C C.G CG. ACA GAG .G ........A ...G. CM G. A.. G.G.

Glu Gly Ser Val . Thr . Lys Ie Gln Arg Thr Glu . . . . Val.Gln Gly . Glu

C
12A1 Mm Gly Pro Gly Thr Arg Lau Lou Val LAu Glu Asp LA Lys ......

TIC OGG CCA GOC ACG OGG C1C dG GIG Ol GAG GAC CIG A......
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FIG. 3. Partial nucleotide sequence of the two Ti cDNA clones from HPB-MLT. The entire V-D-J- and proximal C-region nucleotide and
predicted amino acid sequences of 12A1, the functional Tip cDNA clone, are shown. Differences between the defective 4D1 and functional
12A1 clones are shown in the 4D1 sequence. Dots in the 4D1 sequence represent nucleotides and amino acids which are identical between
the two clones. Dashes represent nucleotides which are present in one clone and absent in the second. As described in the text, the 4D1 clone
is 36 nucleotides shorter at its 5' end than the 12A1 clone. The two, clones share an identical C132 nucleotide sequence at their 3' ends which
has been previously described (22) and which is not shown in detail here. Nucleotide numbers (shown above) and amino acid numbers (shown
to the right of the figure) were determined by alignmnent of these partial-length clones with the previouusly described full-length human Tip
cDNA clone YT35 (44). Approximate boundaries of the V-, D-, J-, and C-region gene segments are indicated above the 12A1 sequence.

TABLE 1. Tip-chain gene segment rearrangements in human
T-Cell ALL and human T-lymphocyte clones

Rearrangementa
Cell line Phenotype Comments

J1l-CP1 JP2-CP2

HPB-MLT T3+ T4+ T8+ 2d 2r
T-ALL

HPB-ALL T3+ T4+ T8+ 2d 2r Pattern identical
T-ALL to HPB-MLT

MOLT-3 T3+ T4+ T8+ 2d 2r
T-ALL

MOLT-4 T3+ T4+ T8+ 2d 2r Pattern identical
T-ALL to MOLT-3

CEM T3+ T4+ T8- lr, ld 2rb
T-ALL

L17c T3+ T4+ T8-; lr, ld 2gl
DC1 cytotoxic
clone

2G2d T3+ T4- T8+; 2d 2r
B27 cytotoxic
clone

a d, Deleted; r, rearranged; gl, germ line.
b Data not shown in Fig. 2C. When HindIll-digested CEM DNA was

probed with Cp, the pattern was identical to that shown for JY or L17 DNAs.
However, further studies utilizing J,1 and J132 probes have revealed that this
cell line displays a complex pattern of rearrangement of both J,32 alleles (13c).

c This cell line has been previously described by Fraser et al. (submitted).
d This cell line has been previously described by Brenner et al. (8).

reported the nucleotide sequence of one of these Tip cDNA
clones, 4D1 (22). This clone is defective, i.e., it is charac-
terized by an out-of-frame V-D-J joining event which causes
the generation of stop codons in the downstream C-region
sequences. We now report the nucleotide and deduced
amino acid sequence of the V-D-J regions of a second Tip
cDNA, 12A1, which was isolated from this same cDNA
library (Fig. 3). This partial-length clone, which begins at
nucleotide 13 (44), is composed of a single open reading
frame and is formed by the joining of different VP3 and DP
gene segments to the same J,B2-CP2 gene segments utilized
by the defective clone 4D1. 12A1 and 4D1 presumably
represent different joining events of the Tip gene segments
present on the two copies of chromosome 7 in this cell line
(9, 30a).
To confirm the hypothesis that 12A1 represents the func-

tional Tip gene from HPB-MLT, the deduced amino acid
sequence of this clone was compared with the previously
reported (22) N-terminal sequence of the Tip protein ex-
pressed on the surface of HPB-ALL. These two sequences
are identical except for the N-terminal three amino acids
(Fig. 4). This divergence of N-terminal sequence may be due
to an aberrant sequence introduced at the 5' end of 12A1, at
the hairpin loop, during the initiation of the second strand of
cDNA synthesis, or during subsequent Si nuclease process-
ing. A comparison of the 12A1 HPB-MLT Ti,B cDNA with
the previously described HPB-12 Tip cDNA clone isolated
from the cell line HPB-ALL (45) showed that these se-
quences are identical except for two nucleotides. When
compared with 12A1, the previously published HPB-ALL
clone has an extra nucleotide at position 159 which probably
represents a sequencing error since it introduces a frameshift

MOL. CELL. BIOL.
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1iAl cDNA Sequence:

Tip Protein Sequence:

--- --- --- --- Aa Ala Leu His Leu Ile Lys Thr Arg Gly Gln His Val Thr

XOX Val Thr Gln Ser Pro Thr His Leu Ile Lys Thr Arg Gly Gln His Val Thr

FIG. 4. Comparison of the 12A1 Ti,B cDNA sequence with the N-terminal amino acid sequence of the Tip chain of HPB-ALL. The 12A1
sequence is the predicted amino acid sequence from the 12A1 cDNA clone shown in Fig. 3. The HPB-ALL sequence is the previously
described amino acid sequence from the Tip protein purified by immunoaffinity from the surface of the T-cell tumor line HPB-ALL (22).
Underlined amino acids differ between the two sequences. X's represent the N-terminal residue which could not be determined during protein
sequencing. Dashes represent the 5' nucleotide sequence which was absent from the partial-length 12A1 cDNA clone.

mutation which would result in a nonfunctional clone. In
addition, nucleotide 279, which is a G in 12A1, is a T in the
HPB-ALL clone. This substitution is not silent, causing
replacement of the Gln at position 93 of 12A1 with a His in
the HPB-P2 cDNA. This may represent a sequencing error
or a mutation of one of the Ti,B genes during prolonged
culture in vitro.
HPB-MLT and HPB-ALL are the same cell line. The finding

that HPB-ALL and HPB-MLT express nearly identical Ti,B
genes was not unexpected given the previous observation
that an anti-idiotypic antibody recognizing the T-cell recep-
tor of HPB-ALL also recognized the T-cell receptor of
HPB-MLT (23). Because these two cell lines were originally
isolated from different patients with T-cell ALL (30), it was
important to determine whether this result represented a
trivial confusion of these cell lines during in vitro passaging
or a real identity of Ti,B genes among different human ALL
cell lines. To address this question further, we subjected
DNA from HPB-MLT and HPB-ALL to Southern blot
analysis with the 12A1 Tip cDNA probe. As described
above, this analysis showed that HPB-ALL and HPB-MLT
rearrange both copies of their Ti,B genes identically (Fig. 2A)
suggesting that, rather than sharing a single Tip gene rear-
rangement, these two cell lines are actually identical (i.e.,
have been confused during in vitro culture). Further evi-
dence of the identity of these two cell lines has been
provided by more recent studies showing that HPB-ALL
and HPB-MLT also rearrange the same Tia V-region gene
segment (J. Leiden and J. Strominger, unpublished data).

Expression of Tia, Tip, and T-y genes in HPB-MLT. To
determine the levels of Ti and T-y gene expression in HPB-
MLT cells, the size-selected (greater than 500 base pairs
[bp]) Xgtll cDNA library from this cell line was hybridized
to the following probes: (i) a full-length human Tia probe
isolated from a cDNA library constructed from the func-
tional human T-cell clone L17 (J. Leiden, J. Fraser, and J.
Strominger, Immunogenetics, in press); (ii) the human Tip
cDNA probe, 4D1 (22); (iii) a full-length human T-y clone
isolated from the HPB-MLT library by hybridization with a
murine T-y probe (13a); (iv) a 170-bp EcoRI-BamHI V-region
probe from the 5' end of the 4D1 clone (Fig. 3); and (v) an
80-bp EcoRI-KpnI V-region probe from the 5' end of the
12AI clone (Fig. 3). The results of these hybridizations are
shown in Table 2 and reveal marked variations in the levels
of Tia, Tip3, and Ty gene expression. The T-y gene is clearly
expressed at levels that are approximately 5 to 10% of those
of its Tia and Tip3 counterparts. In addition, the level of total
Ti,B gene expression is approximately double that of Tia.
This Tip gene expression is almost equally divided between
the defective (4D1) and functional (12Ai) Tip genes. That is,
the level of expression of each of the Tip genes is approxi-
mately equivalent to the level of total Tia gene expression in
this cell line. The slightly lower level of functional 13 chain
relative to defective 1 chain seen in this experiment is most
likely due to the fact that the 12A1 V-region probe used in

these studies is located approximately 125 bp 5' of the 4D1
V-region probe and therefore would not detect partial-length
cDNA clones lacking these 5' sequences. In addition, be-
cause the 12A1 V-region probe was significantly shorter than
the 4D1 V-region probe, the signal intensity of the positive
clones in the 12A1 hybridization was lower than that in the
4D1 hybridization. Thus, the 12A1 hybridization may have
failed to detect some of the more faintly hybridizing clones.

Preferential use of a J132 gene segment in Tip cDNAs. The
rearrangement of multiple gene segments is one of the major
mechanisms utilized by both B and T lymphocytes to gen-
erate diversity of their antigen receptors. Thus, as described
above, the variable region of the a chain of the T-cell
receptor for antigen is encoded by separate V, D, and J gene
segments which rearrange during thymic development to
form a functional Ti,B gene. The potential number of Tip
variable regions and, therefore, the potential diversity of
T-cell receptors is determined both by the numbers of
different V, D, and J gene segments and by the relative
frequencies of rearrangement of a given V,B gene segment
with individual DP and J1 genes. A comparison of four
previously sequenced CP2-containing Tip3 cDNA clones
(Fig. 5) revealed that three of the four use the same or a very
highly homologous J,B gene segment, although each utilizes a
different VP or Do gene segment (25a). A fourth C,B2 cDNA
clone, JURKAT ,B2 (45), clearly utilizes a different J,B gene
segment which differs from the sequence of the first three by
15 to 17 nucleotides (four to five amino acids). To determine
whether the shared J13 sequences used in the 2G2, 4D1, and
12A1 cDNAs are derived from a single germ line J,B gene
segment and to map this J,B gene in the germ line, the 290-bp

TABLE 2. Levels of expression of T-cell-specific genes in the
human T-cell tumor line HPB-MLTa

No. of

T-cell receptor gene positiveclones/7 x 1O1
plaques

Tic ......................................... 61

Ti,B (total) .......................................... 106
Defective Tip (4D1)................................. 56
Functional Tip (12A1) .............. ................ 47

Ty. 7
a The Xgtll cDNA library from HPB-MLT was plated at a density of 35,000

plaques per 150-mm plate and grown until subconfluent. Plaques were
transferred to nitrocellulose filters and hybridized as described in Materials
and Methods to the following 32P-labeled, nick-translated probes: (i) a, a
full-length human Tics cDNA probe isolated from a library constructed from
the functional human T-cell clone L17 (Leiden et al., in press); (ii) 1 (total),
4D1, a partial-length Tip cDNA clone (22); (iii) defective Tip, a 170-bp
EcoRIlBamHI fragment from the 5' end of the V region of 4D1 (22); (iv)
functional Tip, an 80-bp EcoRI-KpnI fragment from the 5' end of the V region
of 12A1 (Figure 3); (v) Ty, a full-length human Ty cDNA probe isolated from
a Agtll cDNA library (13a). Each probe was hybridized to two filters
containing a total of 7 x 104 plaques.
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(A) Human Genomic MFT1 vTCGGGGCTCG 6C CM GAG ACC CAG TAC TTC 66G CCA 66C ACG CGG CTC CTG GTG CTC GGT

2G2 GTA G.G . ... ... ... ... ... ... ... ... ... ... ... ... ...

.G6 AGG ..........................................

TCG .S6 A.R .......................................

AG. AC. ..T ..G. T ..T..C CG.. ..G ACA

A. C T T C ...T.A

(B) Human Genomic
JB2

262

4D1

12A1

JurB2

Murine
JB2.5s

- Q E T Q Y F G P G T R L L V L

V R . . . . . .

G R . . .. .. ... . .. .

S R K . . . ..

S T D . . ... ... G . T ..

N . D . . ... . .. . ..

FIG. 5. Comparison of the J-region nucleotide and deduced amino acid sequences from four human Ti,B cDNA clones and the homologous
human and murine germ line J1 2.5 gene segments. The 12A1, 2G2, and human germ line J,B 2.5 sequences are from this paper. The 4D1
sequence is from Jones et al. (22). The Jur, 2 sequence is from Yoshikai et al. (45). The murine J3 2.5 sequence is from Malissen et al. (26).
Dots represent nucleotides and amino acids which are identical to those of the human genomic JI 2.5 sequence. The nanomer-heptamer
sequences involved in J1 recombination are overlined (11, 26). The underlined sequence is a potential splice donor sequence. (A) Comparison
of nucleotide sequences. (B) Comparison of deduced amino acid sequences.

XhoI-EcoRI fragment of the 4D1 Ti,B cDNA clone containing
V-, D-, and J-region sequences was hybridized to a Southern
blot of human genomic clones previously shown to contain
the entire unrearranged Jpl-Cpl and JP2-C,B2 gene clusters
(13b). This probe hybridized to a single 300-bp SmaI frag-
ment located approximately 4 kb upstream of the C,2 gene
(data not shown). This fragment, which has been mapped
within the JP2 gene cluster (A. Duby and J. Seidman,
unpublished data), was subsequently subjected to DNA
sequence analysis (Fig. 5). A comparison of this sequence
with previously published murine germ line JI sequences
revealed that the preferentially used human J12 gene seg-
ment was highly homologous to the murine JP2.5 germ line
gene (Fig. 5). While this work was in progress, the sequence
of the entire human germ line J,B2 cluster was reported (40).
A comparison of these sequences revealed that the prefer-
entially used human J,2 gene reported here is identical to the
human germ line JP2.5 gene segment. Also, while this work
was in progress, the homologous murine JP2.5 gene segment
was shown to be used in a similarly preferential fashion in
murine Tip cDNAs isolated from a mouse thymocyte cDNA
library (JP2.5 was used in 6 of 11 J32-containing murine Tip
cDNAs) (5).
A comparison of the J-region sequences of the 12A1, 4D1,

and 2G2 cDNAs (Fig. 5) showed that although they are
identical at their 3' ends, they differ, both from each other
and from their germ line counterpart, by one to seven
nucleotides at their 5' ends. Because these differences are
contiguous and tightly clustered at the 5' end of J, we favor
the hypothesis that they reflect imprecise V-D-J joining and
N-region diversity events. Interestingly, there are no se-
quence differences in the 3' ends of the three JP2.5-
containing cDNAs or the two genomic J,2.5 genes which
have been sequenced, supporting the hypothesis that so-
matic hypermutation of genomic J3 genes does not play a
major role in the generation of Tip gene diversity (11).

DISCUSSION

The present findings regarding Ti,B gene rearrangement
and expression are relevant to the issue of the diversity of
the repertoire of human T-cell antigen receptors in both
functional T-cell clones and T-cell ALLs. First, previous
studies have suggested that acute T-cell leukemias display a
limited repertoire of T-cell receptors. Specifically, the se-
quence of a Tip cDNA clone reportedly isolated from the
MOLT-3 cell line was shown to be identical to the amino
acid sequence of the Ti,B chain isolated from the T-cell tumor
cell line REX, as well as to the nucleotide sequences of Tip
cDNA clones isolated from the T-cell tumor lines JURKAT
and JM (1, 36, 44, 45). In addition, Minden et al. (29) have
reported that Southern blot analyses of human T-cell ALL
blood samples revealed a limited number of patterns of Tip
gene rearrangement. The finding that the MOLT-3 and
MOLT-4 cell lines as well as the HPB-ALL and HPB-MLT
lines are actually identical and may have been confused
during prolonged in vitro culture highlights the importance of
ruling out trivial cross-contamination of cell lines during in
vitro culture as the cause of similar Tip sequences or
rearrangements among different T-cell lines. This caveat is
emphasized by the results of Sims et al. (36) who have shown
that the YT35 cDNA clone reportedly isolated from MOLT-
3 was, in fact, probably isolated from JURKAT, presumably
as a result of a similar confusion during in vitro culture.
Given these results, the possibility that REX and JURKAT
are an identical culture must also be considered.
The present findings also demonstrate that T lymphocytes,

like their B-cell counterparts, can utilize different mecha-
nisms to produce a pattern of allelic exclusion of T-cell
receptor gene expression. Some T cells rearrange a single
T-cell receptor gene (e.g., the L17 cell line), while others,
such as HPB-MLT, rearrange one Tip gene nonproductively
and a second in a productive manner. Like defectively

4D1

12A1

JurB2

Murine JB2.5
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rearranged immunogiobulin genes, a defectively rearranged
Tip gene can be transcribed and processed into mature
mRNA, but is not expressed as protein on the cell surface.
Thus far, no T-cell tumor or clone has been identified which
expresses more than one functional T-cell receptor on its
surface.

Previous studies of murine Tia and Tip gene expression
have suggested that these genes are coordinately regulated
(10). The present results concerning Tia and Tip and Ty gene
expression in the HPB-MLT cell line support a model in
which each fully rearranged human Tia and Tip gene is
expressed as RNA at an equivalent level, regardless of
whether a given rearrangement is productive or defective. In
contrast to Tia and Tip gene expression, which appear to be
coordinately regulated, expression of the T-y gene seems to
be independently regulated, at least in the HPB-MLT tumor
cell line. This finding is in agreement with that of Tonegawa
and colleagues (18) who have reported that the level of
expression of the Ty gene is significantly lower than that of
the Tiot and Tip genes in murine cytotoxic T-lymphocyte
clones.
The finding that the same JP2.5 gene segment is used

preferentially in both murine and human JP2-containing Tip
cDNAs suggests that although these results are based upon
relatively small numbers of cDNA sequences, they in fact
reflect a real phenomenon which operates in a wide range of
mammalian species. The mechanisms responsible for this
preferential Jp gene utilization remain obscure. They could
involve structural features of this particular Jp gene segment
or, alternatively, could reflect postrearrangement selection
of T cells utilizing the JP2.5 gene segment. Previous studies
of immunoglobulin K light-chain genes have shown that
VK-JK rearrangement is also not a random process. Specifi-
cally, the 5'-most JK gene segments (JK1 and JK2) are used
preferentially in the formation of rearranged immunoglobulin
K genes. Together, these gene segments account for a total of
70 to 90% of murine splenic B-lymphocyte VK-JK gene
rearrangements (43). Similarly, at least during early B-cell
development, the 3Y-most V regions are preferentially used
in immunoglobulin VH gene rearrangements (46). To explain
these results, it has been postulated that the 5'-most JK genes
are preferentially recognized by an enzyme which travels
down the DNA in a 3' to 5' direction until it encounters a
gene segment containing the appropriate 5' rearrangement
signals. In this regard, it is interesting that the preferentially
utilized JP2.5 gene segment lies quite 3' in the J,2 gene
cluster and would therefore be unlikely to be preferentially
utilized by such a rearrangement mechanism. In addition, it
has been postulated that the preferential use of JK immuno-
globulin gene segments correlates with the presence of a TG
dinucleotide in the first several bases of the coding region of
a JK gene segment (43). However, the genomic JP2.5 gene
segment clearly lacks such a dinucleotide (Fig. 5). When
taken together, these results suggest either that these struc-
tural features are not essential for either JK or Jp preferential
gene usage or that the mechanisms used to generate prefer-
ential J utilization in immunoglobulin genes are different
from those used in Tip gene rearrangements.
As described above, the potential diversity of Tip genes is

dependent both upon the numbers of Tip V, D, and J genes
and upon the randomness of their association. The number
of murine germ line VP genes has been estimated to be
between 20 and 30 (5). There are 13 human germ line Jp
genes (six J,1 and seven JP2 gene segments) and at least two
human germ line DP genes (40). Thus, there are potentially
at least 520 (20 x 13 x 2) possible Tip gene combinations.

However, the present finding of preferential Jp gene utiliza-
tion indicates that more information is needed concerning
preferential VP and Jp gene usage both during thymic
development and in mature peripheral blood T cells before
meaningful estimates of Tip gene diversity can be made.
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