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Nineteenpatients with mycosisfungoides/Sezary syn-
drome (MF/SZ), a malignancy of the mature helper
T-cell phenotype (CD4 + TCRa4 A), were screened for
clonotypic VP expansions in peripheral blood with a
multiprobe RNase protection assay. A different pre-
dominant V13 gene was identified in 9 of 14 patients
with high peripheral blood CD4/CD8 ratios, whereas
4 of thesepatients showed T- cell expansions express-
ing Vp1 genes other than those included in the assay.
In contrast, five patients with few, if any, malignant
cells in the circulation had V13 expression levels sim-
ilar to that in normal peripheral blood A unique
V-D-J sequence was found for each highly expressed
V13 gene, thereby documenting monoclonality of the
expanded T-cellpopulations. Polymerase chain reac-
tion (PCR) primers specificfor the D-Jp. junction ac-
curately identified the corresponding malignant
clonotype in peripheral blood. The diverse TCR V13
gene usage found in these MF/SZ patients suggests
that T-cell receptor (TCR) specificity has no bearing
on this disease. (AmJPathol 1992, 140:823-830)

Human T-cell malignancies are clonal expansions of T
cells arrested at distinct stages of their development.'2 A
major means of characterizing T-cell neoplasms is anal-
ysis of their clonotypically distributed T-cell receptors
(TCR, reviewed in 3'4). These receptors are generated by
the rearrangement of multiple discontinuous germline
variable (V), diversity (D), and joining (J) gene segments
resulting in a large number of clonotype-specific se-

quences. Unique rearrangements of these germline
gene segments can be detected by Southern blot,
thereby providing the means to identify clonal expan-
sions of T cells and to clarify whether a malignancy is of
T-cell origin.2- This approach, however, has certain lim-
itations, including: a) the inability to identify the expressed
V gene, b) the inability to distinguish functional from non-
functional rearrangements, c) the occurrence of TCR re-
arrangements in some cases of B-cell malignancies, and
d) the relative insensitivity of the assay, which requires a
minimum of 104 malignant cells for a detectable signal.4

Another approach, the use of anti-V region specific
antibodies, has the advantage of determining the cell sur-
face-expressed V gene.' This information is essential
for contemplated anti-tumor V gene-specific antibody
therapy. However, utilization of anti-V gene antibodies to
characterize T-cell malignancies is limited by the few an-
tibodies available9 and their capacity to interact only with
tumor cells of the mature phenotype.

Alternatively, V genes can be identified at the RNA
level and we have recently developed a multiprobe
RNase protection assay for 22 human V,B genes encom-
passing approximately one-third of the total number of
expressed human VP genes.10 In this study, we applied
this assay to identify the V,B genes expressed by malig-
nant T cells in the peripheral blood of patients with my-
cosis fungoides/Sezary syndrome (MF/SZ). Based on
this information, we then defined the junctional se-
quences of the expressed VP genes and synthesized
corresponding oligonucleotide probes. These probes
proved specific and sensitive in detecting small numbers
of malignant cells by the polymerase chain reaction
(PCR).
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Methods

Patient Materials

Peripheral blood samples were obtained from 19 ran-

domly selected patients (14 male, 5 female) with MF/SZ
from the Yale University Dermatology Clinic (Table 1).
Patients ranged in age from 39 to 82 years (mean, 62.1)
with an average disease duration of 3.6 years (range, <1
to 7). Treatment was individualized according to disease
severity and included photophoresis, interferon, meth-
otrexate, and radiation. Malignant cells were immu-
nophenotyped and all expressed the CD3 and CD4 an-

tigens. Mononuclear cells were isolated by discontinuous
gradient centrifugation using Ficoll-Hypaque. Total cellu-
lar RNA was isolated by the method of Chomczynski and
Sacchi.'1 RNAs from thymocytes and peripheral blood
from normal subjects were obtained as described.10

Oligonucleotide Primers

Oligonucleotide primers used for PCR were (5' to 3'):
V12.1 CTTGGTGCTGTCGTCTCTCA, V,B5.1 AACTTC-
CCTGGTCGATTCTCA, VP8.1 AGGTGACAGAGATGG-
GACM, V,14.1 TCAGAATATGAACCATGAGT, V018.1
TGGTACCGACAGGCTGCAGG, V,19.1 ACAGAATT-
TGAACCACGATG, C0B AGMGCCTGTGGCCAGGCA-
CACCAGT, J12.1 CCGMGAACTGCTCATTG. Oligonu-
cleotides corresponding to the junctional (D-Jp) se-

quences of the 13-chain genes identified in the expanded
malignant T-cell population of two patients (SZ4 and
SZ21) were also synthesized; DJPSZ4 GCTCATTG-
TAGGGGGTC, and DJP,,21 CGTAGGGACCCCCCCA.

RNA Probes

Preparation of templates for generating probes of differ-
ent defined lengths for the human V,B and C0 genes has
been detailed previously.10 The 22 V,B probes were di-
vided into three sets: Set A: VP 4.1, 5.1, 5.2, 8.1, 8.2, 1 1.1,
14.1, 15.1, 16.1, 17.1, 18.1, 19.1; Set B: VP 1.1, 3.1, 6.4,
7.1, 13.2; Set C: V 2.1, 6.6, 8.3,12.1, 13.1. Templates for
each V,B gene were separately linearized with the appro-

priate restriction enzyme and combined in equimolar
amounts into the above probe sets. Radiolabeled RNA
probes were prepared with the Riboprobe system
(Promega, Madison) in 5 Il reactions using 40 ng probe
set template and 75 ,uCi a32P-UTP (15 ,uM final). The C0B
probe was labeled with 1/20th of the ca32P-UTP specific
activity of the probe sets.

Multiprobe RNase Protection Assay

Assays were performed as we have previously de-
scribed.10 Briefly, 6-10 jig of total peripheral blood RNA,
labeled VP probe set (2 x 1 03 cpm/uridine) and labeled
C0 probe (5 x 1 05 cpm) were incubated at 560C for

Table 1. Characteristics ofMF/SZ Patients and Predominant V13 Gene Expression in Their Peripheral Blood

Disease
duration WBC CD4/8

Pt. Sex Age (years) Stage* (cells/mm3) Ratiot V3t
SZ1 F 62 6 E 12,000 63 5.1
SZ2 M 52 6 E 14,000 61 +11
SZ3 M 64 5 E 64,000 65 2.1
SZ4 M 58 7 E 19,000 23 14.1
SZ5 F 66 5 E 11,200 28 4.1
SZ6 M 67 3 E 3,400 17 8.1
SZ7 M 81 <1 E 80,000 >99 +
SZ8 M 72 3 E+T 30,000 13 19.1
SZ12 M 76 4 E+T 8,600 4 -
SZ15 F 65 <1 E 13,000 12 +
SZ17 F 64 2 R 4,800 3 -
SZ18 M 39 3 6,100 4 -
SZ19 M 49 2 R 7,000 7 -
SZ21 M 43 1 5,500 15 18.1
SZ22 M 58 2 13,000 56 +
SZ23 M 82 4 E 3,200 18 -
SZ24 F 69 7 R 5,000 1 -
SZ25 M 39 3 8,000 13 5.2
SZ27 M 74 6 R 3,500 11 +

* E = Erythroderma; = erythroderma improved with treatment; R = erythroderma resolved; T = tumor.
t CD4/CD8 ratio in peripheral blood.
t Predominant VP gene expansions identified in the peripheral blood. (+) = low levels of all VlP gene genes with normal C01 levels, (-) =

normal V,B and C0B gene levels.
11 Two bands in probe set B not corresponding to usual location of protected V,B bands.
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12-16 hours in 5 ,ul hybridization buffer (80% formamide/
0.4 M NaCl/40 mM Pipes, pH 6.7). Unhyridized probe
and target RNA were digested by adding 50 ,ul of 5 ,ug/
ml RNase A and 10 U/ml RNase Ti in 5 mM ethylenedi-
amine tetra acetic acid (EDTA)/0.3 M NaCI/10 mM Tris,
pH 7.5, and incubating for 1 hour at 300C. Samples were
treated with 200 ,ug/ml proteinase K and 0.5% sodium
dodecyl sulfate (SDS) at 37°C for 30 minutes, phenol-
chloroform extracted, ethanol precipitated, dissolved in
sample buffer, and electrophoresed on 6% polyacryl-
amide sequencing gels. Dried gels were exposed on
Kodak XRP film at -70°C with intensifying screens for
24-72 hours. For quantitation of peak areas, autoradio-
grams were scanned on a laser densitometer (LKB, Pis-
cataway, NJ).

PCR, Cloning, and Sequencing
TCR p-chain sequences were amplified with PCR using
5' V-specific and 3' anti-sense Co-, Jp- or DJP-specific
oligonucleotide primers. PCRs were performed for 30 cy-
cles (940C, 1 min; 55°C, 2 min; 720C, 1 min) using the
GeneAmp kit reagents and protocol (Perkin Elmer Cetus,
Norwalk, CT) with each 50 ,ul reaction containing cDNA
synthesized from 20 ng total cellular RNA and 0.4 uM
primer concentrations. PCR products were purified from
agarose gels, ligated into the Smal site of pGEM-7zf
(Promega, WI) and sequenced by the dideoxy method
using both T7 and SP6 primers.

Calculation of Number of Clonotypic T Cells
Detectable by PCR
The percent malignant cells in peripheral blood from two
patients (SZ4 and SZ21) was first determined by the for-
mula: (100%) x (A/B)[(C x D)/E], where A = VP peak
area, B = No. uridine residues per specific VP probe, C
= Cp peak area, D = dilution of C01 radiolabel (20-fold),
E = No. uridine residues per C0 probe. The minimum
number of T cells necessary for a detectable PCR prod-
uct was determined by the formula: Q x R x (S/1 00)/T,
where Q = No. cells per ,ug RNA (=106 cells/,ug), R =

,ug RNA used to synthesize cDNA, S = % SZ cells, T =
lowest dilution of cDNA resulting in a detectable PCR
product.

Results
V,B Gene Expression Profiles of Normal
Peripheral Blood Samples
We have previously established the optimal conditions
for our RNase protection assay in human thymocytes and
have documented its linearity as well as specificity for
even a single nucleotide mismatch.10 When peripheral
blood RNA samples from four normal donors were

tested, a unique band developed for each of the 22 Vp
genes (Figure 1). In general, the expression levels varied
widely within a given subject (e.g., in set A: VP 8.2, 5.1
and 18.1), whereas the overall profiles of V,B gene ex-
pression were similar.

VP Gene Expression Profiles of MFISZ
Patients
Peripheral blood RNA samples from 19 MF/SZ patients
were analyzed for VP gene expression (Table 1). In eight
patients (SZ1, 3, 4, 5, 6, 8, 21, 25), a single different VP
gene was identified as VP5.1, 2.1, 14.1, 4.1, 8.1, 19.1,
18.1, or 5.2 (illustrated for five patients in Figure 2: SZ1, 3,
4, 5, 25). As shown for SZ1, 4, and 25, a single band was
usually observed; however, secondary bands occurred
in two instances (SZ3 and SZ5). Another patient, SZ2,
had two major bands in set B located at positions that did
not correspond to the expected lengths for the VP probes
within this set (Figure 2). Malignant cells from this patient
probably expressed a VP gene partially hybridized with
one of these probes. In four other patients (SZ7, 15, 22,
and 27), all VP-specific bands were of lower intensity than
those of normal controls in spite of normal C0B transcript
levels (illustrated for one such patient in Figure 2: SZ7).
This profile is consistent with the expansion of malignant
cells expressing either a VP gene not included in the
assay or a polymorphic allele. All 13 of the aforemen-
tioned patients had hematogenous dissemination, as ev-
idenced by elevated white blood cell (WBC) counts and/
or high CD4/CD8 ratios (>10). One additional patient
(SZ23), with an abnormally high CD4/CD8 ratio, did not
show a monoclonal expansion of malignant cells, as
judged by the aforementioned criteria, i.e., neither over-
whelming expression of a particular VP gene nor a de-
crease in expression of all VP genes relative to C0. In this
patient, the increased CD4/CD8 ratio might be caused
by polyclonal CD4+ T-cell expansion related to disease,
treatment, or other effects. In contrast, five other patients
(SZ1 2, 17, 18, 19, and 24) had VP expression levels and
profiles similar to that in normal peripheral blood (exem-
plified in Figure 2 with SZ24). None of these five patients
had elevated WBC counts, and all had CD4/CD8 ratios
approaching those in normals, thereby suggesting the
presence of few, if any, malignant cells in the circulation.
Overall, in 14 MF/SZ patients with abnormally high CD4/
CD8 ratios, at least nine different VP genes were repre-
sented in the tumor cell populations.

Cloning and Sequencing of the TCR VP
Genes Identified by RNase Protection
Assay
To characterize the junctional regions and confirm the
neoplastic (monoclonal) origin of these highly expressed
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14.1-

5.1-

Cp-
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VP genes, 1-chain genes for six patients were cloned
and sequenced. Since our previous Vp-specific TCR
cloning did not yield duplicate junctional sequences,
complete homology in this region for multiple clones
would indicate monoclonality of the V,B expressed in the
expanded T cell population. All V,B clones expressing the
predominant VP in a given patient had identical junctional
regions, thus verifying that these highly expressed VP
genes resulted from monoclonal T-cell expansions (Fig-
ure 3). Furthermore, D,B and J1 usage appeared to be
random, with both D1l and D,B2, as well as 5 of the 13
existing J,B gene segments, utilized. All 1B chains had
junctional sequences with open-reading frames, and
based on the rule of allelic exclusion, must therefore have
been the 1 chains expressed on the surfaces of these
mature phenotype malignant T cells.

Detection of Clonotype-specific [-chains by
PCR

The junctional region of the TCR is a unique clonotypic
sequence that could provide a basis for developing spe-

Probe Set C

1 2 3 4
VP
2.1-

0.6-

8.3-

13.1-

12.1-

Figure 1. V,B multiprobe RNaseprotection as-
sav of RNA from four normal donors (con-
trols). Autoradiographs of the protected VP
bands for the three probe sets, (A, B, C) are
sbown. Each lane represents the result for a
single individual (#1-4). Assavs were per-
formed as described in the Methods section,
on 10 p.g RNA isolatedfirom peripheral blood
mononuclear cells.

cific probes to detect malignant T cells. Since the PCR
can determine the DNA type of a single cell,12 the feasi-
bility of this method for detecting small numbers of tumor
cells in the peripheral blood of two MF/SZ patients (SZ4
and SZ21) was evaluated. For the SZ4 1-chain, two pairs
of oligonucleotide primers were used (Figure 4A), one
specific for both the consensus V,1 4 and the consensus
J132. 1 sequences, and the other for the consensus V1l4
and the unique SZ4 junctional (D-Jp) sequence. The
V134/JP2.1-specific primer pair could distinguish the pa-
tient with malignant cells expressing these segments
from control thymocyte and peripheral blood samples of
normal individuals (Figure 4B, left), yet some PCR prod-
uct was detectable in these controls. Importantly, how-
ever, the V,B14/DJP primer pair was highly specific; only
the SZ4 sample yielded a PCR product, whereas the
controls did not (Figure 4B, right). Peripheral blood sam-
ples from nine additional normal individuals were also
negative (not shown).

The sensitivity of the SZ4 primer pair for detecting
small numbers of malignant T cells was then assessed by
amplifying duplicate fivefold serial dilutions of SZ4 cDNA
under the same PCR conditions (Figure 4C). in this in-
stance, the product was detectable with as little as a
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2.1

14.11

6.1-

Figure 2. Representative V[B multiprobe RNaseprotection assaysfor seven MF/SZpatients anda normal control. Autoradiographs ofprotected
bands are shown in groups of three probe sets (A, B, C, respectively) for the individuals as indicated. 7Te assay was performed with 7-10
pg ofperipheral blood mononuclear cell RNVA.

1:625 dilution of cDNA corresponding to 32 fg of total
cellular RNA. Based on this value, the percent of tumor
cells in the peripheral blood of this patient and the typical
yield of 1 ,ug of RNA from 106 peripheral blood cells, as
few as --12 malignant cells can be detected. Similar de-
grees of specificity and sensitivity were observed when
cDNA of patient SZ21 and controls were analyzed as
mentioned earlier using oligonucleotide pairs corre-
sponding to the highly expressed Vo1 8 and its corre-
sponding DJ,B junctional sequence (not shown).

Discussion
We described two advances in the use of TCR VP genes
as markers for T-cell malignancies: a) a multiprobe

Figure 3. TCR !-chainjunctional regions of
thepredominantly expressed VP genesfor six Pt No *
MF/SZ syndrome patients. 3-chain fragments
were obtained by PCR using the appropriate
Vf3- and C(-specific oligonucleotide primers,
cloned into the Smal site ofpGEM7zf and
then sequenced. * = number ofdifferent PCR SZ1 3 C
clones sequenced. + = all junctional se-
quences resulted infunctionalgeneproducts.
@ = underlined nucleotides correspond to SZ3 6 2
germline DP sequences.

SZ4 5 14

SZ6 4 E

SZ8 6 IS

SZ21 3 IE

RNase protection assay for identifying the VP genes ex-

pressed by such malignant cells, and b) a junctional se-

quence-based PCR as a specific and sensitive means

for detecting small numbers of tumor cells and thus early
disease recurrence. As a model for these applications,
we tested peripheral blood mononuclear cells from pa-

tients with MF/SZ and found malignant T cells to be of
diverse clonal origin.

With the goal of defining in a precise manner the TCR
VP gene involved in abnormally expanded populations of
T cells, we developed the RNase "multiprobe protection
assay.'10 Important features of this method include: a)
the ability to screen large numbers of V,B genes and sam-

ples simultaneously and rapidly; b) the detection of clo-
notypic V,B expansions of cells regardless of TCR surface

V(D)J+ VP DB Jo

5.1(1)2.5 TGCGCCAGCAGT TTACCGGGACAGGG AGAGACCC
C A S S L P G Q G E T Q

2.1(2)2.1 TGCAGTG GGAGGGGGGGAGGGC CCTACAAT
C S G R G G G P Y N

4.1(1)2.1 TGTGCCAGCAGT ACCCGGGACAGGACCC CCTACAAT
C A S S T R D R T P Y N

8.1(2)2.3 TGTGCCAGCAGT TTAGTTATGCGGT ATACGCAG
C A S S L V M R Y T Q

9.1(1)1.5 TGTGCCAGTA ACCTCTCCGGGACA AATCAGCC
C A S N L S G T N Q P

8.1(1)2.7 TGTGCCTGG GGGGG TCCCTACG
C A W G G P Y E
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A

owTCAGAATATGAACCATGAGTATh-AGCA6TACCCGGG.ACA6GACCCCCTAC:AAT6A.GCAGTTCTTC6GGC#-

J/3. ,.JD.2.1* _.. .............
C

Logs Dibltion
n -i v-.w "v R. A

Figure 4. PCR of TCR 13-chains. A: Location of V134, J12.1, and DJ13,4 primers on SZ4 1-chain sequence. Predicted genomic-derived
nucleotide sequencesfor V314, D1l, andJI2. 1 genes are underlined indicates locations of additional 1-chain sequences not included
in figure. B: PCRs were performed using V114/J12. 1 or V114/DJP,,4 sets ofprimers to amplify cDNAfrom: normal peripheral blood (1, 2),
thymocytes (3, 4) SZ4peripheral blood (5), or SZ1 peripheral blood (6). C: Duplicate-fold serial dilutions ofSZ4 cDNA. PCRs wereperformed
using V1314 and DJp3,4 primers. Dilutions are etpressed as a log5 value. cDNAsfor PCRs were derivedfrom the equivalent of20 ng total
cellularRNA. All PCRs were in 20 p1 volumes with 10 Rl of theproduct run on a 3% agarosegel, and then stained with ethidium bromide.

expression, thereby extending the spectrum of charac-
terizable malignancies to encompass immature to ma-
ture phenotypes, and c) the ability to derive quantitative
results.

Four patterns of VP profiles were documented in the
peripheral blood RNA of MF/SZ patients when analyzed
by this assay: a) a profound predominance of a single VP
gene, b) a reduced signal for all V,s relative to the C,
transcript levels, c) a predominant crosshybridization
pattern in one of the probe sets, and d) normal VP gene
transcript levels relative to C, levels. The first pattern
clearly identifies the expanded clone, the second pattern
strongly suggests the presence of a dominant clone
whose VP is not, however, included in our current probe
sets, and the third pattern indicates expansion of a clone
expressing a VP highly homologous with one of our
probes. The fourth pattern, of course, indicates that no
significant clonal expansion has occurred.

The 22 VP gene probes, which represent approxi-
mately one-third the predicted VP repertoire,4' 13 identi-
fied a predominant V,B gene in more than half the MF/SZ
patients with sufficient numbers of atypical T cells14 in

their circulation. This may be due to a smaller than pre-
dicted VP gene pool size, skewing of VP gene usage, or
the use of probes to highly expressed VP genes. The last
possibility appears likely since 7 of the VP genes ex-
pressed by SZ cells are among the 9 highest expressed
of the total 22 VP genes analyzed in normal thymocytes
and peripheral blood T cells (10 and the present study).
The fact that a different VP gene was identified in each
instance clearly indicates the absence of VP clonal re-
striction in this defined clinical entity. Although not as con-
clusive, others have also implied diverse VP usage in
MF/SZ based on the heterogeneity of p-chain rearrange-
ments observed in these patients.15'16 These findings are
in marked contrast to a recent study8 with 2-anti-Vp an-
tibodies (anti-VP5 and anti-VP8), which suggested that
malignant cells in skin biopsies of patients with cutane-
ous T-cell lymphomas utilized VP8 in -60% of the cases.
This disparity may reflect the inability of antibodies to dis-
tinguish monoclonal versus polyclonal expansions or dif-
ferences in specimens and clinical stage. Nevertheless,
based on our findings, it appears likely that the hetero-
geneity of p-chain rearrangements observed in a variety

V1314 JP2.1

Vfi14

B
VI 4IJp2.1 V4140.~~~~~Z
.. _ r- - -W

MF

DP
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of other T-cell malignancies 2-,17-22 iS also due to di-
verse VP usage. Overall, this implies that TCR specificity
has little bearing on the multiple somatic and genetic al-
terations currently held to result in malignant transforma-
tion.23 Moreover, it makes it unlikely that specific VP mol-
ecules are the target for oncogenic infectious agents or
that MF/SZ cells develop after activation by a common
T-cell epitope or superantigen (antigen that activates all T
cells expressing a particular VP gene;24). At this point,
however, we cannot exclude the possible role of a spe-
cific pathogen with multiple T-cell antigen epitopes.

Anti-TCR antibody therapy for T-cell malignancies has
been sought because of the poor overall response of
T-cell neoplasms, including MF/SZ,2128 to current regi-
mens. Although similar in many aspects to the anti-
idiotypic therapy for B-cell malignancies,' anti-TCR ther-
apy may be more effective because, unlike Ig genes of B
cells, TCR VP genes do not utilize somatic mutations as a
means of generating diversity.30 Successful treatment of
a murine model of T-cell malignancy with an anti-VP
monoclonal antibody has been documented.31 Of inter-
est, such treatment resulted in longlasting resistance to
further tumor challenge, possibly by permitting the hosts
own anti-tumor immune response to develop. Although
these studies are encouraging and emphasize the po-
tential utility of anti-variotypic (V-region-specific) antibody
therapy in this disease, our findings as to the clonal het-
erogeneity of MF/SZ tumor cells clearly indicates that de-
velopment of a large array of antibodies to encompass
most human VP genes will be required.
A major clinical problem in the treatment of T-cell ma-

lignancies is the identification of early disease recurrence
after remission. Previous studies utilized a combination of
PCR followed by hybridization of junction-specific oligo-
nucleotide probes as a sensitive means of identifying
small numbers of malignant cells in B-lineage lympho-
blastic leukemia 32 or acute lymphoblastic leukemia with
,y rearrangements.33"' Our study further documents the
validity of this approach to the follow-up of ota TCR-
expressing malignant cells. This junctional-specific PCR
method, of course, requires knowledge of the P-chain
sequence for each tumor. The RNase protection assay
described herein, by virtue of its probe sets, specificity
and sensitivity, allows easy initial identification of the tu-
mor-associated VP. With this information, one can then
proceed to clone the gene, characterize the junctional
sequences, and produce specific oligonucleotide
probes for application of the highly sensitive PCR and
follow-up of tumor recurrence. Our approach should be
applicable to most T-cell leukemias/lymphomas since
most have rearrangements of their P-chains.2- Finally,
since the PCR assay can be used to detect VP to J,
rearrangements at the DNA level, similar results should
be obtainable with DNA from fixed tissues.
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