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CHAPTER 1

GENERAL INTRODUCTION

One of the most basal requirements of the immune system is that it must be capable
of specifically recognizing and responding to foreign antigens, while remaining indifferent
to self-components. For T-cells the antigen recognizing function is fulfilied by the TeR (1}.
Because of the stochastic nature of antigen receptor formation, sslection for appropriate
TcR is needed {2}, These selection processes take place in the thymus, presumably in
complex interactions with the thymic stromal cells {3}. Negative selection {clonal deletion)
prevents self-reactive T-cells from becoming auto-aggressive {4}. Positive selection {clonal
selection) prevents the accumulation of useless T-cells with either no antigen receptor at
all, or with for the organism useless receptors (5},

in general TcR are designed to fit with a short linear peptide anchored within the
peptide-binding groove of a MHC molecule present at the surface of an antigen presenting
cell {6). The TcR of CD4" T-helper cells recognize peptide anchored within the cleft of
MHC class if molecules, whereas the TcR of CD8™1 T-killer cells recognize. peptides
anchored within the cleft of MHC class | (7). Coengagement of the T¢R and coreceptor
{CD4 or CD8} by the same MHC molecules generates cell-activating signals, part of which
are transmitted through the cell membrane by the TcR associated CD3 complex {8).

TcR are disulphide-linked cell surface heterodimers and occur in two configurations:
TcR-aff and TeR-v6 (1,9, 10). While most characterized cell-mediated immune responses are
carried out by ToR-af* T-cells, T-cells expressing a TcR-y$ have yet to be assigned any
specific functional role {11). However, the topology of TcR-yé interaction with MHC
molecules is distinct from that of TcR-off, which suggests that the molecular nature of
TcR-yd recognition is fundamentally different from that of TcR-of (12).

Functional TcR genes are assembled by joining the V, (D), and J gene segments which
are reiteratively present in the four TcR gene complexes {1,13), By this means, an
enormous number of combinations of gene segments, and therefore different TcR can be
generated in T-cells from a limited amount of germline sequences (1), The gene segments
are imperfectly joined during the rearrangement processes, with random insertion and
deletion of nucleotides at the sites of the junctions (13}. The thus created junctional
diversity enlarges the total antigen recognizing repertoire of the TcR {1,13). The V(D}J
recambination processes that rearrange TcR gene segments into functional genes are
present in all vertebrates and probably use highly conserved mechanisms ({14}, But,
although V({D)J recombination is intensively studied worldwide, and some of the involved
proteins are recently characterized, the overall process still remains a "black box™ {13).

Thus, early T-cell differentiation in the thymus is characterized by rearrangement of
the TcR genes, expression of the TcR on the membrane, and selection of the antigen-
specific receptor. This thesis focusses on the gene rearrangements in human T-cells,
especially those involved in the TcR-af8/TcR-v4 lineage commitment. Experimental data are



12 CHAPTER 1

derived from studies on T-cell leukemias, normal thymocytes, or normal peripherai
T-lymphoeytes. In the T-ALL mode! each leukemia is considered to consist of clonal cells
which represent a "frozen" stags in T-cell differentiation, as the leukemic cells of T-ALL are
assumed to originate from malignantly transformed cortical thymocytes (15).

The following chapters in this thesis deal with experimental work on the reperteire of
the human TcR {Chapter 2), the rearrangements of the TcR-§ gene in T-cell differentiation
{Chapter 3), and the relation between aberrations in the fa/-1 gene and TcR gene
rearrangement processes (Chapter 4).

Chapter 2 describes the guidelines for determination of the receptor diversity of TcR gene
rearrangements present in human T-cells. In TcR-y8 ' T-ALL a restricted recombinatorial repertoire,
but an extensive junctional diversity is reported. These data are compared with the repertoire of
normal thymocytes. The majority of human peripheral T-lymphocytes are characterized by an
invariant Vy9/V52 TcR, in which we discovered an invariant selection determinant in the V§2-J51
junctional region, Implications for this particular TcR, and antigen receptor specificity in general are
discussed,

Chapter 3 deals with the ordered TcR-§ gene rearrangements in early human T-cell
differentiation. Preferential pathways of TcR-6 gene rearrangernent are proposed after studies on
polyclonal thymocytes. The characteristics and the role of the TcR-é deleting rearrangement,
{8REC-JJe), are discussed, and new experimental models are proposed to further investigate this
special rearrangement.

Chapter 4 summarizes the characteristics of the #a/-1 gene aberrations in T-ALL. Also is
reported that the so-called ta/-1 deletions are restricted to T-ALL of the TcR-af fineage.
Demethylation of the breakpoint region is proposed as a mechanism for this restricted occurrence.
A passible relationship between TcR-6 gene deletion and fal-1 delstion is suggested.

Chapterb integrates several of the studied T-cell characteristics, i.e. TcR-8 gene configuration,
TeR/CD3/CD4/CD8 expression, and (delmethylation of the {al-1 gene, into a linear human T-cell
differentiation model. The role of the TcR-4 gene in human T-cell differentiation is discussed.

REFERENCES

1. Davis MM, Bjorkman P T-cell antigen recepter genas and T-celf recognition. Nature 1888;334:396-402_

2, Von Boehmer H, Thymic selection: a matter of life and death. Immunol Today 1992;13:454-458,

3. VanEwijk W, T-cell differentiation is influenced by thymic microenvironments, Annu Rev Immuno! 1991;9:591-816,
4, Nossal GJV. Negative selection of lymphocytes, Cell 1994;76:229-239,

5. Von Boehmer H. Positive selaction of lymphocytes. Cell 1994:76:219-228,

6. Germain RN. MHC-dependent antigen processing and peptide presentation: providing tigands for T fymphocyte

activation, Cell 1994;76:287-299.

Janeway CA Jr, Bottomly K. Signals and signs for lymphocyte response. Cell 1994,76:275-285,

8, Weiss K, Rambaud 5, Lavau C, Jansen J, Carvalhe T, Carmo-Fonseca M, Lamend A, Dejean A, Retinole acid
regulates aberrant nuclear localization of PML-RAFe in acute promyelocytic leukemia celfs, Cell 1994;76:245-3586.

9, Strominger JL. Development biolegy of T cell receptors. Science 1989;244:943-50,

10. Porcelli S, Brenner MB, Band H. Biology of the human 44 T-cell receptor. Immuneol Rev 1991;120:137-183,

11. Haas W, Gamma/defta cells. Annu Rev Immunol 1993;11:637-85.

12. Schild H, Mavaddat N, Litzenberger C, Ehrich EW, Davis MM, Bluestene JA, Matis L, Draper RK, Chein Y-H. The
nature of major histocompatibility complex recognition by 3 T cells. Cell 1994;76:29-37.

13. Lewis SM. The mechanisrm of VD) foining: lessens from rolecular, immunclogical, and comparative analyses, Ady
Immunol 1994;66:27-150.

14. Litman GW, Rast JP, Shamblott MJ, Haire RN, Hulst M, Roess W, Litinan RT, Hinds-Frey KR, Zilch A, Amemiya CT.
Phylogenetic diversification of immunoglobulin genes and the antibody repertoire. Mol Biol Evol 1993;10:60-72.

15. Van Dongen JJM. Human T cell differentiation: basic aspects and their clinical applications. Thesis, Department of
Immunology, Erasmus University Rotterdam, 1990,

~l



REPERTOIRE OF HUMAN
TcR-yé+ T-CELLS




2.1

2.2

2.3

2.4

2.6

REPERTOIRE OF HUMAN TcR-y6* T-CELLS

Receptor diversity of human TcR-yé expressing cells
Parts published in: Prog Histochem Cytochem 1992:26:182-193,

Limited combinatoriai repertoire of 45 T-cell receptors expressed

by T-cell acute lymphoblastic leukemias
Published in: Leukemia 199%1:5:116-124.

Unravelling human T-cell receptor junctional region sequences
Published in: Thymus 1994,22:177-199,

Extensive junctional diversity of vé T-cell receptors expressed by
T-cell acute lymphoblastic leukemias: implications for the detection

of minimal residual disease
Published in: Leukemia 1991;5:1076-1086.

Unique selection determinant in polyclonal V62-481 junctional

regions of human peripheral 46 T-lymphocytes
Published in: J Immunol 1994;152:2860-2864.

15

27

41

59

75



CHAPTER 2.1

RECEPTOR DIVERSITY OF HUMAN TcR-yé EXPRESSING CELLS"

Timo M. Breit, Ingrid L.M. Wolvers-Tettero and Jacques J.M. van Dongen

Department of Immunology, University Haspital Dijkzigt/Erasmus University, Rotterdam, The Netherlands.

Introduction

The antigen specific receptor expressed on the cell surface of mature T-lymphocytes
is called TcR and is non-covalently associated with the signal-transducing CD3 protein
complex {1,2}). The TchR molecule consists of two different glycoproteins (TcR-« and TcR-8
or TcR-y and TcR-8), which generally are disulfide-linked (3). The TcR-af is expressed by
85-98% of the T-lymphocytes in human PB, whereas the TcR-y§ is expressed by the
remaining 2-159% of the PB T-lymphocytes (4-8}. On cpat thymocytes this distribution is
>95% and ~ 1%, respectively {7-10}.

Each chain of the TcR heterodimer contains a variable antigen-recognizing domain and
a C domain. The variable domain is encoded by a V gene segment, a J gene segment and
a junctional region, which links the V and J gene segments {1,2,11}. This junctional region
includes D gene segments in case of TcR-f# and TcR-§ genes (8,9).

The total diversity of the TcR moleculss is obtained via gene rearrangement processes
during T-cell differentiation by combining various V, {D} and J gene segmentis (combinatorial
repertoire) as well as by generating diverse junctional regions (junctional diversity) {1-3,11).
The combinatorial repertoire is theoretically determined by the possible combinations of
functional V, {D) and J gene segmenis of the various TcR genes, but is actually limited by
preferential usage of particular V-(D}-J rearrangements. The junctional diversity is
determined by the junctional region, which is made up by D-gene-derived nucleotides in the
case of ToR-8 and TcR-6 genes {12,13), by N-region nucleotides (14}, so called P-region
nucleotides (15,16}, and by deletion of nucleotides by trimming of the ends of the involved
gene segments. Guidelines to determine these components of junctional regions of TcR
rearrangements are described in Chapter 2.3 {17}. The actual junctional diversity is limited
by the fact that only "in frame" rearrangements without a stop-codon (less than one in
three rearrangements) can be expressed.

Here we present a short review of the combinatorial repertoire and the junctional
diversity of human TcR-y genes and TcR-6 genes of normal mature TcR-y8* PB
T-lymphocytes, TcR-v8* thymocytes, and TeR-v61 T-ALL cells (18).

Potential repertoire of human T-cell receptors
As described above, the potential repertoire of TcR molecules is determined by the

" Parts of this chapter are published in: Prog Histochem Cytochem 1992;26:182-193.
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different possible combinations of available functional V, {D} and J gene segments of the
various TcR genes as well as by the junctional diversity {1-3,11}. The human TcR-a and
TcR-# genes contain large series of functional V gene segments {>80 and ~70,
respectivaly) and J gene segments {65 and 13, respectively}, whereas the TcR-y and TcR-8
contain only a few functional V gene segments (8 and ~4, respectively} and J gene
segments {5 and 4, respectively} {Figure 1 and Table 1) (Chapter 2.3}. Hence, it is obvious
that TcR-of8 has a far greater potential combinatorial repertoire than TeR-y6 (Table 1). This
is in contrast to the junctional diversity of the TcR-o and TcR-8 rearrangements, which is
relatively small compared to that of TcR-y and TcR-§ rearrangements (Table 1) {Chapter
2.3}. TcR-8 genes have the most extensive junctional diversity of all TcR genes, due to the
fact that either none, one, two, or three D§ gene segments can be used, leading to
rearrangements as V-J, V-D-J, V-D-D-J, or V-D-D-D-J. This results in ons, two, three, or
four N-regions per junctional region, respectively {13}. In the TcR-3 genes only one or two
DS gene segments can be used per rearrangement {12}. After cornbining the combinatorial
repertoire and the junctional diversity of TeR-« and TcR-3 as well as TeR-y and T¢R-4, it
appears that the potential antigen-recognizing repertoire of TcR-y6 more or less equals that
of TcR-off {Table t). However, the actual combinatorial diversity as well as the junctional
diversity and thus the total repertoire of TcR-v4, is limited by the fact that the V and J gene
segments are used in preferential patterns and there is selaction for invariant amino acid
residues in some junctional regions (see below and Chapters 2.2, 2.5 and 3.3}.

TeR-o and TcR-§ gene complex
Vol V2 Vo3 Vod Vob Van Va1 SREC

wldo Ju Cu

7 Ve2 D8 JS G5 Va3
—HHHEEE—

12 3 14232

TcR-B gene complex

VB! VP2 VB3 VB4 VBS  VBn DT JB1 OB Dp2 Jp2  Cp2

123456 1234587

TcR-y gene complex
Wil Vf2 Vyﬁ V(4 V‘{S Y5 YWhE W7 WS yWA V(Q\.JV,'IU\,-WB\;WH vgl Jyl  Cyt Jy2 Cy2

123 13

Figure 1. Schematic diagram of tha germline configuration of the four human TcR genes. The TcR-« gene
consists of many Vo gene segments [>60), a long stretch of J gene segments (61} and one Co gene
segment. The TcR-§ locus is [ocated within the TcR-o gene complex between the Vo and the Ju« gene
segments and consists of a few Vé (-6}, four D§, four J8 and one €& gene segments. The TcR-§ deleting
elements, SREC and yJo flank the majority of TcR-5 gene segments. The TcR-8 gens contains many Vg { ~ 70}
and two €8 gene segments, which are preceded by one Df and six or seven JB gene segments. The TeR-y
gene consists of two Cy gene segments, preceded by a few Jy gene sagments {2 or 3) and a restricted
number of Vy gene segments: six functional gene segments (solid boxes) and nine pseudo-gene segments
{y; open boxes}, The V4 gene segments are grouped in four families (Vyl, Vvl Wyl and VyIV) based on
sequence homology.
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TABLE 1. Estlmation of the potential antigen-recognizing repertoire of human TcR molecules,

TcR-aff moleculs TcR-yé molecule
TeR-o TcR-8 TcR-y TeR-5
Gearmifine diversity number
of functional gene segments®
-V gene segments >60 ~70 gt ~4
- D gene segments ] 2 o] 3
- J gene segments 55 13 5 4
Combinatorial diversity
- per chain >2750 ~1800 30 ~128¢
- per dimer >5 x 108 ~4 x 103
Jungctional diversity
- numbaer of joining sites 1 2 i 1-4
- average N-region insertion 5 bp 7 bp 5 bp 11 bp
- estimated degres of
increase in diversity x 103 x 104 x 103 x 107
Estimation of the total
potential receptor diversity >10l3 >1013

a. TcR-o and TcR-g genas were described in referencas 12,55-59. TeR-y and TcR-§ genes were desceibed in references 13,60-85.
b. In addition to the six functional Vy ganes, nine pseudoganes have been described {61-66).
¢. The variable domain of the TcR-§ chain cannot only be encoded by a V-D-J rearrangemant, but also by V-J, V-D-D-J or V-D-D-D-J

rearrangements (13).

Actual repertoire of T-cell receptor yé
The repertoire of TcR-y6" T-cells in different compartments of the human body has

been studied analyzing freshly obtained PBlymphocytes and thymocytes {13,19-24) as well
as TcR-y81 T-cell clones derived frem PB and thymus {25-27). In addition, malignant
counterparts of cortical thymocytes, i.e. T-ALL have been investigated {28-31}. In early
studies, the V gene usage of TcR-yé* T-cells was determined by use of a few V-gene-
specific monoclonal antibodies {McAb): i.e. anti-TcR-Vy9 (Ti-yA) {32}, anti-TeR-V81
(6TCS1) {33} and anti-TcR-V$2 {BB3) (34). These McAb only give information about V gene
expression and not about J or C gene expression, Recently, a new monoclonal antibody
{23D12) has been described that recognizes several Vyl segments, i.e. Vy2, V43, and Vy4
{35,36). The combined results of these studies are summarized in Table 2. In some studies
Southern blot analysis, PCR analysis, and sequencing of the rearrangements were used to
evaluate J and C gene usage {Cy1 versus Cy2) of TcR-v6% T-cell clones and TeR-y6™
T-ALL {286,30,31,37).

Nucleotide insertion (N-region, Dd gene derived, and P-region) and nuclectide deletion
form the junctional region of rearranged TcR-y or TcR-6 genes, and determine their
junctional diversity. In Table 3 we have summarized information about a large number of
published TeR-y and TcR-§ junctional regions from human TeR-yé% PB T-lymphocytes,
thymocytes and T-ALL celis.

The observed cormbinatorial repertoire as well as the junctional diversity will be
discussed in meore detail for each different cell type,



18 CHAPTER 2.1

TABLE 2. V gene expression in human TcR-yé* PB T-lymphocytes, thymoeytes, and T-ALL cells.

TcR-y expression TcR-6 expression
Vil VylE a9 Vit V2
PB T-lymphocytes® 11-30% 66-87% 11-30% 66-87%
Thymocytes® 47-55% 20-25% 60-75% 20-26%
T-ALL® {n=45) 67% 33% 80% 4%

a. Data concerning TcR expression on PB T-lymphocytes are from references 49,25,26, and 38, Differences In V gane expression as
found by diiferent research groups may be due te tha fact that in early childhood higher frequencies of V81 sxpressing cells occur,
whereas in adults most TeR- 3" PB T-lymphocytes express Vy9/V82 (10).

b, {rata concerning TcR expression on thymocytes are shown in references 9 and 28.

¢. Data concerning TeR expression on T-ALL cefls are shown in references 28-31,37,65, and unpubtished resulis.

d. In addition 1o 43 ToR-y8 ¥ T-ALL patients, the TcA-487 cell lines PEER and MOLT-13 are included {65},

TcR-ys* T-lymphocytes

Human TcR-48% T-lymphocytes are characterized by the fact that the far majority
express a receptor existing of a Vy9-Jv1.2-Cy1 chain combined with a V62-D§3-J61-Cé
chain {5-7,10,26,38,39). Although the frequency may vary hetween individuals, the
average percentage of Vy9/V§2 T-lymphocytes is >70% of the total TcR-y8' PB
T-lymphocytes {10}. The majority of the remaining T-lymphocytes express a Vyl-Jy2.3-Cy2
chain combined with a V§1-D62-D§3-J81-Cé chain {19,26,40}. Thus, although the potential
combinatorial repertoire of tho human TcR-y8™ is about 4,000 different receptors, only two
different TcR-vyé are expressed on the far majority of human PB T-lymphocytes.

it might be that this limited combinatorial repertoire is also reflected in a limited
junctional diversity. The initial studies performed, showed an extensive and random
junctional diversity in the Vy9/V§2 T-lymphocytes {13,19-24}). However, we and others
did observe an invariant element in the junctional region of the V§62-D4§3-J81
rearrangements (Chapter 2.5) {41,42). This selection determinant was identified by the
presence of an invariant T-nucleotide at the relative second position in 90% of these
junctional region sequences {Figure 2). Translation of the relative first codon of the V§2-Jd1

80%
VR . 1 Junclionas region Jot

S

46% Leu
35% Val
5% lle

Figure 2. Invariant T-nucleotide coding for Leu, Val or He in pelyclonal V§2-J81 junctional regions of TcR-y6*
PB T-lymphocytes. Schematic presentation of the V52-J51 junctional region in TeR-¢8¥ PB T-lymphocytes.
e ¢oe represent random or D& gene derived junctional region nucleotides. The shaded areas indicate the sides
in which deletion of nucleotides from the germline V62 and J&1 sequences frequently occurs. The arrow
indicates the relative second position of the Junctional region with the invariant T-nucleotide {90%). The
percentages beu, Val and lle found in the relative first codon of these junctional regions are indicated.



TABLE 2. Junctional diversity of TcR-y and TcR-3 gene rearrangements in human PE T-lymphocytes, thymocytes, and T-ALL cells®.

TcR-y genes TeR-5 genes
N-region® Pregion®  Junctional® Deleted®  No. of allefes D-gano’ N-region®  P-ragion®  Junctional? Delcted® No. of alicles
nucleotides  nucleotides  nucleotidas nuclootidos analyzed nuclootides  nucleotidos  nucloctides  nucleotides  nuclootidos  analyzed
PB T-lymphocytes® 4.4 0.3 4.7 6.3 295 10.1 10.6 1.2 22.0 3.9 516
{0-18} [0-2) {0-18) {0~20} {0-24) {0-34) {0-6) (7-55) 017
Thymocytes:
- fetall 1.9 0.1 2.1 5.3 28 2.0 3.1 1.1 13.1 2.3 73
{0-7) 0-1} (0-7) (0-11} {3-16) {024} (0-5) (5-39) {0-9}
- post natal NR NR NR NR 0 11.5 14.4 1.5 27.4 6.4 42
{3-21) {2-22) (0-4} {11-46) {0-30)
T-ALL cells! 8.1 0.2 8.3 10.3 47 a.7 14.9 1.1 25.7 5.5 54
(0--25) {0-2) {0-25) {1-38} {0-20) (0-41) O-4 3-55) {0-29)
a. The figures in the table ropresent mean values, while ranges are givan in parenthgses. NR; not roportod.
b. N-regien nucleotides: random inserted nucieotides of all N-regions.
c. P.ragien nuglentides: nucleotides recognized as fulfilling the conditions for P-regions {15 and Chapter 2.3},
d. Junctional region nucleotides; total of (D4 geno,} N-region and P-region nucleotidas.
e. Deleted nucleotides: total loss of nucleatides per junctional regicn as caused by wimming at 3° and 57 sides of the rearranging V and J gene segments, respectively.
f.

[ geno nucleotides: nuclectides which aligne with a D§ gene segment. Rules for alignment are described in Chapter 2.3.
. Junctional region sequences of PB T-lymphotytes wera pubiished in references 19,20,62, and 67,
. Junctional region sequences of fetal thymocytes were published in references 27,47 and 67.

Junctional region sequences of pest natal thymocytes were published in raferances 18,27, and 47,

Junctional region sequences of T-ALL were pubfished in references 28,31,68-70, and unpublished results,

]
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61
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junctional regions revealed strikingly high frequencies of the homologous amino acids
leucine {46%]), valine {35%]), and isoleucine {56%) at this position {41,42}. We could prove
that this determinant was selected for at the protein level, because in out-of-frame V82-J51
junctional regions and polyclonal thymocytes the invariant T-nucleotide was absent
{Chapter 2.5) {42).

No selection determinant could be identified in Vy9-Jv1.2 junctional regions, although
the frequently occurring invariable, so-called canonical, junctional region provided evidence
for a biased recombination processes (Chapter 2.5} {42). It might be though, that the
relative size of the V49-J+1.2 junctional regions is an important selection determinant, as
the majority of these junctional regions in PB T-lymphocytes contains an almost constant
number {+ 1) of amino acid residues {41}.

The V¥9/V&2 T-lymphocyte subpopulation is characterized by polyclonal expansion
after birth, whereas no parallel post-natal expansion of Vy9/V82 thymocytes takes place
{10}. In contrast, at hirth the majority of PB T-lymphocytes as well as thymocytes express
a V81 TcR. The percentage of CD3 7 PB T-lymphocytes that express a V&1 chain remains
relatively constant during aging {10}. It is also of interest that the majority of Vy9/V82
T-lymphocytes express high levels of CD45R0 {10}, which suggest prior activation of these
cells, whereas the V1 T-lymphocytes are either negative or express only low levels of
CD45R0. No link could be found between MHC haplotypes as striking differences of TcR-v4$
V gene usage did occur between identical twins {10}. Altogether these data suggest
peripheral expansion of the Vy9/V42 T-lymphocyte subset by exposure to foreign antigens.

It is remarkable that there are so many {five or six) strict selection determinants
needed for V49/V82 T-lymphocytes: the V52 gene segment, the Ji1 gene segment, the
invariant amino acid residue at the relative first position of the V42-J51 junctionat region,
the V49 gene segment, the Jy1.2 gene segment, and perhaps the relative size of the
Vy9-Jy1.2 junctional region. Therefore, one has to keep an open mind to the possibility that
not all determinants are selected for at the same site and/or at the same time. This
suggestion is supported by reports that the V49 segment is able to respond to certain
antigens independently from the co-expressed Jy, V8, and Jé sagments. Thymic selection
processes might select for V62 + invariant junctional amino acid residue + J§1, whereas
peripheral expansion might only need Vy9 (43,44},

These are all speculations, and there are several options to study these phenomena.
For instance, by introducing different TcR-y and TcR-4 genes into T-cell clones and
measurament of their reactivity {44}, or secretion of the V49/V§2 TeR-vd heterodimer to
characterize their interactions with ligand (45). Ancther interesting analysis could be the
determination of the seiection determinants within the V§2, J61, Vy9, Jy1.2 segments,
This should be possible with transfection studies of mutated V62-461 and Vy9-Jyi.2
chains,

A potential selection determinant in the V42 segment could be the cysteine, two
residues N-terminal of the invariant junctional region residue {42). This is not the cysteine
involved in the immunoglobulin domain formation, because that cysteine is located another
two residues N-terminal. There are reasons to suspect this cysteine to be involved in the
selection processes; firstly, the invariant V§2-J§1 junctional region residue is positioned
relative to the V42 segment and because it is so inflexibly located, one can assume that the
V&2 selection determinant is close-by. Secondly, the exira cysteine is unusual because it
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is not present in any other TcR V segment (17). Finally, there might be also an unusual
cysteine residue present in the N-terminus of the V9 segment {46}, which may form a
disulphide bound with the extra cysteine in the V52 segment. Although preliminary studies
seem to disqualify this hypothesis, no definitive proof has been published, yet {45).

TcR-y8* thymocytes

As elegantly described by Parker et al. {10}, the percentage V&1 as well as V§2
expressing thymocytes remains constant during aging. The majority of the TeR-ys*
thymocytes expresses a Vyl-Jy2-Cy2 chain in combination with a V§1-J81-Cé chain
{26,40). Aside from the selection processes on the protein level or the DNA level, biased
recombination processes lead to preferential rearrangements. The preferential TcR-5 gene
rearrapgements in both fetal and post-natal thymocytes are described in Chapter 3.3. The
preferential TcB-y and TcR-§ gene rearrangements in thymocytes cause the limited
combinatorial repertoire of TeR-y6 1 T-cells,

Howaever, the junctional diversity of TcR-§ gene rearrangements in thymocytes is
extensive {13,27,47). It is remarkable that the TcR-y and TcR-§ junctional regions in fetal
thymocytes are much smaller than those in PB T-lymphocytes (Table 3). This is mainly
caused by the lesser insertion of N-region nucleotides, which is in line with low expression
or absence of TdT in fetal thymocytes { <20 weeks of gestation) {48). Fetal thymocytes
therefore are the only type of T-cells in which the D§-gene derived nucleotides contribute
more {69%) to the total TcR-6 junctionai region than N-region nucleotides {249). In all
other T-cells, N-region nucleotides are the most prominent element in the TcR-8 junctional
region, whereas the contribution of Dé-gene nucleotides is lower. P-region nucleotides are
of minor importance in the total junctional diversity, because they only represent a small
proportion of the junctional regions.

TeR-y6+ T-ALL cells

The combinatorial repertoire and junctional diversity of TcR-y§* T-ALL are extensively
discussed in Chapters 2.2 and 2.4, respectively {30,31)}. Here, we like to summarize the
data from our large series {n= 29} of ToR-y8 T-ALL. As indicated in Tables 2 and 4, the
combinatoriat repertoire of the Vy and Jy genes is rather limited. A large fraction of
TeR-y6* T-ALL expresses a Vyl-Jy2,3-Cy2 chain. The combinatorial repertoire of the TcR-3
chain is even more restricted as 80% of the TcR-y8* T-ALL express a V81-J61 chain.

In contrast with this overall extremely limited combinatorial repertoire is the presence
of an extensive junctional diversity {Tables 3 and 4}. Although the nucleotide insertion in
TcR-y gene rearrangements is about one third of that in TcR-6 gene rearrangements, it still
exceeds that of the Vy9-Jy1.2 junctional regions in PB T-lymphocytes.

Because V§2-J61 rearrangements use only one D gene segment (D3§3} in their
junctional region, whereas V§1-J81 rearrangements use two D gene segments {D§2 and
D&3), the junctional regions of the latter rearrangements are significantly longer.

The restricted combinatorial repertoire and extensive junctional diversity of TcR-y8 1
T-ALL are comparable with that of TcR-y8' thymocytes, which is in line with the
assumption that T-ALL originate from differentiating cortical thymocytes.
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TABLE 4. Repertoire of TcR-y and TcR-$ alleles in TcR-y8* T-ALL
Junctional diversity®

Combinatorial

diversity in=29) {(n)® N-region D&  P-region Totalins 5B  del 3° del Total del

TcR-y gene

Vy-Jy1.1 7% (3t 2.3 4] 2.3 3.7 1.0 13.7
Vea-Jy1.2 0% 0 - - - - — -
Vy-Jv1.3 21% Q) 7.7 0.5 8.2 2.8 5.2 8.0
Vy-Jdy2.1 7% 12} 6.0 0 8.0 3.5 6.0 9.6
Vy-Jy2.3 60% {26) 9.9 0.1 10.0 3.8 6.7 10.7
Germline/Deletion 5% NR - - - - - -
TcR-5 gene

Vé1-Jat 53% {25) 17.8 11.6 1.2 30.6 2.1 2.1 4.2
V§2-4a1 9% 18) 11.0 7.4 0.8 19.2 6.0 1.4 7.4
V53-J481 7% {4) 21.3 11.2 0.8 33.3 2.8 3.8 6.5
Dé2-Js1 14% {8) 8.8 6.9 1.4 18.1 7.1 3.4 10.5
Vé2-Dé3 3% (2} 1.0 3.5 2.5 1.0 1.5 1.6 3.0
OtheriDeletion 14% NR - - - - - - —

a. Juncticnal diversity is composed of inssrtion {ins): N-region, Dé-gene derived, and P-region nuclaotidas; and dsleticn (del) of the
involved V or D {6~ del) gene segmants and D or J {37 del} gena segmenis (Chapter 2.3},
b. n, number of junctienal regicns analyzed to determine the average nucfeotide insertion and daletion. NR, not relavant.

Concluding remarks

The far majority of the human TcR-y6%T T-lymphocytes express a receptor with
V~48/V62 chains. This specific T-lymphocyte population is characterized by peripheral
expansion after birth (10). Although an encrmous amount of effort has been put into
research on these Vy9/Vé2 T-lymphocytes and a recent study identified one of the ligands
of these receptors {49), stilf almost nothing is known about the function of these particular
T-lymphocytes in the human immune system. The identification of homologous amino acid
residues at a fixed position in the V§2-J81 junctional region of Vy2/V$2 PB T-lymphocytes
revealed not only the existence of (peripheral} selection processes for these T-cells, but also
falsified the hypothesis of superantigen involvement, because superantigens seize by
definition only at germline encoded regions {10,23,44). In a more general way, the
presence of a selection determinant at a fixed position in a junctional region of such a large
percentage of the human TeR-v8™ T-lymphocytes that is not present in thymocytes, also
provided new insight in antigen specificity of TcR. This is by far the most consistent
selection determinant published yet, and also one of the few that concerned a single
junctional region amino acid residue {60}, which is in contrast with the observed junctional
region motifs {35). Therefore, it might be useful to use this invariant selection determinant
as a model to identify selection determinants in junctional regions of other TcR.

For instance, there are two occasions in which 8 TcR with a V§1-D62-D43-J41 chain,
show peripheral selection: in the human intestinal tract (52,53} and in humans during post-
natal aging (54). After {superficial}) examination of the published armino acid sequences of
the V&1-J61 junctional regions we observed an interesting increase of arginine and
isoleucine residues at fixed positions relative to the Jé1 gene segment in the most
frequently occurring junctional regions of T-lymphocytes from the small intestine, or from
adult donors, but not from the colon (563,54}. It might be useful to further investigate these
putative determinants in these junctional regions.
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Because TeR-y§™ T-cells have a limited number of gene segments and therefore a

limited combinatorial diversity, their function is probably confined to their enormous
junctional regions. In general, one might hope that the observed restricted junctional region
diversity will be a clue towards the determination of the role of TeR-y6* T-cells. It has to
be noticed though, that although a strict selection determinant was observed in the
V62-J81 junctional reglons of Vy9/V32 T-lymphocytes, this does not exclude an active role
in the selection processes for the remaining part of these junctional regions.
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SUMMARY

Detailed analysis of the rearrangement and expression of the TcR-y and TcR-6 genes
was performed in ten TcR-y8T T-ALL. In nine T-ALL the TeR-y genes were rearranged on
both alieles, whereas in the tenth leukemia one allele was rearranged and the other in
germline configuration. Twelve out of the 19 rearranged alleies contained rearrangements
of the Jy2.3 gene segment, five of which to the V8 gene segment and three to the V3
gene segment. This implies that the combinatorial repertoire of the rearranged TcR-y gene
is restricted due to preferential usage of several Vy and Jy gene segments. The TcR-§ genes
were rearranged on both alleles in nine T-ALL, whereas in the tenth leukemia one allele was
rearranged and the other deleted. The combinatorial repertoire of the TcR-§ genes was
homogeneous, as in all ten T-ALL at least one allele contained a V§1-J81 rearrangement.
In at least nine of the ten T-ALL the V§1-J81 allele coded for the expressed TcR-6 chain,
as was supported by reactivity with the anti-Vé1-J461 {(6TCS1) antibody in all T-ALL tested.
As the total repertoire of TcR molecules is not only dependent on combinations of gene
segments, but also on the size and diversity of the junctional regions, we studied the
V61-J61 junctional regions using the PCR technigque. These PCR analyses showaed that the
size of the V61-J51 junctional regions differed markedly {up to approximately 30 bases or
more} between the leukemias. Therefore we conclude that the combinatorial repertoire of
TcR-y8% T-ALL is limited, especially due to the homogeneous TcR-8 gene rearrangements,
but that the junctional repertoire of the TcR-§ genes seems to be extensive.

INTRODUCTION

Mature T-lymphocytes express on their cell surface a CD3-associated TcR, which
consists of two different glycoproteins, each containing a variable antigen-recognizing
region and a C region. Two forms of TcR exist, the classical TcR-of and the alternative
TcR-vd {1,2), which are expressed on >85% and <15% of CD3"* T-lymphocytes in PB,
respectively {3,4). Whereas off receptors are disulfide-linked heterodimers, the human )

" Published in: Laukemia 1991;5:116-124,
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receptor can occur in a disulfide-linked form or a non-disulfide-linked form, depending on
the use of Cy1 or Cy2 gene segments, respectively {5-8).

The variable parts of the four TeR chains are encoded by several gene segments that
have to be joined via a process of gene rearrangements during T-cell differentiation to
obtain diverse mature TcR chains {1,2). This concerns V and J gene segments in case of
the TcR-« and TcR-y gene loci {9-12}, whereas the T¢R-§ and TeR-6 gene loci contain D
gene segments in addition {13-19}. The possible different combinations of V, (D} and J
gene segments determine the so-caffed potential combinaterial repertoire of TeR molecufes
(1).

The TcR-6 gene locus is located within the TcR-a gene locus between the long stretch
of Vo and the Jo gene segments {15,16,18)} and is flanked by TcR-§ deieting elements. In
humans these deleting elements are: YJo, located 37 of the TcR-§ gene locus, and $Rec,
focated 5 of the major part of the TcR-§ gene focus but 37 of some V5§ gene segments
{20,21). Rearrangement of the deleting elements to each other causes deletion of the
intermediate TcR-4 gene locus (20-22). This process may represent an important
mechanism in separating the of and 6 differentiation pathways (23). Although murine
ontogenic data and human leukemia studies indicate that a hierarchic order of TcR gene
rearrangement exists with the TcR-6 gene segments rearranging before all other TcR genes
(23-28), little is known about the precise mechanisms which induce separation of the off
and 6 lineages (23).

There is a noticeable difference in the potential combinatorial diversity between TcR-of8
and TeR-yd {1). TcR-af has an extended combinatorial diversity due to the numerous V and
J gene segments, whereas the combinatorial diversity of the TcR-vd is limited, because only
afew V, {D) and J gene segments are availabie in both TcRgene loci (11,12,17,19,29-33).
The actual TeR-y8 combinatorial diversity seems to be even more limited by the fact that
the V and J gene segments are used in preferential patterns. In PB of most individuals more
than 85% of TcR-y8T T-lymphocytes express receptors consisting of a Vy9-Jy1,2-Cy1
chain disulfide linked to a V52-461-Cé chain (34-36}. However, the total TcR-yd repertoire
is substantially increased by the extensive junctional diversity, which is due to the random
insertion and/or deletion of nucleotides {N regions} at the joining sites of the V, (D) and J
gene segments during rearrangements (19,33,37,38).

In this study we extensively analyzed ten TcR-yét T-ALL by immunoclogic marker
analysis. In addition, the combinatorial diversity of the TcR-y and TcR-§ genes of these
T-ALL was studied by Southern blot and Northern blot analysis. The extent of the junctionat
diversity of the TcR-§ genes was studied by PCR-mediated amplification of the junctional

regions.

MATERIALS AND METHODS

Cell samples
Cell samples were obtalned from ten different TcR-yét T-ALL patients at initial diagnosis. MNC were

isolated from PB and BM by Ficoll-Paque (density, 1.077 g/mi, Pharmacia, Uppsala, Sweden} density
centrifugation. The cell samples were frozen and stored in liquid nitrogen. Some data concerning the T-ALL
cells of patients MA, HZ, DD and SA havs been reported previously {8,28]. Thase four patients were
described in reference 28 as patients 6, 7, 8 and 9, respectively.

Immunologic marker analysis
The MNC of the T-ALL patients were analyzed for the nuclear expression of TdT, for the cell membrane

expression of the T-cell markers CD1 (6611C7), CD2 {Leu-6b}, CD3 (Leu-4}, CD4 (Leu-3a), CDH {Leu-1), CDO
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{OKT17), CD7 (3A1), and CD8 {Leu-2a)}, for the HLA-DR antigen and for reactivity with the McAb, WT31
{TeR-aff), BMAO31 {TcR-a8), 11F2 (TcR-y8}, TCRS1 (TcR-8), Ti-yA (TcR-Vy8), §YCS1 {TeR-V481-451), and BB3
{TcR-V82}. The rabbit anti-TdT antiserum was purchased from Supertechs {Bethesda, MD, USA); the McAb
of the Leu series, anti-HLA-DR, WT31 and 11F2 were obtained from Bscton Dickinson {San Jose, CA, USA);
the CD1 antibody was obtained from Monosan/Sanbio (Nistelrode, The Netherlands); OKT17 from Ortho
Diagnostic Systems (Raritan, NJ, USA}); the 3A1 hybridoma from the American Type Culiure Collsction
{Rockville, MD, USA); TCR81 and 6TCS1 were obtained from T Cell Sciences {Cambridge, MA, USA). McAbs
BMAQ31, Ti-yA and BB3 were kindly provided by Dr. R. Kurrle (Behring, Marburg, Germany), Dr. T. Hercend
{Villsjuif, France}, and Dr, L. Maoretta {Genova, Italy), respectively, fmmunoffirorescence stainings were
performed as described and evaluated with Zeiss fluorescence microscopes (Carl Zeiss, Oberkochen,
Germany} andfor FACScan (Becton Dickinson) {39).

Northern bfot analysis

Total RNA was isolated from frozen MNC by the LiCl/urea method (40). Approximately 16 pg of total
RNA was size-fractionated on 1% agarose gels containing formaldehyde and blotted to Biodyne nylon
membranes {Pail Ultrafine Filtration Corporation, Glen Core, NY, USA). 32p random oligonucleotide-labeled
cDNA probes were used to detect specific RNA sequences for TeR-y (pTy-1) and TeR-6 {(pCTeR42c) (28,41).

Southern blot analysis
DNA was isolated from frozen MNC as described previously (40,42}, A 15 g sample was digested with

the appropriate restriction enzymes, obtained from Pharmacia, size-fractionated on 0.7% agarose gels and
transferrad to Nytran-13N nylon membranas {Schleicher and Schuell, Dassel, Germany) as described {40,42).
TcR-A gene rearrangements were detected with 32p random oligonucleotide-labeled J81, J82 and C8 probes
(13,43) in £coRl, Hindlll and BamH!l digests. The configuration of the TcR-y genes was analyzed by usse of
the Vyl, Jy1.2, Jy1.3, Jy2.1 and Gy probes (11,12) in EcoRl, Kpnl, BamHi and Bgil digests. The configuration
of the TcR-5 genes was analyzed by use of the Va1, V82, V83, Ja1, Jb2, C§, drec and YJu probes (15,19-
21,28,44,45) in EcoRl, Hindlll, BamHI, Kpnl and Bgil digests.

Polymerase chain reaction amplification analysis

PCR was essentiafly performed as described praviously {40). A 1 ug sample of DNA, 0.2 ggof the 6~
and the 3 oligonucleotide primer {Figure 1) and 2 units of Tag polymerase (Perkin-Elmer Cetus, Norwalk, CT,
USA} were used in each reaction. The oligonucleotide primers are listed in Table 1. These oligonucleotides
were synthesized according to published TcR-6 gene sequences on an Applied Biosystems 381A DNA

junctionat
Vi1 | feglon  J&1
» «——P

J45-2's otigo

Figure 1, Schematic diagram of the V61 gene segment, joined to the J&t gene segment via a fictitious
junctional region which may contain one or more 83 gene segments as well as additional nucleotides at the
joining sites. Four oligonucleotide primers for PCR-mediated amplification of the junctional region are
indicated. Upper panel: The V§1-5°s and V§1-3°s oligonucleotides and the J81-3°s and J§1-5°s
oligonucleotides are indicated as dotted arrows, which point to the right and to the left, respectively, Lower
panel. Nucleotide sequence of the rearranged Vé1-J61 gene segments {18). The V§1-5 s and V61-3°s
oligonucleotides are boxed, while the J61-3 "5 and J§1-5 'S oligonucleotides are indicated by bars, which are
complementary to the opposite nucleotide sequences. The Safl restriction site at the 57 ends of the
aligonucleotide primers can be used for cloning of the PCR product.
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TABLE 1. Qligonucleotide primers used In the PCR analysis of the TcR-5 genes.

b

Code Sequence? Refaranca
Vé1-5's CGCGTCGACTCAAGCCCAGTCATCAGTATCC 18
Vé1-37s CGCGTCGACGCCTTAACCATTTCAGCCTTAC 18
V62-b's§ CGCGTCGACCAAACAGTGCCTGTGTCAATAGG 48
Vé2-3°s CGCGTCGACCTGGCTGTACTTAAGATACTTGC 46
Vé&3-5's CGCGTCGACCAGACGGTGGCGAGTGGC 32
Vé3-3°s CGCGTCGACTTGGTGATCTCTCCAGTAAGG 32
D41-6°5 CGCGTCGACTCCATGTTCAAATAGATATAGTATT 19
J&1-3°s CGCGTCGACCTCTTCCCAGGAGTCCTCC 18
J81-6°s CGCGTCGACTTGGTTCCACAGTCACACGG 18
SREC-B "X IGCTCTAGATCTTCAAGGGTCGAGACTGTC 47

a, The underlined sequences reprasent the aspecific 5° tail of the oligonucleatide primers, which includes an
artificlal $af site, or in case of $REC-5°X an artificial Xbal site,
b. Sequence infermation used to design the oligonucleotide primers was derived from the Indicated literature

references.

synthesizer {Forster City, CA, USA) using the solid-phase phosphotriester method {18,19,32,46,47). The
reaction mixture was incubated at 94°C for 5 min, at 55°C for 90 s and at 72°C for 210 s in a thermal cycler
{Perkin-Elmer cetus}. Following this initial cycle, denaturing, annealing and extension steps were performed
for another 34 cycli at 94°C for 90 s, at 55°C for 90 s and at 72°C for 210 s, respectively. PCR products
ware size-fractionated on ethidium bromide stained 1% agarose gels and transferred to a Nytran-13N nylon
membrane {Schleicher and Schuell). The blotted PCR products were detected with the internal V§1-3 s,
V§2-375, V83-3°s or Ja1-6°s dligonucleotides which were *2P.abeled with polynueleotide kinase

(Pharmacia).

RESULTS

Phenotype of the T-ALL
All ten T-ALL expressed the CD3 (Leu-4} antigen as well as TcR-yé on the cell

membrane, as determined by immunofluorescence staining with McAb 11F2 and TCRé1,
and/or previously reported immunoprecipitation studies (8,28). They did not express TcR-af
as determined by use of staining with McAb WT31 and/or BMAO31. All T-ALL expressed
TdT and six of them were also positive for the CD1 antigen. Seven T-ALL showed the
CD41/CD8™ phenotype, one leukemia was positive for both CD4 and CD8 and only two
leukemias showed the 'yd-associated” CD4~/CD8™ phenotype. Two out of eight tested
T-ALL expressed Vy9 (McAb Ti-yA), eight out of eight tested expressed V§1-Jé1 (McAb
6TCS1) and none of six tested T-ALL expressed V62 {McAh BB3}. Further details
concerning the marker analysis are given in Table 2 and Table 3.

Transcription of TcR-y and TcR-6 genes
In all nine T-ALL tested, 1.6 kb TcR-y gene transcripts were detected in Northern blot

analysis. Four diffarent types of TcR-§ gene transcripts exist: the immature 1.9 and 1.2 kb
transcripts which probably lack V-region sequences, due to incomplete rearranged TeR-6
genes, and the mature 2.2 and 1.5 kb transcripts (28,44,48). All nine tested T-ALL
contained both types of mature transcripts, whereas in four T-ALL both types of immature
transcripts were also detected {Table 2}.



TABLE 2. Immunologic marker, Southern blot, and Nerthern blot analysis of cell samples from ten patients with TcR—ys™+ T-ALL®.

Patient [s]0) IJ HZ AV B8P JB EP MA SA WC
{Cell Sample) {PB) PB) Py {PB) 3] (PB) {PB} (BM) {PR) PR}
Immunolegic markers®
TdT + + + 66% + + 63% + * 60%
HLA-DR {L243) 18% 21% - - - - - - - NT
CD1 {661ICT) - 34% 40% 49% 74% + - 25% - -
cD2 (Leu-5b) + 57% + 66% + + + + + +
cD3 (Leu-4} + + + + + + + 27% + 66% ™~
CD4 {Leu-3A) - 26% 59% 49% + + + 36% - 22% )
CD5 {Leu-1) + + + + + + + + + 55% F
cbs {CKT17) 69% + + + 44% + + NT NT NT =Y
cD7 {3A1) + 73% + + + + + + + 71% g
cDs {Leu-2A) - - - 57% I — — - - - 3
TeR-af  (WT3T) - - - - — - - - - NT &
TeRaf  (BMAOZS1) - - — - - - - - NT 19% 2
TeR—yd  (11F2) 49%F + 71%F 59% + + + + +¢ 81% g
TcR-§ - {TCR31) 67%° + +¢ 81% + + + NT NTS 52% 2
&
2
Southern blot analysis® g
TeR-B1 genes R/G R/R D/D D/ D/G R/G D/D L/G D/R D/G g'
TeR-B2 genes G/G G/G R/R R/R R/G G/G R/G RA/R R/G R/R ff_
TeR-y1 genes® R/R® D/R DBt D/D D/R D/R D/D D/D B/D R/G =
TeR-y2 genes® G/G® R/G R/RE R/R R/G R/G R/R E/R R/RE G/G ol
TeR-5 genes® R/R B/R RR R/R R/R R/R /R R/R R/R R/R =
3,
T
Nothern blot analysisf -
TcR-y (1.6 kb} + + + + + + + + + NT E
TeR-5 (2.2 kb} + + + + - + + + + NT
TeR-5 {1.9 kb) + + - - - + - - - NT
TcR-6 (1.5 kb) + + + + + + + + + NT
TcR-5 (1.2 kb} + + - + - + - - - NT

. Abbrevlations used in thls toble: P8, peripheral blood; BM, bane marrow; PE, pleural exudate; NT, not tested.

o,
b. Immunologic markar analysis: +, =75% of the cells ara positive; —, =15% of the cells are positive; percantages positivity betwean 15% and 75% are Indicatad,
c. Immunoprecipitation studies on the T-ALL cells of patients DD, HZ, and SA have proven that the T-ALL ceils of patlent DD expressed disulfide-linked TeH chains {CyT1-derived), whereas tha T-ALL cells

of pationts HZ and $A exprossed o TR without an interchaln disulfiie-bord (Cy2-derived) (8], This was in lne with the Southern biot data.

d. Southern blot analysis: G, aliele in germiine configuration: R, rearranged allele; D, doleticn of involved gene sogment.
o, Detailed information concerning the configuration of the TcR-y ganes and TcR-3 genes is summarized in Table 3.
f. Northern biot analysis: +, transcripts present; —, no transcripts could be detocted,

Le
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TcR gene rearrangement

All T-ALL had rearranged TcR-g8 genes. Seven had both afleles rearranged, whereas the
other three had one allele rearranged and the other allele in germline configuration, Further
details concerning the TcR-f gene configurations are summarized in Table 2.

TcR-y gene rearrangements had occurred in 19 of the 20 alleles, whereas the
twentieth allefe was in germline configuration. The rearrangements were analyzed using
four different restriction enzyme digests and the far described TcR-y probes in successive
hybridizations {Figure 2A)}. ldentification of the used Vy and Jy gene segments was
accomplished by combining the information of the calculated sizes of the rearranged bands
and the available data in the literature {29-31,49,50). There seems to be a preferencein the
rearrangement of the TcR-y gene segments. Twelve out of the 19 rearranged alleles
contained rearrangements of the Jy2.3 gene segment, five to the Vy8 gene segment and
three to the Vy3 gene segment. The detected Vy9 (McAb Ti-yA} expression in patients DD
and |J was confirmed by rearrangements of the Vv9 gene segment to the Jy1.3 gene
ssgment. in patisnt AY no Vy9 expression was found, which indicates that the V49-Jv2.3
rearrangement in this patient is probably non-functional and that the V43-Jv2.3
rearrangement on the other allele is expressed. The configurations of the TcR-y genes are
summarized in Table 3.

All ten T-ALL had at least one V§1-J81 gene rearrangement, which confirmed the
V51-J61 expression in all patients tested with the McAb §TCS1., The WV&1-J§1
rearrangement was proven by successive hybridization of EcoR|, Hindlll and Bg/il filters with
the J&1 probe (Figure 2B} and the V&1 probe, which resulted in rearranged J&1 and Vé1
bands of identical size in all patients except patient |J. The £coRl digest in the latter patient
showed, after hybridization with the Jé1 probe, a 1.0 kb band (Figure 2B} and with the V51
probe a 2.3 kb band, whereas in the Hindlll and Bg/ll digests the J§1 and V§1 bands had
an identical size. From this and from the fact that the sizes of the 1.0 kb J§1 band, plus the
2.3 kb Vi1 band, add up to a 3.3 kb band {which is the exact size of the V§1-J61
rearranged band in a EcoRl digest), we concluded that an EcoRl restriction site had been
generated in the junctional region of the Vé1-J§1 rearrangement in patient |J. This was
confirmed by the fact that EcoRl digested the PCR product of the Vd1-J81 rearrangement
in this patient, whereas a contro! V§1-J81 PCR product was not digested.

Of the two T-ALL cell samples from patients MA and SA, which were not tested with
- the McAb 6TCS1, the celis from patient MA had V§1-J81 rearrangements on hoth alleles
and therefore expressed a V61-J81 TcR-§ chain. Patient SA had a V81-J81 rearrangement
on one allele and a V§3-J§1 rearrangement on the other, so it is not clear whether this ALL
expressed a V81-J81 or a V§3-J61 TeR-6 chain. In a V§3-45§1 rearrangement the 3 to Cé
located V&3 gene segment rearranges to the 5° to Cé located J&1 gene segment, which
results in an inversion of the DNA sequence between J§1 and V43 {51). As a consequence
of this inversion the J62 and J&3 gene segments seem to be rearranged in Kpnl and/for
BamHI digests, whereas in EcoRi, Hindill and Bgfl digests these gene segments show
germline configuration bands.

Four patients had an incomplete D62-J§1 rearrangement on their second aliele. This
was in line with the presence of immature TcR-8 gene transcripts in three patients tested
by Northern blot analysis {Table 2). Unexpectedly, immature transcripts were aiso found
in patient JB who had a V§2-J81 rearrangement in addition to the expressed V§1-Jd1
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Figure 2. Southern biot analysis of the TcR—y and TeR-6 geres. DNA samples from the ten TeR-yé* T-ALL and from a B-cell leukemia as control were
digested with £coRE. The filter was successively hybridized with the R2p_abeled Jv1.3 probe (A) and J81 probe (B). V§1*: the low band in patient IJ is

caused by an EceRl site in the junctional regicn of the V§1-J81 rearrangement, as proven by PCR analysis (see text). In all other digests this allele showed
a normal V51-Ja1 rearrangement pattern.
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TABLE 3. Configuration and expression of TcR-y and TcR-§ genes in ten TeR-y$™ T-ALL.

Patient

DD

1J

HZ

AV

BP JB EP MA SA wC

TcR-V gene expression®
V~9 (Ti-yA) 868% 74% - - - - - NT NT -
V31-J81 (§TCST) 33% 69% + + + + + NT NT 56%
Va2 {BB3) NT - NT - - - — NT NT -

TeR-y gene configuration®
Jy1.1 gene segrment D/ b/D D/D D/D Vy2%/D Vy2/D p/D D/D D/D VeliGd
J¥1.2 gene segment D/C D/D D/D D/D G/D G/o D/D D/o D/D a/cd
Jy1.3 gene segment Vy5NY8  Vy9/D D/b D/k G/D G/Vy2 ©/D n/o D/p a/ed
Jv2.1 gene segment G/e G/D o/p D/ G/o G/G p/D o/ o/D G/at
Jy2.3 gene segment G/G GIVy2 Vy3/Vyd  Vy3/wE G/Vy4 G/G Vy8/Vy8  VyB/Ny8  VA3/Vv8 6/6d

TcR-$ gene configuration®
J&1 gene segment V51/D352 V§1/D82 V&1V V&1/D82 V&1/56ReC? VH1/V52 V51/0f V31/VE VE1/ V83 V§1/Dé2
J&2 gene segment G/G G/G G/G G/G GG G/G a/of G/G G/a8 G/G
J33 gene segment 6/6 G/G G/G G/G G/G G/e a/of G/ G/e8 G/
Cé gene segment G/6 G/G G/G G/G G/G G/G G/of G/G G/ G/G

PCR analysis”
V§TeJ51 amplification + + + + + + + + + +
V§2++J61 amplification - — - - - + - — - -
V&3-J51 amplification — — — — — - - — -+ —
D&1«J31 amplification + + - + - - — — - +
SREC=JST amplification - - — — + - — - - -

a. Immunologic marker analysis: +, 275% of the cells are positive; —, =15% of the cells are positive; percontages positivity betwoen 15% and 75% are indicated; NT, not tested.

b. Southern biot analysis: Interpratation of the results using the five described TcR-y proboes, the seven described TeR-5 probes and the YJa probe in five difforent restriction enzyme digests, excopt

for DNA from patient WC which was digested only with £coRl. G, gene segrnont in germline cenfiguration; D, deletion of involved gene segment.

¢. Vy idontification deduced from measurad roorrangoed bands 2nd available data from the literature {28-31,48,50),

d. Garmline senfiguration, although interprotation was hampered by the presence of —40% non-leukemic cells (ef. Tablo 2).

e, Four digests of DNA from patient BP hybridized consecutively with the J&1 and the 3REC probe showed identically sized bands concerning ane allele.

f. Five digosts of DNA from patient EP showod on one allele a delotion for all TeR-6 gene segments and a rearranged band after hybridization with tha yJ« probo.

g. Gl, Germling inversion. The J82 and 483 gene segments appeared as rearranged bands in Kpnl andjor BamH) digests and as germline bands in £ceRI, AHirdlil and Byl digests as consaguence

of the inversion caused by the V33-J§1 rearrangement (513,
h

othor hand: +, PCR product detected; -, no PCR product could be detected {cf. Figure 3).
i. PCR amplification of DNA from patient MA and patient HZ showod two bands after gol electrophoresis {cf. Figure 3}.

. PCR amalysis: PCR-madiated amplification botween o V31-5 75, V52-5 "5, V53-5 s, D§1-5 *§ or 8REC-5 "X oligonucloptide primer on the one hand and the Jé1-3 S oligonucleotide primor on the

e
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rearrangement.
Patient BP showed in four digests an identically sized rearranged band after successive

hybridization with the J&1 probe and the dRec probe. This suggested that a SREC-J&1
rearrangement had occurred in this patient, which was proven by PCR amplification with
the drec-5 "X and J81-3 s oligonucleotide primers {Table 3},

In only one patient (EP) was a deletion of a TcR-§ gene locus found on one affele. This
was probably a result of rearrangement of a Vo gene segment to the Y.Jua gene segment,
because on one chromoseme in this patient all § gene segments, including V&1 and Vé3,
were deleted and a rearranged band was found in digests hybridized with the ¥Jo probe.
Further details concerning the TcR-6 gene rearrangements are summarized in Table 3,

TcR-§ junctional regions

PCR-mediated amplification of the TcR-8 gene rearrangements from the ten T-ALL with
specific V61-5"s and J&§1-3 's oligonucleotide primers {(Figure 1} showed bands on ethidium
bromide stained agarose gel {Figure 3A} confirming the V61-J§1 rearrangement as detected
by Southern blot analysis {Table 3}. The origin of the PCR products, approximately 500 bp,
was confirmed by hybridization of the blotted PCR products with the 32P-labeled internal
V§1-3 s oligonucleotide (Figure 3B}. Patient MA showed after amplification with the
V§1-b7's and J61-3°s primers two PCR product bands with a difference in size of
approximately 30 bp; this is most probably due to the V61-J&1 rearrangement on bhoth
alleles. Patient HZ, who also had two V81-J81 rearrangements, showed only one PCR band
in Figure 3, This was due to co-migration of the two V§1-Jé1 PCR products, which slightly
differed in size as determined in a long run in a 2% agorose gel. Both patient MA and
patient HZ had an additional 1,0 kb PCR product band, which probably represents doublets
of PCR products {Figure 3) (52}, The origin of these doubiets may be related to the V§1-J51
rearrangements on both alleles, which were only found in patients MA and HZ.

The amplification results with the V§1-57s and J&1-3 's primers of the TcR-6 gene
rearrangaements indicate that the size of the PCR products, size-fractionated on an ethidium
bromide stained agarose gel, vary from approximately 470 to 510 bases, implying that the
size of the junctional region can vary extensively, up to approximately 30 bases or more.

PCR products of amplification with Vé2-5°s and J61-3's, V83-56"s and J61-37s,
D51-5 "5 and J§1-3 “s and 68ec-5 "X and J81-3 "8 primers also confirmed the Southern blot
data after gel electrophoresis and hybridization with the %2P-labeled internal probes
V§2-3°s, V&3-37s or J§1-57s, respectively (Table 3), The size of the PCR products after
amplification with the D§1-5"s and J61-37s primers was approximately 700 bp, which
corresponds to a D82-J81 rearrangement, as a D61-J61 and a D62-D83 rearrangement are
expected to give 200 bp and 1700 bp PCR products, respectively,

DISCUSSION

Ten TcR-yé6* T-ALL samples have been analyzed for their immunologic phenotype as
well as TcR gene rearrangement and expression. Unlike previously published data which
describe that most TcR-y6" T-cells express the CD4—/CD8™ phenotype {3,4,53), seven
out of ten TecR-y6 " T-ALL had the CD47/CD8 ™ phenotype, one T-ALL was positive for
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Figure 3, PCR analysis of the V51-J51 gene rearrangement in the ten TeR-5% T-ALL. The cell line PEER was used as a positive control. Water and DNA
from an ANLL patient with germline TcR gene configuration were used as negative controls. PCR-mediated amplification of the junctional regions was
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lane of patient HZ and the strong 1.0 kb band in the lane of patient MA probably represent doublets of PCR products (52). The origin of these doublets
may be related to the fact that the leukemia cells of these two patients had V§1-J51 gene rearrangements on both alleles.
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CD4 and CD8 and only two were negative for both assessory molecules. In addition, six
T-ALL expressed the CD1 antigen. Another study on ten TcR-y6" T-ALL also described
such a heterogeneity in CD1, CD4 and CD8 expression (54). This immunocphenotypic
heterogeneity as well as the positivity for TdT suggests that TcR-y§ T T-ALL develop from
cells in various stages of T-cell differentiation.

The TeR-y gene rearrangements in the T-ALL appeared to be restricted due to
preferential usage of Vy and Jy gene segments: 12 out of 19 rearranged alleles contained
a rearrangement of the Jy2.3 gene segment, of which five to Vy8 and three to V43. The
twentieth TcR-y allele was in germiine configuration. V49 rearrangements occurred in three
alleles, two to Jy1.3 and one to Jy2.3, but none te Jvy1.2. This is in contrast to the
TeR-y6* T-lymphocytes in PB, most of which express Vy9-Jy1.2 in combination with
V82-J81 (34-36,65). Only one T-ALL contained a V§2-J61 rearrangement, but this allele
was not expressed. All T-ALL had at least one V§1-J§1 rearrangement, and in two cases
a V&1-J81 rearrangement was found on both alleles, From our analyses it can be concluded
thatin at least nine T-ALL a V§1-J81 chain was expressed and that the tenth T-ALL {patient
SA} expressed a TcR with either a V§1-J81 or a V$3-J81 chain. In normal PB 10-20% of
TeR-vé+ T-lymphocytes express V§1-J§1 chains, while in the thymus this frequency is
approximately 60% (356,36,55). Therefore, the high frequency of V§1-J81 expression in our
series of T-ALL suggests that these T-ALL have developed from thymocytes. Generally, a
V31-481-Cé chain is non-disulfide-linked to a Cy2 gene derived TcR-y chain, which can use
various Vy gene segments. At least four out of the ten T-ALL showed a similar association
of TcR chains.

As expected, mature TcR-6 and TcR-y RNA transcripts were found in all T-ALL
samples, whereas immature TcR-§ transcripts were found in addition in T-ALL with a
D§2-J61 rearrangement, which is in line with this incomplete TcR-6 gene rearrangement.
However, immature TcR-8 transcripts were also detected in the T-ALL with an expressed
V§1-J61 rearrangement and a non-expressed complete V5§2-481 rearrangement. ttis unclear
how the immature TcR-6 transcripts were produced in this leukemia.

Interestingly, in two TcR~-y:5+ T-ALL, rearrangements were found of elements, which
are thought to be involved in the separation process of the off and 6§ differentiation lineages
{20-23). One concerned a REC-J&1 rearrangement which deleted the intermediate V3§ gene
segments, wheraas the other probably represented a Ve-{Jo rearrangement which deleted
the complete TeR-3 locus, Apparently §rec and yJo do not only rearrange to each other but
can also bea invelved in other deleting rearrangements {47},

The potential combinatorial repertoire of the TcR-y and TcR-6 genes is limited in
comparison to the TcR-o and TcR-g genes due to the small numbers of V and J gene
segments. In the 20 TcR-y and TcR-§ alleles studied only ten different Vy-Jy and three
different V§-Jé rearrangements were found, This distinct limited combinatorial repertoire
was not only caused by the restricted numbers of available V and J gene segments, but
also by preferential rearrangement, which was prominent in the TcR-5 genes with Vé§1-Jé1
rearrangements in 12 out of 20 alleles. To achieve a diverse TcR-yé reperioire the
rearranged TcR-y and TcR-4 genes contain large junctional regions, consisting of extensive
N regions, each of up to nine or more random nucleotides and, in the case of the TcR-§
gene, one, two or three extra D gene segments {19,33,37,38}. In the T-ALL studied the
junctional regions vary extensively in size, up to 30 bases or more. Therefore the junctional
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diversity in these TcR-y61 T-ALL is probably considerable.

Further studies including cioning and sequencing of the junctional regions need to be
performed to elucidate the N region and Dé gene segment involvement. Sequencing should
also answer the question which of the two rearrangements in patient SA, V§1-J51 or

V§3-J8§1, is expressed.
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UNRAVELLING HUMAN T-CELL RECEPTOR JUNCTIONAL
REGION SEQUENCES’

Timo M. Breit and Jacques J.M. van Dongen

Department of Immunolegy, Erasmus University/University Hospital Dijkzigt, Rotterdam, The Nethearlands.,

ABSTRACT

Careful analysis of functional V§2-J51 and Vy9-Jvy1.2 rearrangements of peripheral
T-lymphocytes showed high frequencies of leucine and valine at a fixed position in the
V82-J61 junctional regions. This phenomenon remained unnoticed in the numerous
published junctional regions for over several years. Because comparable preferential motifs
might also occur in junctional regions of other T-cell populations in health and disease, more
pracise analysis of junctional region diversity is needed. For this reason we describe general
guidelines for identification of the various elements in TcR junctional regions: D-gene-
derived nucleotides {in case of TcR-# and TcR-6 genes}, P-region nucleotides, N-region
nucleotides, and deletion of nucleotides by trimming of the rearranged gene segments, In
addition, we summarized the known genomic germline sequences of rearranging TcR gene
segments, which are necessary for proper application of the general guidelines. Subsequent
analysis of the majority of published TeR junctional regions, allowed us to determine the
composition and average insertion and deletion of nucleotides in genomic junctional regions.
Because the protein junctional region instead of the genomic junctional region determines
the actual specificity of TeR chains, the amino acid composition of the protein junctional
regions of different types of TcR gene rearrangements was determined. This revealed some
unexpected characteristics, such as the virtual absence of cysteine in all functional TcR
junctionalregions and increased or decreased frequencies of particular amino acid residues
in specific TeR junctional regions. Application of the guidelines in combination with the
summarized TcR germline sequences may contribute to uniformity in the analysis of
junctional regions and may lead to important information concerning TcR specificity.

INTRODUCTION

Antigen-specific receptors of T cells are produced after functional rearrangements of
V, D, and J gene segments in the four TcR gene complexes: TeR-w, 3, ¥ and § {1-3). The
enormous diversity of TcR-af or TcR-y6 antigen specific receptors is accomplished by a
large combinatorial diversity and an extended junctional diversity. The potential
combinatorial diversity of the various TcR genes is determined by the number of different

' Published in: Thymus 19884;22:177-199.
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Figure 1. Schematic diagram of the germline configuration of the four human TcR gene complexes. The TcR-o
gens complex consists of many Ve gene segments (>50}, a long stretch of J gene segments (61) and one
Ce gane segment. The TcR-§ locus is located within the TcR-« gene complex between the Vo and the Jo gene
segments and consists of a few V6 (~6), three D§, three J§, and one Céd gene segments. Also indicated are
the TcR-5 deleting elements §8EC and YJo (dotted boxes). The TcR-8 gens complex contains many VB {~561)
gene segments grouped in 24 families and two Cf gene segments, which are preceded by ons Df and six or
seven J§ gene segments. The TcR-y gene complex consists of two Cy gene segments, preceded by a two
or three Jy gene segmaents and a restricted number of Vy gene segments: eight functional gene segments
{solid boxes) and seven pseudo-gane segments {y; open boxes). The functional Vy gene segments are
grouped in four families (Vyl, Vall, V4tlh and ViV].

V, {D} and J gene segments (Figure 1) (1,2). The junctional regions between V and J gene
segments after joining by rearrangement processes {4} determine the junctional diversity
and consist of D-gene-derived nucleotides in the case of T¢R-8 {5} and TcR-§ genes (6},
regions of nucleotides forming a palindromic sequence with the juxtaposed nucleotides of
an untrimmed gene segment {P-region nucleotides} (7,8}, regions of randomly inserted
nucleotides (N-region nucleotides} {8}, and deletion of nucleotides by trimming the ends of
the involved gene segments {9) {Figure 2},

In a recent study we analyzed the junctional regions of human peripheral blood
TcR-yé* T-lymphocytes bearing V62-J61-C8/Vy9-Jy1.2-Cy1 chains and identified an
invariant T nucleotide at a fixed position in 90% of the V§2-J§1 junctional regions of these
polycional T-lymphocytes {10}. Comparison and translation of a large series of published
in frame V5§2-J81 junctional region sequences revealed that this T nucleotide is involved in
the encoding of invariant amino acid residues {especially leucine and valine} at a fixed
position in the V§2-J81 junctional region {11-16), This distinct phenomenon remained
unnoticed in the literature for over several years. Because comparable preferential motifs
might also occur in junctional regions of other T-cell populations in health and disease, a
more uniform approach for analyzing junctional regions is needed. For this reason we
compared the results of the numerous studies which are performed to determine the actual
diversity of rearranged TcR-o (17-20), TeR-g (19,21-28), TeR-y {12-14,29-34) and TcR-§
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Figure 2. Schematic presentation of a TeR-g V-D-J gene rearrangement. Indicated are the germibine VA, DB,
and J# gene segments, as well as the potential P-regions {P}, and the N-regions (N} at the junctions of the

gens segmen{s.

{6,12-16,29,33-45) genes.

Although in most TcR genes the combinatorial diversity is relatively easy to determine
(2], determining the junctional diversity is far more complex. This is partly due to the fact
that the junctional diversity can be examined at the level of DNA sequences or at the level
of protein sequences. Confusing thase two levels of examination may cause inadequate
definition of the junctional region components or boundaries of V and J gene segments,
which leads to incorrect conclusions towards the actual junctional diversity at the genomic
level (20,22,24,27,32,41,486). To achieve congruity in determination of junctional diversity,
we here describe general guidelines for unravelling TeR junctional region DNA sequences.
To apply these guidelines properly, we summarized the available germline sequences of the
rearranging TcR gene segments. The guidelines and germline sequences described here
were used for unravelling a large series of published junctional regions of rearranged human
TcR genes, to determine the composition‘of these junctional regions and to determine the
junctional diversity at the DNA leve] as well as at the protain level.

METHODS
General guidellnes to identify the components of TeR junctional regions

The 5" side of a junctional region {3 side of V gene segment}

To determine the exact 5 * side of a junctional region, the V-gene-derived nucleotides should be aligned
with the corresponding germline V gene sequence, which continues up to the heptamer-nonamer RSS. The
first nucleotide differing from the germline V gene sequence is to be considered the first nucleotide of the
junctional region. So it is virtually impossible to determine the precise boundary between the V gene segment
and the junctional region, if the 3~ germline sequence of the invelved V gene segment is not known. For the
TcR-y and TeR-6 genes the complete 3 germline V gene sequences are presented in Figure 3. The complete
3" germline V gene sequences of most TecR-« and TcR-8 genes are not yet available [17,47-65). Until all these
complete germiline sequences become available, we propose to arbitrarily define the 3 ° side of Va genes by
assuming that the nucleotides encoding the conserved amine acid CA consensus represent the 3 side of
almost all Vo gene segments, deliberataly ignoring, for now, the remaining {unknown) germline Ve sequences
between the consensus sequence and the RSS {66). For V8 genes the 37 amino acid CASS consensus is
assumed to define the 3 * side (66). These assumptions will probably lead to some overestimation of N-region
nucleotides but makes junctional region studies more comparable.

The 3° side of a junctional region (67 side of J gene segment)

The 3 side of a junctional region can be determined in a similar way as the 6 side. Here the J-gene-
derived nucleotides should be aligned with the corresponding germline J gene sequence, which starts from
the heptamer-nonamer RSS. The first nucleotide differing from the germline sequence of the involved J gene
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Name Human germline sequence P-region

T-cell receptor Voy

YWyl AGA CTG CAA AAT CTA ATT AAA AAT GAT TCT GGG TIC TAT TAC TGT GCC ACC TGG GAC AGG [~
Vy2  ATA CTG CBA AAT CTA ATT GAA AAT GAC TCT GGG GTC TAT TAC TGT GCC ACC TGG GAC GGG cc
Va3 AGA CTG CAA AAT CTA ATT GAA AAT GAT (T GGG GTC TAT TAC TGT GCC ACC TGG GAC AGG €c
V4 ATA CTG CGA AAT CTT ATT GAA AAT GAC TCT GGA GTC TAT TAC TGT GCC ACC TGG GAT GGG tc
Vo5 ATA CTA CGA AAT CTA ATT GAA AAT GAT TCT GGG GTC TAT TAC TGT GCC ACC TGG GGC ASG cc

YWV6  AGA CTG CAA AAT CTA ATT GAA AAT GAT TCT GGG GIC TAT TAC TGT GCC ACC TGG GGC AGG cc

YVyB  ATA CCT CCA ARA CTA AAT GAA AAT GCC TCT GGG GTC TAT TAC TGT GCC ACC TAG GAC AGG cc

V7 ATA CTG CAA AAT CTA ATT GAA AAT GAT TCT GGA -TC TAT TAC TGT GEC ACC TGG GAC AGG cc
Vy8  ATA CTG GAA AAT CTA ATT GAA CGT GAC TCT GGG GTC TAT TAC TGT GLC ACC TGG GAT AGG e
VS ACC ATT CAC AAT GTA GAG AAA (AG GAC ATA GCT ACC TAC TAC TGY GCC TITG TGG GAG GTG ca

Vy10  ACC ATC AAG TCC GTA GAG AAA GAA GAC ATG GCC GTT TAC TAC 1GT GCT GOG TGG TGG GIG GC elo
V11 AMA ATA AAG TIC TTA GAG AAA GAA GAT GAG GTG GTG TAC CAC TGT GCC TGC TGG ATT AGG CAC ot

YVyA  GCA GTA CTG AAG TTG GAG ACA GGC ATC GAG GGC ATG AAC TAC TGC ACA ACC TGG GCC CTG ca
YWoB  ACC ATA AAC TTC ATA GBA AAG GAA GAT GAG GLC ATT TAC TAC TGE ACT GCT IAG GAC C a9q
vgl  TACTTIGTEGTCAGACTTGTTAACTEGCGGAGERAGEEGCTGGGTTGTGEC TTCASTGTCTGTCCTC ga

T-cell receptor Vé

V&1 ACC ATT TCA GCC TTA CAS CTA GAA GAT TCA GCA AAG TAC TTT TGT GCT CTT GGG GAA CT ag
V&2  AAG ATA CTT GCA CCA TCA GAG AGA GAT GAA GGG TCT TAC TAC TGT 6CC TGT GAC ACC g9
V83 GTG ATC TCT CCA GTA AGG ACT GAA GAC AGT GCC ACT TAC TAC TGT GCC TIT AG ct
V84 GIC ATC TCC 6CT TCA CAA CTG GGG GAC TCA GCA ATG TAT TTC TGT GCA ATG AGA GAG GG cc
V&6 CAC ATT BTG (CC TCC CAS CCT GGA GAC TCT GCA GTG TAC TTC TGT GCA GCA AGC gc
V&6 CAT ATC ATG GAT TCC CAZ CCT GGA GAC TCA GCC ACC TAC TTC TGT GCA GEA AGA te
SREC  GCAACATCACTCYSTGTCTAGCACGTAGCCCAGAGGTTGCGEGCCCCATCCTCTCATGTGAGGAGCC g9

Figure 3. Germline seguences of human TcR-Vy and V& gene segments with their potantial P-region
nucleotides. Presanted are the 3 * germiine seauences of functional Vy, pseudo (¥} Viy and vestigial {vg1} gene
segments derived from References {46,61,66-69}. The 3 germline sequences of V5 gene segments and the
upstream TcR-§ deleting element (SReC} were derived from References {36,60,70-73). Underlined triplets
{TAQG) represent stop codons. The vg1 and SREC gene segments are presented as a continuous sequences
because both segments are severely degenerated as compared to functional gene segments.

segment is to be considered the {ast nucleotide of the junctional region. In principle, determining the boundary
between the junctional region and the J gene segment should not be a problem, since the complete germline
sequences of all TcR J gene segments are known {Figure 4},

D-gene-derivad nucleotides
D-gene-derived nucleotides are identified by &ligning the nucleotides of the junctional region with the

germline sequences of DS or Dé gene segments (Figure B}, However, identification of D-gene-derived
nueclectides is often hampered by nucleotide deletion through exonucleic nibbling at both sides during the
rearrangemaent process, which may extensively shorten tha relatively small D gene segmeants. For identification
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P-region Hurnan germline sequence Name

T-cell receptor Jo

cc GG TAC (GG GTT AAT AGG AAA CTG ACA TTT GGA GCC AAC ACT AGA GGA ATC ATG AMA CTC A uAL
ca TG AAG ATC ACC TAG ATG CTC AAC TTT GGG AAG GGG ACT GAG TTA ATT GTG ASC CTG G YJaBO
[=4 GG AAG GAA GGA AAC AGG AAA TTT ACA TTT GGA ATG GGG ACG CAA GTG AGA GTG MG CTA T ¥Jab9
aa TT TAA GAA ACC AGT GGC TCT AGG TTG ACC TTT GGG GAA GGA ACA CAG CTC ACA GTG AAT CCT G JobB
ta TA ACT CAG GGC GGA TCT GAA AAG CTG GTC TTT GGA AAG GGA ACG AAA CTG ACA GTA AAC CCA T Jab7
aa T TAT ACT GGA GCC AAT AGT AAG CTG ACA TTT GBA AAA GGA ATA ACT CTG AGT GTT AGA CCA 6 Jabb
gt AL AAG TGC TGG TAA TGC TCC TGT TGG GGA AAG GG5 ATG AGT ACA AMA ATA AAT CCA A ¥Jabb
ta TA ATT CAG GGA GCC CAG ARG CTG GTA TIT GGC CAA GGA ACC AGG CTG ACT ATC AAC CCA A Jab4
ct AG AAT AGT GGA GGT AGC AAC TAT AMA CTG ACA TTT GGA AAA GGA ACT CTC TTA ACC GTG AAT CCA A Jab3
ag  CT AAT GCT GGY GGT ACT AGC TAT GGA ARG CIG ACA TTT GGA CAA GGG ACC ATC TTG ACT GTC CAT CCA A Jub2
ct AG ATG CGT GAC ASC TAT GAG AAG (TG ATA TT7 GGA AAG GAG ACA TGA CTA ACT GTG AAG CCA A ¢Jabt
ca TG AMACC TCC TAC GAC AAG GTG ATA TTT GGG CCA GGG ACA AGC TTA TCA GTC ATT CCA A Jab0
tc G AAC ACC GGT AAC CAG TTC TAT TTT GGG ACA GGG ACA AGT TTG ACG GTC ATT CCA A Jod 9
ta TA TCT ARC TTT GGA AAT GAS AML TTA ACC TTT GGG ACT GGA ACA AGA CTC ACC ATC ATA CCC A JadB
ca TG GAA TAT GGA AAC AAA (TG GTC TTT GGC GCA GGA ACC ATT CTG AGA GTC AMMG TCC T Jod?7
ct AG AAG AMA ASC AGC GGA GAC AAG CTG ACT TIT GGG ACC GGG ACT (GT TTA GCA GIT AGG CLC A JodB
ca TG TAT TCA GGA GGA GGT GCT GAC GGA CTC ACC TTT GGC AM GGG ACT CAT CIA ATC ATC CAG CCC T Jadb
ta TA AAT ACC GSC ACT GCC AGT AAA CTC ACC TTT GGS ACT GGA ACA AGA 1T CAG GTC ACG CTC G Jad4d
gt AC AAT AAC AAT GAC ATG CGC TTT GGA GCA GGG ACC AGA (TG ACA GTA AAA CCA A Jad3
ca TG AAT TAT GGA GGA AGC CAA GGA AAT CTC AIC TTT GGA AAA GGC ACT AMA CTC TCT GTT AMA CCA A Jod2
tc G AAC TCA AAT TCC GGG TAF GCA CTC AAC TTC GGC AAA GGC ACE TCG CTG TTG GTC ACA CCC C Jad 1
gt ACT ACC TCA GGA ACC TAC AAA TAC ATC TTT GGA ACA GGC ACC AGG CTG AMG GTT TTA GCA A Jad 0
ca TG AAT AAT AAT GCA GGC AAC ATG CTC ACC TTT GGA GGG GGA ACA AGG TTA ATG GTC AP CCC C Ja39
ta T AAT GCT GGC AAC AAC CGT AAG (TG ATT TGG GGA TTG GEA ACA AGC CTG GCA GTA AAT CCG A Jor38
ca T GGC TCT GGC AAC ACA GGC AAA CTA ATC TIT GGG CAA GGG ACA ACT TTA CAA GTA ASA CCA & Ja3?
ga T CAA ACT GGG GCA AAC AAC CTC TTC TIT GGG ACT GGA ACG AGA CTC ACC GTT ATT CCC T Ja36
te G ATA GGC TTT GGG AAT GTG CTG CAT TGC GGG TCC GGC ACT CAA GTG ATT GTT TTA CCA C Ja35
ga TCT TAT AAC ACC GAC AAG CTC ATC TTT GGG ACT GGG ACC AGA TTA CAA GTC TTT CCA A Ja34
ca TG GAT AGC AAC TAT CAG TTA ATC TGG GGC GCT GGG ACC AAG CTA ATT ATA AAG (CA G Jad3
ca TG AAT TAT GGC GBT GCT ACA AAC AAG CTC ATC TTT GGA ACT GSC ACT CT6 CTT GCT GIC CAG CCA A Ja32
cc G5 AAT AAC AAT GCC AGA CTC ATG TTT GGA GAT GGA ACT CAZ CIG GIG GTG AAG CCC A Je31
ca TG AAC AGA GAT GAC AAG ATC ATC TTT GGA AAA GGG ACA CGA CTT CAT ATT CTC CCC A Jor30
cc GG AAT TCA GGA AAC ACA (CT CTT GIC TTT GGA AAG GGC ACA AGA CTT TCT GTG ATT GLA A Jo29
tg €A TAC TCT G&G GCT GGG AGT TAC CAA CTC ACT TTC GGG AAG GGG ACC AAA CTC TCG GTC ATA CLA A Ja28
ta T AAC ACC ART GCA GGC AAA TCA ACC TTT GGG GAT GGG ACT ACG CTC ACT GTG AAG CCA A Jo27
4 GG GAT AAC TAT GGT LAG AAT TTT GTC TTT GGT CCC GGA ACC AGA TG TCC GTG CTG CLC T Jo26
tg CA GAA GBGA CAA 6GC TTC TCC TTT ATC TIT GGG AAS GGG ACA AGG CTG CTT GTC AAG CCA A Jo2b
ca TG ACA ACT GAC AGC TGG GGG AAA TTG CAG TTT GGA GCA GGG ACC CAG GIT GTG GTC ACC CCA G Ja24
ca T6 ATT TAT AAC CAG GGA CGA AAG CTT ATC TIC GGA CAG GGA ACG GAG TTA TCT 476 AMA CCC A Ja23
aa TT TCT TCT GGT TCT GCA AGG CAA CTG ACC TIT GGA TCT GGG ACA CAA TTG ACT GTT TTA CCT 6 Jo22
ta TAC AAC TTC AAC AAA TTT TAC TTT GGA TCT GGG ACC ABA CTC AAT GTA AAA CCA A Ja21
ac GT TCT AAC GAC TAC AAG CTC AGC TTT GGA GCC GGA ACC ACA GTA ACT GTA AGA GCA A Ja20
gc GC TAT CAA AGA TTT TAC AAT TTC ACC TTT GGA AAG GGA TCC AMA CAT AAT GTC ACT CCA A Ja19
99 {C GAC AGA GG TCA ACC CTG GGG AGG CTA TAC TTT GGA AGA GEA ACT CAG TTG ACT GTC TGG CCT G Jor18
2 TG ATC AAA GCT GCA GAC AAC AAG CTA ACT TTT GGA GGA GGA ACC AGG GTG CTA GTT AMA CCA A Jeel7
< GG TTT TCA GAT GGC CAG AAG CTG CTC TTT GCA AGG GGA ACC ATG TTA AAG GTG GAT CTT A Jor16
g9 CC AAC CAG GCA GGA ACT GCT CTG ATC TTT GGG AAG GGA ACC ACC TTA TCA GTG AGT TCC A Ja1b
at ATT TAT AGC ACA TTC ATC TTT GGG AGT GGG ACA AGA TTA TCA GTA AMA CCT G Je14
ca TG AAT TCT GGG GGT TAC CAG AAA GTT ACC TTT GGA ATT GGA ACA AAG CTC CAA GTC ATC CCA A Je13
cc GG ATG GAT AGC AGC TAT AMA TIG ATC TTC GGS AGT GGG ACC AGA CTG C1G GTC AGG CCT G Jat2
ca TG AAT TCA GGA TAC AGC ACC CTC ACC TTT GGG AAG GGG ACT ATG CTT CTA GTC TCT CCA G Jatl
at ATA CTC ACG GGA 5GA GGA AAC AMA CTC ACC TTT GGG ACA GGC ACT CAG CTA AAA GTG GAA CTC A Jai0
cc GEA AAT ACT GGA GGC TTC AAA ACT ATC TTT GGA GCA GGA ACA AGA CTA TTT GTT ARA GCA A Ja9
ca TG AAC ACA GGC TTT CAG AMA [TT GTA TTT GGA ACT GGC ACC CGA CTT CIG GTC AGT CCA A JaB
gt AC TAT GGG AAC ARC AGA CTC GCT TTT GGG AAG GGG AAC CAA GIG GTG GTC ATA CCA A Jar?
ca T GCA TCA GGA GGA AGC TAC ATA CCT ACA TTT GGA AGA GGA ACC AGC CTT ATT GTT CAT CCG T Jab
ca TG GAC ACG GGC AGG AGA GCA CTT ACT TTT GGG AGT GGA ACA AGA CTC CAA GTG CAA CCA A Jab
ca TG TTT TCT GGT GGC TAC AAT AAG CTS ATT TTT GGA GCA G665 ACC AGG CTG GCY GTA CAC CCA T Jord
cc G GGG TAL ASC AGT GCT TCC AAG ATA ATC TTT GGA TCA GGG ACC AGA CTC AGC ATC (GG CCA A Ja3
ca TG AAT ACT GGA GGA ACA ATT GAT AAA CTC ACA TTT GGG AMA GGS ACC CAT GTA TIC ATT ATA TCT G Ja2
ac G TAT GAA AGT ATT ACC TCC CAG TTG CAA TTT GGC AMA GGA ACC AGA GTT TCC ACT TCT CCC C Ylal

Figure 4A. Complete germline sequences of human TcR-Jo gene segments with their potential P-region
nucleotides. Sequences are derived from References (48,71,74,82), Underlined triplets {TAG, TAA, and TGA)

represent stop codons.



46 CHAPTER 2.3

P-region Human germline sequence Name

T-cell receptor J3

ca TG AAC ACT GAA BCT TIC TTT GGA CAA GGC ACC ASA CTC ACA GTT GTA G Jg1a
ag CT AAC TAT GGC TAC ACC TTC GGT TCG GGG ALC AGG TTA ACC GTT GTA G JB1.2
ag C TCT GBA AAC ACC ATA TAT TTT GGA GAS GRA AGT TGG CTC ACT GTT GTA G Jp1.3
tg CA ACT AAT GAA AMA CTG TTT TTT GGC AGT GGA ACC CAG CTC TCT GTC TTG 6 JB1.4
ta T AGC AAT CAG CCC CAG CAT TTT GGT GAT GGG ACT (GA CTC TCC ATC CTA G Jp1.5
ag C TCC TAT AAT TCA CCC CIC CAC TTT G665 AAT GGG ACC AGG CTC ACT GTG ACA G CJpt1e
ag C TCC TAC AAT GAG CAG TTC TTC GGG CCA GGG ACA (GG CT{ ACC GTG CTA G JB2.1
cg {G AAC ACC GGG GAG CTG TTT TTT GGA GAA GGC TCT ASG CTG ACC GTA CTG G Jp2.2
ct AGC ACA GAT ACG CAG TAT TIT GGC CCA GGC ACC CGG CTG ACA GTG CTC G Jg2.3
ct A GCC AAA ARC ATT CAG TAC TTC GGC GEC GGG ACC (GG CTC TCA GTG CT6 & Jp2.4
gt AC CAA GAG ACC CAG TAC TTC GGG CCA GGC ACG (GG CTC CTG GTG CTC 6 JB2.5
ag C TCT GGG GCC AAC GTC CTG ACT TTC 666G GCC GGE AGC AGG CTG ACC 616 CT6 G JB32.6
ag C TCC TAC GAG CAG TAC FTC GGG (CG GGC ACC AGG CTC ACG GTC ACA G Jga.?

T-cell receptor Jy

at AT ACC ACT GGT TGG TTC ASG ATA TTT GCT GAA GGG ACT AAG CTC ATA GTA ACT TCA CCT G Jy1.1
cc GG CAA GAG TTG GGC AAA AMA ATC AAS GTA TTT GGT CCC GGA ACA AAG CTT ATC ATT ACA G Jyl.2
tc G AAT TAT TAT AAG ABA CTC TTT GGC AGT GGA ACA ACA CTG GTT GTC ACA G Jy1.3
at AT AGT AGT GAT TGG ATC AAS ACG TTT GCA AAA GGG ACT AGG CTC ATA GTA ACT TCG (CT & Jy2.t
te G AAT TAT TAT AAG AAA CTC TTT GGC AGT GGA ACA ACA CTT GTT GTC ACA G Jy2.3

T-cell recaptor J§

gt AC ACC GAT AAA CTC ATC TTT GGA AAA GGA ACC {GT GG ACT GTG GAA CCA A Jot
ag CT YTG ACA GCA CAA CTC TTC TIT GGA AAG GGA ACA CAA CTC ATC GTG GAA CLA G J&2
ag € TCC TG GAC ACC €GA CA5 ATG TTT TTC GRA ACT GGC ATC AMA CTC TTC GTG GAS CCC C Jé3
99 CC AGA CCC CTG ATC TTT GGC AAA GGA ACC TAT CTG GAG GTA CAA CAA C Jéd

Figure 4B. Complete germline sequences of human TcR-J8, Jy, and J5 gene segments with their potential
P-region nucleotides. TcR-JB sequences are derived from Reference (8). TcR-Jy sequences are derived from
References (65,75-77). TcR-Jb sequences are derived from refs {78,79,80,81).

of D-gene-derived nucleotides we propose the guideline that at least one third of the D gens segment should
be present with a minimum of three successive nucleotides. This guideline is in line with assumptions made
by other groups (6,11,13,25,57) and based on our own experiance with TeR-§ gene rearrangements (29,34),
Applying this guideline means that the minimum number of D-gens-derived nucleotides for recognition is;
three successive nucleotides for TeR-D41 (germline: 8 nucleotides) and TeR-D82 {germline: 9 nucleotides},
four successive nucleotides for TeR-DB1 (garmline: 12 nucleotides) and TcR-D43 {germlina: 13 nucleotides},
and five successive nuclectides for TcR-DA2 (germline: 16 nuclectides} {Figure 6). Misinterpretations may still
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P-  Human germfine P- ¥ nucleotides for
ragion sequence region  identification

T-cell receptor 8
Figure 5. Germline sequences of human

Da1 ¢ GEBACALGEGEC ac 4
TcR-Df and D6 gane segments with their
Dg2 cc  GEGACTAGCGGGAGGS cc 5 potential P-region nucleotides. Indicated
are also the minimal number of
T-cell receptor & consecutive junctional region nucleotides
for identification of a specific D gene
D&l te GAMATAGT ac 3 segment in a gene rearrangement.
Sequences are derived from References
bs2 9% CCTTCCTAC g 3 {5,6,79,80). Underlined sequencas
D3 gt ACTGGGEGATACG cg 4 {TAG) represent a potential stop codon

in a particular reading frame.

occur because of the chance that three {or four) random successive N-region nucleotides can be identical to
three {or four} successive nucleotides of a D gene segment. Nevertheless, the guideline proposed here for
identification of D-gene-derived nucleotides allows junctional diversity studies to be more comparable.

P-reglon nucleotides
To identify P-region nucleotides, basically three conditions have to be fulfilled, as proposed by Lafzille

et al, {7): P-region nucleotides can only be found next to a rearranged gene segment, if that side of the gene
segment is in its full coding sequence {i.e. without trimming}; a P-region maximally consists of one or two
nucleotides; and P-region nucleotides can be recognized by the palindromic nature of the P-region in
combination with the juxtaposed nucleotides of the rearranged {untrimmed) gene segment, Because all P-
region nucleotides are defined by the germline sequence of a gane segment, we have indicated the P-region
nucleotides for every known TcR-V, D and J gene segment in Figures 3-6. Although recent publications
indicate that P-regions of three or more nucleotides might occur, they only represaent 6% of all P nucleotide
inserts and may also be a result of a two-base P-region plus fortuitous N-region sequences (8). We therefore
wish to stick to the original proposal of maximally two P-region nucleotides.

N-region nucleotides

N-region nucleotides are the nuclectides that cannot be appointed to either a V, (D), J gene segment
or P-region {7,9). These nucleotides are randomly inserted by the enzyme TdT at the junctions of gene
segments during the rearrangement process (9,68) and contribute fargely to the total junctional diversity {2).

Assignment of junctional region nucleotides in the absence of N-region nucleotides

In case that N-region nucleotides are lacking in a junction of two gene segments, it may occur that
nucleotides can be assigned to two different origins. in these ambiguous cases we propose an arbitrarily
hierarchic order: firstly V-gene-derived, than J-gene-derived, subsequently D-gene-derived, and finally P-region
nucleotides.

Deletion of nucleotides by trimming

Trimming of the involved V, {D) and J gene segments by exonucleic nibbling of the sides of the involved
gene segments during the rearrangement process can be determined by comparing the germline sequences
with the remaining sequences of the rearranged gens segments (9},

Reading frame status .

To appoint a certain rearrangement to be “in frame’', it should be possible to read the functional V gene
segment reading frame throughout the junctienal region into the reading frame of the J gene segment without
coming across any stop codons. The reading frames of the V-, V6 and all J gene segments are indicated in
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Figures 3 and 4. The reading frames of the Vo and VA gane segments should be in line with the amino acid
CA and CASS consensus, respectively. O gene segments can in principle be read in all thres reading frames,
but the DS2 and D§1 gene segments contain a stop coden (TAG) in one reading frame {Figure 5}, If the
rearranged J gene segment is not in its correct reading frame or a stop codon is generated in the junctional
region, than the reatrangement is appointed to be ‘out of frame’ and therefore non-functional. Incomplete
rearrangements, such as V-0, D-D or D-J, are regarded to be non-functional as well,

Junctional region amino acids
Junctional region amino acid residues can easily be identified by aligning the protein sequence of the
in-frame gene rearrangement with the germline protein sequences of V and J gene segmaents,

RESULTS AND DISCUSSION

Juncticnal regions of human TcR gene rearrangements

The general guidelines for unravelling junctional regions and the summarized TcR
germline sequences were applied on previously published junctional regions sequences of
human TeR-o (n=132), TeR-B (n=201), TcR+ (n=345}), and TcR-6 (n=779) gene
rearrangements (6,12-45). Representative examples of junctional regions of each TcR gene
are shown in Figures 6 and 7.

Human TcR-o gene rearrangements

Code Vo VeiPIN-region P Jor frame
HAPI0 Vel AGTGACACAGCTGAGTACTICTGTGCC GTGAATGAAT ACBACTACAAGCTCAGCTTITG  Ja20  +
HAP28 Ve2.l AGTGATTCAGCCACCTACCTETGTGCC TTACG PGATGOCCAGRAGCTECTCT  Jats +
HAPGE Ved.1 GCAGACACTGCTTCTTACTTCTGTGCT ACGGATEG GAACAGAGATGACAAGATCATCTTTG  Judo +
HAPOS Vad.1 AGASATGCTGCTGTGTACTACTGL ATCAGAGCC AATGCTGGTGGTACTAGCTATGGAA  Jab3 +
HAP35 Va5.1 GCAGACTCASCTACCTACCTCTGTGET CTAGCCCCATC GTACAGCAGTGCTTCCAAGATAAT  Jaa +
HAPOT Vab.1 GGGRACTCAGCAATGTATTTCTGTGEA AGTAGARAGGECT CCGATAACCAGTTCTATTITOE  Jade +
HAPZL Va7.1 AMAGACTCTGCCTCTTACTTCTGCGCT GITTTE AACCAGGCAGGAACTGCTCTGATCT  Jals  +
HAPA1 VaB.1  GAAGACTCGGCTGTCTACTTCTGTGCA GCAAGTAGGARGGAC TETGLEGATTACCAGAMAGTIA  Ja13 +
HAP36 Va9.1 GAAGACTCAGCCATGTATTACTGTGCT CTAAGTG TTTATAACCAGGGAGGAMAGCTTA  Ja23 +
HAPS8 Vai0.1 GATGATACAGGCCACTACCTCTGTGCA GGCGTTT CATCAGGAGGAAGCTACATACCTAC  Ja8 +
078 dmec GIGCEGECLCCCATLCTCTCGTGTGASS G4 ACCGGGTTAATAGGAMACTGACAT e [+]

Human TcR-y gene rearrangements

Code Ve P N-region P Jy frame
patBe  wvy2  GTCTATTACTGTGCLACCTGGRACG CGEAG TGETTCAAGATATTIG  Jy1.1 +
patd8  vy2  GICTATTACTGIGCCACCTGGG C GAATTATTATAAGAAMACTCTTTGGCAG Jy1.3 +
patWe Vo3 GTCTATTACTGTGCCACCTGGGAC TTCG GIGATTGGATCAAGACGTTTG  Jay2a1  +
pataV V43 GTCTATTACTGTGCCACCTGGG CcC C GRATTATTATAAGAAMACTCTTTGECAG 3y23  +
patHz V44 GICTATTACTGTGCCACCTGGGATG AGECCCCCCACACCA ATAAGAAACTCTETGGCAG w423 +
patbD V45  GICTATTACTGTGCCACCT CTITIA TTIGGCAG  dy1.3 -
patp vi8  GTCTATFACTGTRECACCTEGGA AMGAGGETAACAGGSTTT TTATTATAAGAMCTCTTTER0AS Jy2s -
patls V43 ACCTACTACTGIGCCTIGTGGGAGGTG CA ATCTGGACCCAGGATTATTAAG AAGAMACTCTTTERCAS Jy13 +
patAV V9 ACCTACTACTGTGCCTTGTGGGAGGTG € 1C TTATTATAAGAMCTCTTTGGCAG  Jr2.a
patJR  vy11  TACCACTGTGCCTGCTGGATTAGECA ASGLLCTCT AATTATTATAMGAMCTCTTTONCAG  Jy2a -

Figure 6. Examples of junctional regicn nuclectide sequences in TeR Va-Ju and Vy-Jy gene rearrangements.
Precise assignment of the nucleotides in the Vel/junctional region boundary {Va/P/N region) is not possible
because of the incompleta information about Vo garmline seguences (see text). Sequences are derived from
References (17,29}, Underlined sequences (TAA) represent stop codons.



Human T¢cR-8 gene rearrangements

Code Vi VB/PINT P D31 P N2 P DR2 P N3 P Jg frame
GEEACAGERGEC GAGACTAGCGEGAGGG

seg-1 vg1  TGTGCCAGC ] CAGEGE AAGGEE ACACTGRAGCTTTCT  ug1n «

s06-3 vez  TGCAGTGCTAG T GRGAC GEATA A TAGCAATCAGCCCCAGCA  Js1.8  +

s00-9 vga  TGCAGCETTGAA TT GGACAG AGG CTACGAGCARTACTT 827 +

seq14  vB5  TGTGCCAGCAGC CCCTTGGA GBGAGE TGACAT TGAGCAGTT 421 +

seq-25 Va6 TGTECCAGCAGC TTATACAA GT ACCAAGAGACCCAGTACT 48258  +

seq-26 VA6  TGIGLCAGCAGC CAAAGACGGTCT AG CTCCTACGAGCAGTACTT  ws27 +

seq-31 V87 TGUBCCAGCAGC CAA BGEAC CGTTEGAA GCTACACCT  um2

seq-3¢  vae  TGIGCCAGCAG GCT GBGACA CCBGS G CTCTGEBGCCAAMCGTCCT 2.6  +

s0g-35 vge  TGTGCCABCAGC CTATCGECGCCC AG CTCCTACGAGCAGTACTT  us27 +

seq-36  v@12  TGTGCCAGCAGT CT C GGGA GC AGCEGE o] AATGAGCASTT  Js2a1 +

son-47  Va17 TGTGCCAGTA  CCCAAAGACHETCT AG CTCCTACGAGCAGTACTT  Js2.7  +

seq-49  vp22 TGTGCCAGCAGC ACAGGEGE [cicimeicicio GECTACACCT  Jpr2 +

seq-50 V824 TGTGCCACCAGC AGAGATCCCTCEE ACAATBABCAGTT  Jg21  +

Human TcR-3 gene rearrangements
Code Vé P N1 P D&t P N2 P D2 P N3 P D&3 P N& P Jé frame
GAAATAST CCTTCCTAC ACTGGGAGATACE

Syrseq7 V81 TIGGGEGAACT A T T TA GEGEGA GAA ACCGATAA  J81 +
H1Z vs1  TTGGEGEG ccT ¢ CTGRGGGATACG TCCCTTCGL CTTTGACAGC w62 -
JHE vi1 TTGREGAA GCOGGCCCRECA T ACTGGGE TICCCTTG CCTEEEAC  wss +
7053 vs2  ETGTGACACC GG ATGE cTr T T ACTGGGEGATA GCCTAGG CGATAR  um +
K4 vz CTGTGACAC G CTGEEEEATA AAGEGT CTITGACAGC  we2  +
1e207  wvez  CIGTGA joleles ACTGGGEG I AG CTCCTERGAC w3+
T048 vs3  BTGCCTTTAG TACACCCCETE Tce CCCACTCA GGEAT TTTCTCTCCOGLBEL ATAA um -
T078 vsz  GTGCCTTT CTTACTGCCEREA ") AGGA GGEGA ] GACABC w2 -
KToat  ws3  GTGCCT (CCTCAA CCTA A ACTGEGGE TCTEAGGACATT  AG CTCCTGGGAC 253 +
KToEA  wa4  TGAGAGAGG AGA CTAC B GAAC T ACTGGGEGATACG C TTAAGA ACACCEGATAA st =+
KToea  vss  TGLAGCAAG &C A GAA CTTCCT CLGAGETCC GGEGEATACG AGGACCCGAA ACACCGATAA  u&1 -
3yrzeg2 vE5  TGCABCAAGC GC GGA : GEGATA GETE G CTTTGACAGL a5z -
KTOSE  we6  TGCAGCAAG [ ATA ARTCGCTERC ACACCGATAA  us -
TOBZ smee  GIBAGGAGCC GG ACGCCCCCCCRBALAGA ACACCGATAA 81 o

suoiBai jeuonounf Yo uewnil BUifRARIUN

Figure 7. Examples of junctional region nuclectide sequences in TeR V8-(D#)-J8 and V&-(D8)-J5 gene rearrangements. Germline D sequences are double underlined
and generated stop-codons are single underlined. Precise assignment of the nucieotides in the Vg/juncticnal region boundary {V2/P/N1} is not possible because
of the incomplete information about V3 germline sequences {see text). Sequences are derived from References (27,29,35,37) and Breit et al. unpublished results
(TO48, TO53, and TO78}.

6%
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Biased nucleotide insertion in N-region

To investigate the earlier noticed prefersnce of the enzyme TdT to insert G nucieotides
into junctional regions (9}, we identified "true’ N-region nucleotides in junctional regions of
human TcR rearrangements. Because of the uncertainty of V germline sequences, TeR-«
and TcR-8 gene rearrangements were excluded from this analysis. Furthermore, N-region
nucleotides were analyzed only in out-of-frame TcR-y junctional regions {n =50} and TcR-5
junctional regions (n =263} to exclude any possible bias caused by selection at the protein
level. The relative N-region frequencies of the four nucleotides are given in Table 1. If TdT
possesses a preference for a specific nucleotide, than the complementary nucleotide should
also occur more frequently, because TdT would insert the particular nucleotide at the
coding as well as the non-coding strand. Screening large numbers of non-selected N-region
nucleotides {n =3026) revealed higher frequencies of G {29%) and C {29%) nucleotides as
compared to A {219%) and T{21%!} nucleotides {Table 1}. Because unrecognized D-gene
derived nucieotides from the G-rich D83 gene segment could lead to an overestimation of
the G/C content of the TcR-4 N-regions, we also checked the fusion regions of a
chromosome aberration caused by "illegitimate” V(D)J recombination. Even the randomly
inserted fusion region nucleotides (n =109} of ta’-1 deletions, a chromosome aberration on
1p32 which is extremely homologous to TcR gene rearrangements {59 and references
therein}, revealed almost identical percentages of nucleotide insertion {Table 1}. In total,
G/C insertion was 58%, whereas A/T insertion was 42%, confirming the observation that
TdT possesses a preference to insert G/C nucleotides in the junctional regions during

rearrangement processes.

TABLE 1. Frequency of randomly inserted {N-reglon) nucleotides by TdT in junctional regions,

Inserted nucleotides

0 G [ G/C AT A T in
out-frama TcR-y junctionat regions® s0  27.3% 29.8% G57.1% 429% 228% 20.4% {319)
out-frame TcR-b junctional regions® 263  28.8%  20.6% 58.3% 41.7% 21.1%  20.6% {2707
tal-1 deletion fusion regions® 109 2B.7% 30.1% 588% 41,2% 201% 21.2% 1742)
Total 422 28.7% 29.6% 58.3% 41.7% 21.0% 20.7% 13768)

a. Sequences derived from References 12,13,29,31,32 and 34,
b. Sequences derived from References 6,12,14-16,29,34,36,39,40and 42-45,
¢. Sequences derived from Reference 59 and References therein.

Junctional diversity at the DNA level

Studying human TcR-« and TeR-g junctional diversity is difficult, because of the earlier
mentioned incomplete information about germline Vo and V8 gene sequences. Like in most
other studies, we also arbitrarily defined the boundary betweesn the V gene segment and
the junctional region by assuming that the nucleotides encoding the conserved amino acid
CA and CASS consensus represent the 3 side of Vo and V3 gene segments, respectively.
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This lack of sequence information will not only cause overestimation of N-region
nucleotides, but it also influences the identification of P-region nucleotides at the 3 side
of the Vo and V3 gene segments. An additional problem in unravelling TcR-g8 junctional
regions is the assignment of nucleotides to be either D31 or D2 gene derived, because
these two gene segments are highly homologous (Figure 5). Furthermore, it should be
stressed that a V#-J32 junctional region potentially can contain a D32 and/or a D81 gene
segment, whereas a V3-JB1 junctional region can only contain a DBt gene segment
(25,26}, Dependent on the number of DS gene segments, VG-JB junctional regions can
contain one to three N-regions, whereas Va-Jo junctional regions only contain one N-region,
Therefore, the mean size of the latter junctional regions is essentially smaller {8 nucleotides
versus 16 nucleotides). The estirmated mean size and the composition of junctional regions
in complete TeR-« and TcR-8 gene rearrangements as well as the deletion of the flanking
sequences are summarized in Table 2.

Analyzing TeR-y or TcR-6 junctional diversity is relatively easy, because ali TeR-y and
TcR-§ germline sequences are known. Also, identification of Dé gene derived nucleotides
in the junctional regions is not hampered by homology between the three different D8 gene
segments {Figure 5). However, because of the small size of the D§ gene segments and the
fact that they are Hable to undergo trimming at both sides, the D§ gene segments in
junctional regions easily disappear or become unidentifiable small, even after minor trimming
by the recombinase enzyme complex. Because > 80% of the peripheral v T-lymphocytes
in man express a TcR consisting of Vy8-Jy1.2-C41/V42-J61-C6 chains and the fact that
these cells probably are selected by peripheral expansion {15 and references therein, 80},
we analyzed these particular TcR gene rearrangements separately. The mean size of TcR-y
junctional regions (5 nucleotides} is significantly smaller than that of complete TcR-&
rearrangements {22 nucleotides), which is caused by the usage of D§ gene segments.
Except for a slightly reduced nucleotide deletion in the Vy9-Jv1.2 rearrangements, the
junctional regions of all Vy-Jy rearrangements have a comparable size. Remarkably,
nucleotide deletion of the Jy sequences was twice that of Vy sequences. Interestingly the
mean size of V§2-J41 junctional regions (20 nucleotides) is smaller than that of V&1-J51
rearrangements {26 nucleotides). This may be explained by the fact that V§2-J81 junctional
regions in general only contain D43 gene segments, whereas V§1-J81 junctional regions
contain D32 as well as D83 gene segments. All TcR-y and TcR-§ junctional region
characteristics are summarized in Table 2.

Junctional diversity at the protein level

Because the true specificity of TcR is determined by the sxpressed protein chains, we
investigated the encoded amino acid sequences of human TcR gene rearrangements (Figure
8}. Numerous in-frame junctional regions {n = 1144} of TeR-o, TeR-8, TeR-y (Vy9-Jy1.2 and
other Vy-Jvy}, and TcR-6 {V62-J51 and V§1-J61) were analyzed by translating the DNA
sequences into amino acid sequences. Apart from the average size and deletion of protein
junctional regions, which are similar to that of the DNA junctional regions {Table 2}, we also
typified the amino acid contents of the protein junctional regions in the various TcR chains
(Figure 9},

Some remarkable observations were: the high percentages of valine {V} and serine {S}
residues in TcR-« gene junctional regions, which might be caused by yet unidentified Va



TABLE 2. Insertion and deletion of junctional region nucleotides and amino acid residues in complete human TcR gene rearrangements®,

Nucleotides Amine acids
Insertion Deletion Insertion Deletion
n N-regicn P-region D gene Total V gene J gene Total Total V gene J gene Total
TeR-u 1328 8ac 0.1¢ 8.2 0.1¢ 3.7 3.8 3.1 0.1¢ 1.3 1.4
- Total (0-19} (0-2) {C-19) {0-6) {017 0-17) 10-7) (0-1) (0-8) (0-8)
TcR-8 201®  10.3° 0.3° 5.0 15.6 1.0° 4.0 5.0 5.6 0.4% 1.2 1.6
- Total {1-35) {0-3 {0-15} (1-35) {C-9) (0-19) {0-19} {112} {0-2} {0-6) {0-6)
TcR—y
- Vy9-Jy1.2 252 4.3 0.3 4.6 1.9 3.3 5.7 1.7 0.7 0.8 1.4
{0-17) {02} {017 {0-11) {0-9) 0-17) (0-8) 10-2) {0-3) {0-4)
- Vy-Jv other 43f 5.3 0.2 5.5 2.9 6.7 9.6 2.1 1.0 21 3.1
0-18) (0-2) (018} (0-12) (1-15} {2-20} {0-6) {0-5} {C-5) {(1-7}
TcR-8
- V§2-J81 3368 9.1 1.2 9.4 19.7 1.8 1.5 3.3 7.1 0.6 0.3 ©.9
{0-29) (0-5} {0-21) (7-40) (0-7) (0-8) 10-11) (3-13} {0-2) (0-3) {0-4)
- V51-J81 1809 13.5 1.3 11.4 26,3 2.9 2.0 4.9 9.7 0.6 .5 1.1
(2-34) {0-6) {0-24) (8-55) (0-13) (-9} ©-17) (3-19) {0-3) 0-3 0-4)

&

. The mean number of nucleotides or aming acids are indicated with the range in parenthoses.
. Sequences derived form Referances 17-20.

. Becauso of tho incomplete information about gerrline Vi and V8 sequences, the 37 ¢onsonsus CA and CASS amine acid sequonces wero assumed to ropresent the 37 side of the Ve and Vg gene
segmants, respectivaly, This might lead to an underestimation of P-region nucleotides and doleted nucleotides angd an overestimation of N-region nucleotides.

. Va and V§ geno deletion is datermined from the 37 consensus sequences.

. Sequences dorived from Refarences 19 and 21-28.

. Sequentes derived fromn References 12-14 and 30-33.

. Soguences dorived from References 11-16,33,35-38,41,42,44,45 and 65.
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Vo junctional region Jo
HAP10 Val.1 YICA WNEY DYKLS Je20
HAP26 Va2.1 YLCA LR DGOKL  Jai6
HAPQ5S Va3.1 YFCA TG RRDOKIT  Je30
HAPOB Vad.t  YYC IRA HAGGTSY  JaB3
HAP35 Vub.1 YLCA LAPS YSSASK  Ju3
HAPO1 Va6.,1 YFCA SREGS CROFY  Jad9
HAP21 V7.1 YFCA - W NOAGTAL  Jois
HAP41 VaB.1 YFCA ASRKD SGAYOK Jut3
HAP36 Vaf.1 YYCA LSV YHOGEK  Ja23
HAPEE Val0.1 YLCA GVS SGGSY1 a6
Ve junctional region Jdy
patBP V2 TWD AL WEKD  Jy1.1
patdB V2 TH A NYYKKLF  #y1.3
patwe V43 WD FG DHIKT  Jy2.1
patAvV Va3 T AP WYKKLF  Jy2.3
patHZ Va4 TWo EAPHIN KKLF 2.3
patlf V49 LHEY QSGPRIIK KKLE  Jy1.3
VB junctienal region JB
seg-1  VAI CAS AGEGD TEAFFG  Jf1.3
seqd  vpz  CSAS GION SKOPQHF  JB1.6
seq-9 Vg4 CSVE LORG YEQYFG Jg2.7
seq-14 VB5 CASS PLEGEDT LOFF  ap2.1
seq-26 VA6  CASS LYKY QETQYFG  J82.5
seq-26 Vpe CASS (RRSS SYFOYFG  Jp2.7
sog-31 VA7 CASS {GTYGS YTFG  Jg1.2
seq-34 VB8 CAS RLGHRG SGANYLT JB2.8
seq-35 VB9 CASS LSAPS SYEQVFG  Jp2.7
saq-36 V12 CASS LGSSGEG RNEGFF Jg21
saq-47 VvA17 (AS TORRSS SYEQYFG  Jp2.7
seq-49 V22 CASS TGEAG GYTFG  Jg1.2
seq-50 vgz4  CASS ROPSO NEGFF  Jg2.1
vV junctional region Jb
3yr-s 7 Vat AG FLGGET OKLIFG 081
JHB Va1 ALGE AGPAYWGSLA WDTRGY 53
TOS3 V82  ACDT GHLLLGDSLG DKLIFG g8 Figure 8. Examples of junctional region
K4 Va2 ACOT LGDXGS LTAQLFF  Js2 amino acid sequences in TcR V-J gene
LB207 V&2 ACD REGVS SHDTRQM 483 rearrangements. The sequences are
KTo41 vea - YCA SLBLRHGSERVS SHDIRQY  J53 translated from the in-frame junctional
KTOSA V&4  AMRE ETTELLGOTERN TORLIFG  Jst region nucleotide sequences in Figuras 6

and 7.

germline sequences (48}; the high frequencies of glycine (G} residues, which in T¢R-# and
TcR-§ gene junctional regions are partly caused by G nuciectide rich D gene segments, but
were also present in elevated frequencies in TcR-a and TeR-y junctional regions; the
prominent valine and leucine (L} percentages in V§2-Jé1 junctional regions, which are in line
with the invariant presence of these amino acid residues at the relative second position in
these junctional regions (10}, but were surprisingly also frequently found in the co-
expressed Vy2-Jv1.2 junctional regicns. The latter observations are most likely caused by
peripheral expansion of selected Vy9/V2 T-lymphoeytes, Furthermore we observed: the
virtual absence of cysteine (C} residues in all TcR junctional regions, which is probably
caused by the fact that disulphide bonds mediated by junctional region cysteine residues
may deform the immunoglobulin domain structure of the TcR molecule; the high frequency
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Figure 9. Relative frequency of amino acid residues in junctional regions of TeR gene rearrangaments from
peripheral T-lymphocytes. Indicated are TcR-«, TcR-8, TeR Vy9-Jy1.2, othar TeR Viy-Jy, TcR V§2-J81, and
TcR V&1-J81 gene rearrangements. The relative amino acid frequencies are determined by translation of
junctional region sequences from References {12-28,30-33,35-38,656), The high percentage valine {V} in Va-Ja
junctional regions might be caused by germline Va nucleotides {see text}.

of arginine {R) in all TcR junctional regions, which might be important for interaction
mechanisms between the TcR and the antigen-presenting MHC molecules; and the
increased frequency of tryptophan (W) in Vé1-J81 junctional regions, which function
remains to be elucidated. Overall, it can be concluded, that most amino acid residues are
present in frequencies which are comparable for aill TcR genes, whereas some exhibit non-
random frequencies in specific TeR junctional regions (Figure 9}.

CONCLUDING REMARKS

Although guidelines to unravel TcR junctionat regions seem to be straightforward,
several "common mistakes" are made in the interpretation of junctional regions, One such
mistake is the assignment of nucleotides to be V- or J-gene-derived, only if these
nucleotides belong to a complete codon of the V or J gene segment reading frame
(22,24,27,32,46,61}. By doing so, V- and/or J-gene-derived nucleotides are defined as
junctional region nucleotides, causing overestimation of the total junctionalregion diversity.
Additionally, by inaccurately defining the 3" sides of V gene segments and 5~ sides of J
gene segments, it is impossible to identify P-region nucleotides.

In their search for junctional diversity of human TeR-§ gene rearrangements some
investigators probably confused the protein junctional region with the genomic junctional
region. This confusion may explain the above described incorrect definition of the 3 * sides
of V gene segments and 5~ sides of J gene segments, resulting In an overestimation of
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junctional region nucleotide insertion and underestimation of junctional region nucleotide
deletion. Nevertheless, evaluation of junctional region diversity at the protein level is
probably a better way of studying antigen receptor diversity, because it includes the newly
formed amino acid residues at the V gens segment/junctional region and junctional region/J
gene segment boundaries. Also, in this way, out-of-frame rearrangements are excluded and
a mors accurate estimation of the actual repertoire is achieved (13-
15,17,19,20,22,23,25,27,30,33,38,42,57,62,63). Therefore, protein junctional region
diversity shouid be analyzed /in addition to the genomic junctional region diversity,

Incorrect identification of P-region nucleotides might occur by neglecting the guideline
that P-region nucleotides can only be found next to a rearranged gene segment, if that side
of the gene segment is in its full coding sequence {39). Such incorrect nucleotide
assignments result in an overestimation of P-region nucleotides and underestimation of N-
region nucleotides, but has no effect on the calculation of the total genomic junctional
diversity or the transfated protein junctional diversity.

Applying the guidelines for unravelling genomic junctional regions summarized here not
only allows the identification of the various elements of TcR junctional regions, but also
those of Ig junctional regions. However, like in TcR-« and TcR-3 genes, the 37 germline
sequences of most IgV genes are not yet known. In addition, the guidelines for
identification of TcR D-gene-derived nucleotides cannot directly be applied to Ig DH gene
derived nucleotides, because gaermline lg DH gene segments are aessentially longer {12-30
nucleotides) than TcR D gene segments {64}, This, on the other hand, facilitates the
nositive recognition of DH-gene-derived nucleotides as compared to the shorter D and Dé
gene segments, Therefore, in the case of lgH junctional regions, the guideline for
identification of DH-gene-derived nuclectides can be modified to a maximum demand of
seven successive aligned nucleotides for identification of DH gene segments with germline
sequences containing more than 20 nucleotides.

The general guidelines for unravelling junctional region sequences described here may
prevent mistakes in the identification of junctional region components and thus lead to a
more accurate estimation of the actual junctional diversity. Applying these guidelines on
numerous TcR gene rearrangements provided insight in the genomic junctional diversity of
these genes, which is obviously influenced by preferential G/C insertion by the enzyme TdT
and by selection at the protein level, either in the thymus or in the periphery. The selection
processes are even more apparent when the amino acid contents of various types of
junctional regions are evaluated and some residues appear to be present in higher or lower
frequencies. To date junctional regions of TcR molecules with a presumed antigen
specificity are predominantly investigated for amino acid motifs {62}, However, typifying
the occurrence of individual amino acid residues may also provide important infarmation
about specific junctional regions and selection processes. The guidelines described in this
paper and the summary of germline sequences hopefully contribute to uniformity in the
analysis of junctional regions and may initiate new insights in the complexity of receptor
specificity.

Note added: The regions of TcR-« and TcR-3 V gene segments are currently being sequenced and parts of
the germline of the V| gene segments are already published (83).
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EXTENSIVE JUNCTIONAL DIVERSITY OF vé T-CELL RECEPTORS
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ABSTRACT

Rearrangements, junctional regions and expression of TcR-y and TcR-6 genses were
analyzed in thirteen TcR-yét T-ALL. All TcR-y genes were rearranged except for one
deleted allsle and one allele in germiine configuration. The expressed TcR-y protein chains
showed a preference for Vyl (11/13}, Jy2.3 (7/13} and Cv2 {8/13). Furthermore, the TeR-y
combinatorial repertoire appears to be even more limited by the fact that particular Vy
genes are preferentially used in TcR-y1 or TcR-y2 derived receptors, i.e. in disulfide-linked
or non-disulfide-linked TcR-vé receptors. The combinatorial repertoire of the expressed
TcR-é genes was homogeneous, as all thirteen T-ALL expressed V§1-D§-J61-Ch protein
chains. In contrast to the limited combinatorial repertoire of the TcR-y and TeR-6 genes, the
junctional diversity of both TcR genes was extensive due to insertion of N-region, P-region,
and Dé gene nucleotides in addition to deletion of nucleotides by trimming. Using PCR-
mediated amplification and subsequent direct sequencing, we determined the junctional
region sequences of all TcR-y and TcR-§ rearrangements. Sequence analysis showed that
in the TcR-v junctional regions insertion varied from O to 25 nucleotides {average 8.0) and
deletion from 1 to 27 nuclectides {average 8.7). In TcR-§ junctional regions, nucleotide
insertion varied from 6 to 47 nucleotides (average 25.6} and deletion from Q to 29
nucleotides {avsrage 6.2) per junctional region. In generatl, the N-region nucleotides were
the most prominent element in the junctional regions, i.e. 97% of the TeR-y and 56% of
the TcR-§ junctional regions. D& genes contributed significantly (40%) to the TcR-§
junctional diversity, whereas P-regions wers hardly found in both TcR genes. Altogether,
the junctional regions of TcR-§ genes were far more diverse than the junctional regions of
TcR-y genes. With respect 1o the new methods of detecting MRD in lymphoid malignancies
utilizing PCR-mediated amplification of the junctional regions of TeR genes, our data
indicate that this MRD-PCR analysis will generally be more sensitive if TcR-8 instead of
TcR-y junctional-region-specific probes are used.

" Published in: Leukemia 1991;5:1076-1086.
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INTRODUCTION

Two types of antigen specific TcR exist: the classical TcR-af, which is expressed on
the majority { =85%) of the mature lymphocytes in PB and the alternative TcR-vd which is
expressed on only a small fraction { < 15%j} of the PB lymphocytes {1-4). The TcR moiecule
consists of two different glycoproteins (TcR-« and TeR-f or TeR-y and TeR-8), which
generally are disulfide-linked and non-covalently associated with the signal-transducing CD3
protein complex (1-4}. Each chain of the TcR heterodimer contains a variable antigen-
recognizing region and a C region. The variable region is encoded by a V gene segment, a
J gene segment and a junctional region linking the V and J gene segments together {1,3,4}.
This junctional region includes D gene segments in case of TecR-f and TeR-8 genes {1,3-6).

The TcR molecules of different T-lymphocytes are diverse, because different
combinations of V {,D} and J gene segments and different junctional regions are obtained
via gene rearrangement processes during early T-cell differentiation (1,3,4,7,8). TcR-«x and
TcR-8 genes contain large series of functional V (>50 and > 70, respectively) and J gene
segments { ~55 and 13, respectively} and two D gene segments in the case of TcR-f8 genes
{5,9-13). However, the TcR-y and TcR-§ genes contain only a few functional V (B and ~86,
respectively) and J gene segments (5 and 3, respectively) and three D gene segments in
the case of TcR-6 genes (6,14-23). The available V {,D) and J gene segments determine the
potential combinatorial diversity. It is therefore obvious that TcR-af has a far greater
potential combinatorial diversity than TcR-y8. The actual TcR-y6 combinatorial diversity is
even more limited by the fact that the available V and J gsne segments are used in
preferential patterns. For instance, ~85% of the TcR-y8™ T-lymphocytes in PB express
receptors consisting of a Vy9-Jy1.2-Cy1 chain disulfide-tinked to a V§2-J61-Cd chain (24-
28}, whergas ~60% of the thymocytes express a V&81-J§1-Cé chain, generally non-
disulfide-linked to a TeR-y chain {25,27,28}. The presence or absence of the disulfide bond
in TcR-vé is dependent on whether the TcR-y chain is derived from the Cy1 or Cy2 gene
segment, respectively {29-32),

The junctional region, which determines the junctional diversity, consists of D-gene-
derived nucleotides in the case of TcR-f3 and TcR-4 genes (5,6,11}, a region of a randomiy
inserted nucleotides, i.e. N-region nucleotides (10,11,33,34}, a region of nucleotides
forming a palindromic sequence with the juxtaposed nucleotides of an untrimmed gene
segmenti.e. P-region nucleotides {35}, and deletion of nucieotides by trimming of the ends
of the involved gene segments, Because it is difficult to distinguish D§ nucleotides in the
junctional region from N-region and P-region nucleotides, nucleotides are assumed to be
'Dé-derived’ if at least three successive junctional region nuclectides can be aligned with
one of the three D& gene germline sequences (6,34). N-regions consist of nucleotides that
are randomly inserted by the enzyme TdT at the junctions of gene segments during the
rearrangement process (5,6,10,11,23,33,34,36-39). To identify the recently described P-
regions, basically three conditions have to be fulfilled, as proposed by Lafaille et a/. {35):
P-region nucleotides can only be found next to a rearranging gene segment if that side of
the gene segment is in its full coding sequence {i.e. without trimming}; a P-region maximally
consists of one or two nucleotides; and P-region nucleotides can be recognized by the
palindromic nature of the P-region in combination with the juxtaposed nucleotides of the
rearranging gene segment. Trimming of the rearranging gene segments resulting in deletion
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of nucleotides is probably caused by exonucleolytic nibbling which ocecurs randomly at the
ends of mostinvoived gene segments (6,10,11,33-39). Because trimming can be extensive,
this phenomenon considerably contributes to the total junctional diversity. In contrast to
the combinatorial diversity, the junctional diversity of the TecR-y and TcR-é genes greatly
exceeds that of the TcR-o and TeR-8 genes. One may therefore speculate that the extensive
junctional diversity of ¥8 receptors compensates for their limited combinatorial diversity.

An analysis is presented of thirteen TcR-y8 ™ T-ALL, ten of which have previously been
partly described {40}. All thirteen TcR-yé% T-ALL were studied for their phenotype by
extensive marker analysis and for their combinatorial diversity by Southern blot anaiysis.
fn this study we focussed on the junctional diversity of the rearranged TcR-y and TcR-6
genes, which were analyzed by PCR-mediated amplification and direct sequencing of the

junctional regions.

MATERIALS AND METHODS

Cell samples
Cell samples were obtained from thirteen different TeR-y8* T-ALL patients at initial diagnosis. MNC

were isolated from PB and BM by Ficoll-Paque {density: 1.077 g/ml; Pharmacia, Uppsala, Sweden) dansity
centrifugation. The cell samples were frozen and stored in liquid nitrogen. Immunophenotypic and genotypic
data of the TeR-yd* T-ALL have been described previously {40), except for patients JR, PB and JM. The
TeR-y8* call line PEER was used as a positive control for PCR-mediated amplification and direct sequancing
of the junctional regions (30,41).

Immunolegic marker analysis

The MNC of the T-ALL patients were analyzed for the nuclear expression of TdT, for the cell membrane
expression of the T-cell markers CD1 {661IC7), CD2 {Leu-56b), CD3 (Leu-4}, CD4 {Leu-3a), CD5 {Leu-1}, CDB
{OKT17), CD7 (3A1), and CD8 {Leu-2a}, for the HLA-DR antigen and for reactivity with the McAb, WT31
{anti-TeR-af), BMAO31 {anti-TcR-af), 11F2 (anti-TcR-y6), TCR&1 [anti-TcR-8}, Ti-yA {anti-TcR-Vy9)}, 6TCS1
tanti-TcR-V61), and BB3 {anti-TeR-V§2) (24-28,40,42), The rabbit anti-TdT antiserum was purchased from
Supertechs (Bethesda, MD, USA); the McAb of the Leu series, anti-HLA-DR, WT31 and 11F2 were obtained
from Becton Dickinson {San Jose, CA, USA}; the CDt antibody was cbtained from Monosan/Sanbio
{Nistelrode, The Netherlands); OKT17 from Ortho Diagnostic Systems {Raritan, NJ, USA); the 3A1 hybridoma
from the American Type Culture Collection {Rockville, MD, USA); TCRS1 and 4TCS1 were obtained from T
Cell Sciences {Cambridge, MA, USA). McAb BMAO31, Ti-yA and BB3 ware kindly provided by Dr. R. Kurrle
{Behring, Marburg, Germany), Dr. T. Hercend {(Villejuif, France), and Dr. L. Morsaita {Genova, italy],
respectively. Immunofluorescence stainings were performed as described and evaluated with Zeiss
fluorescence microscopes {Carl Zeiss, Oberkochen, Germany) and/or a FACScan flowcytometer (Becton

Dickinson) {42},

Southern blot analysls

DNA was isolated from frozen MNC as described previously {8,43). A 15 pg sample was digested with
the appropriate restriction enzymes (Pharmacia), size-fractionated in 0.7% agarose gels and transferred to
Nytran-13N nylon membranes (Schleicher and Schuell, Dassel, Germany) as dascribed (8,43}, The TcR-y gene
rearrangements were analyzed by use of the Vyl, Jy1.2, J¥1.3, J¥2.1 and Cy probes {14,158} in BamH!, Bgfil,
FeoRl and Kpnl digests. The configuration of the TcR-6 genes was analyzed by use of the V&1, V82, V&3,
D51, D33, Jo1, J62 and Cé probes (6,20,21,44,45) in BamHl, Bghl, FeoRl, Hindlll and Kpnl digests.



62 CHAPTER 2.4

PCR amplification analysis
PCR was essentially performed as described previously {43). A 0.1 pg sample of DNA, 25 pmol of the

5" and the 3 “ oligonucleotide primer and 1 unit of AmpliTag DNA polymerase (Perkin-Elmer Cetus, Norwalk,
CT, USA) were used in each PCR reaction. The ocligonucleotide primers are listed in Table 1. These
oligonucleotides were synthesized according to published TcR-8 gene sequences {6,22,46-48) and TcR-y gene
sequences {14,15,17,49) on a 381A DNA synthesizer {Applied Biosystems, Forster City, CA, USA) using the
solid-phase phosphotriester method. The PCR reaction mixture was incubated at 94°C for 3 min, at 556°C
for 2 min and at 72°C for 3 min in a thermal cycler {Perkin-Elmer Cetus). Following this initlal cycle,
denaturing, annealing and extension steps were performed for another 29 eycles at 34°C for 1 min, at 55°C
for 1 min and at 72°C for 3 min, respectively. After the last cycle an additional extension step of 72°C for
7 min was executed, Short V61-3°s < J§1-5 "aF PCR preducts were size-fractionated by 10% PAGE and
visualized by ethidium bromide staining.

Direct sequencing analysis
One pl of the original PCR product, 5 pmot of the limiting primer, 250 pmol of the opposite primer and

5 units of AmpliTag DNA polymerase {Perkin-Elmer Cetus} were used in each asymmetric PCR raaction of 500
pl. The reaction mixture was incubated for a total of 25 to 30 cycles with the above-described regular
temperature cycles. After the asymmetric amplification, the PCR product was precipitated twice in 50%
ethanol {plus 0.1 vol. 2 M NaAc, pH 5.6}, The dried pellet was resolved in 22 ;l H,0, half of which was used
in the sequence reaction. Fifty pmol sequence primer was used in each reaction {sequence primers are
indicated in Table 1}. The sequence reactions were performed with the T7-sequencing kit {(Pharmacia)

TABLE 1. Cligonucleotide primers for PCR and direct sequencing analysis of the TeR-y and TeR-6 genes.

Code? PCR/Saq® Sequence® Referencet

TcR:4 genes
V&1-5 “xBg PCR GASGATCTAGACTCARSCCCARTCATCAGTATCC 46
V§i-3°s PCR/Seq COOGTEGACGCCTTAACCATTTCAGCCTTAC 45
Vé2-B's PCR COUGTCGACCAMCAGTGCCTRTGTCAATAGG 47
Vé2-3°s Seq CEOGTCGACCTGECTATACTTAAGATACTTGE 47
V63-5°s PCR CGCGTCRACCAGALGRTSGCGAGTGEC 22
V63-3°s Seq CGCGTCGACTTGRTGATCTCTCCAGTAAGG 22
D&1-6°s PCR COCGTCBACTCCATGTTCAAATAGATATAGTATT G
Dé2-seq Seq CGGRTGRTGATGECAAMGTGCC
D§3-3 " xBg PCR/Seq GTAGATCTAGARATGGCACTTTTGCCCLTGCAS 48
J61-5 "BF PCR CACGGGATCCTTTTLCAAGRATGAS 46
J61-3 "X8Bg PCR GAABATCTAGACCTCTICOCAGGAGTCCTCL 46
Jb1-seq Seq CCTTASATGGAGGATGCCTTAACG 46
GREC-B “X PCR TGCTCTAGATCTICAAGGGTCGAGACTRTE 48
SREC-seq Seq ATGAMTTTATGARCACATGCTRAGG 48

TcR-y genes
Vyl-6 " Xig PCR GAAGATCTAGACAGGCCGACTGGATCATCTRE 14
Vyl-saq Seq BACTCCAGGATTGTGTTGGAATCA 14
Voll-5 “xag PCR GAAGATC TAGACAGCCCOCCTGRANTGTGTGG 49
Vyll-37s Seq {GCOTCGACCATTCACAMGGTAGAGARMCAGG 49
VyIV-5 “Xbg PCR CCTGAMAGATCTATITCTAGACCAGC 17
Vylv-3° Seq GGRAGGAAACAGAGGIASAGCG 17
Jy1.1/2.1-3 " XBg PCR/Seaq GAAGATCTAGACTTACCAGGTGAAGTTACTATAAGC 15
Jy1.2-3° PCR AACAAMACTIACCTATAATGATANGE 14
J¥1.3/2.3-3°X PCR CTAGICTAGACCGTATATGCACAAMGCCAGATC 49
J¥1.3/2.3-67 Seq PATGTIGTATTCTTCCRATACTTACC 49

. b and 3’ indicate the location of the oligonucleotide primer within the gene segment concerned.

b. Oligonucleotide primers used in PCR or sequence analysis are indicated PCR and Seq, respectively.

c. The underlined sequences represent the aspecific sequences of the oligonucleotide primers, which include or generate artificial
rastriction sites; RamHI (B}, Byl {Bgl, Fokl {F}, Saf (S} and Xbal {X).

d. Sequence information used to design the oligonucleotide primers was derived from tha indicated literature raferences, or from our

own sequence data in case of D§2-seq primer.

@
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following the manufactor's instructions using 36g radiolabeling, and run on a normal, denaturing 8%

polyacrylamide sequence gel.

All TeR-junctions were sequenced in both directions. Similar rearrangements on both alleles of one
patient {8.g. two V§1-J81 rearrangements or a Vyl-Jy1.3 plus Vyl-1y2.3 rearrangement) resulted in a mixed
PCR product as well as mixed sequences. In such cases, we unraveled the mixed sequences by matching
information about sequences read from opposite directions. This is based on the fact that a mixture of two
junctional region sequences, read from opposite directions, align in a different way if these junctional
sequences differ in size, or if they differ in trimming of nucleotides at the ends of the involved gene segmaents.
By taking advantage of this approach, cloning was unnecessary in all our patients, which included three
double V81-J61 rearrangements and five double Vyi-Jvy1.3/2.3 rearrangements.

RESULTS

Phenotype of the T-ALL

The T-ALL cells of patients JR, PB and JM expressed TcR-y§ {(McAb 11F2 and TCR§1)
and the associated CD3 molecule {Leu-4) on the cell membrans. Absence of staining with
McAb WT31 and BMAOG31 showed that they did not express a TcR-af. The three T-ALL
were positive for TdT and only one patient {JM} was positive for CD1 {66lIC7}. The three
patients differed in their CD4/CD8 phenotype. Patient JR demonstrated a CD4*/CD8"
phenotype, patient PBa CD4~/CD8* phenotype and patient JM a CD4 T /CD8 ™ phenotype.
All three T-ALL expressed V81 (§TCS1} and did not express Vy9 {Ti-yA) or Vé2 {BB3),
Detailed information concerning the marker analysis of these three patients and the other
ten TcR-yd 1 T-ALL is summarized in Table 2 and Reference 40, respectively.

TcR gene rearrangement studies by Southern blot analysis

TeR-y gene rearrangements in patients JR, PB and JM involved the Jy2.3 gene
sagment on four afleles and the Jy1.1 gene segment on one allele. The sixth TcR-y aliele
{patient PB} was deleted as consequence of an iso{7qg} chromosomal aberration {A.
Hagemeijer, personal communication), implying the loss of the complete p-arm of
chromosome 7, which contains the TcR-y gene (50,51). In patient JR a V¥IV (V4 11}-Jy2.3
rearrangement was detected, which was the only TcR-y rearrangement using a Vy gene
segment not derived from the V4l or Vvl gene families. Of the six rearranged TcR-5 genes
of patients JR, PB and JM, four rearrangements were V§1-J61, one was V§2-J§1 and one
V52-D583. All patients had at least one V31-J§1 rearrangement, which confirmed the V§1
expression in these patients as detected with the McAb 6TCS1. The TcR-y gene and TcR-é
gene configurations of patients JR, PB and JM are summarized in Table 2 and the
information concerning the other ten patients has been described previously {40].

PCR analysis of the size of the V51-J61 junctional regions

For the PCR analysis of the V§1-J51 junctional regions of the thirtesn T-ALL, the
junctions were amplified using the internal V4§1-3's and the internal J61-5 "BF primer. The
short PCR products of ~ 130 bp obtained were analyzed by 10% PAGE (Figure 1}. PAGE
revealad significant differences in size between the PCR products, which can only be
explained by differences in size of the junctional regions, The PCR products were between
~ 115 bp {patient EP} and ~ 155 bp {patient MA}, which implies that the V#1-J§1 junctional
regions of the T-ALL differed in size up to ~40 bp. PAGE also clearly showed the predicted
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TABLE 2. Immunciogic marker analysis and configuration of
TcR-y and TeR-5 genes in three TcR-y6¥ T-ALL?,

Patient JR PB JM
{Cell Sample) (BM} (PB) {PB}
mmunclogic markers?
TdT + + 69%
HLA-DR {L243]) - 18%-—
CcD1 {GENCT} - - +
CD2 {Leu-5b) + + +
cD3 {Leu-4} + + +
b4 {Leu-3A} 23% - +
CDb {Leu-1} + + +
CcD6 [OKT17} - + 17%
CD7  {3A1) + + +
cD8 {Leu-2A) - + 69%
ToR-o} {(WT31) - - NT
TcR-of8 (BMAO31} - - -
TcR-+86 (11F2) + + 60%
TcR-6 {TCR&1} + +
TeR-V gene e:«pres.«:ionb
V9 {Ti-yA) - - -
Va1 (6TCS1)
Vé2 (BB3) - - -
TcR-y gene configuration®
Jy1.1 gene segment pfo Vy3/pd pio
Jy1.2 gene segment p/o a/nd o/D
Jy1.3 gene segment pio G/nd B/
Jy2.1 gene segment o/D c/ot n/o

Jy2.3 gene segment  Vyd/Vy11 Gfod Vydivy8

TeR-§ gene configuration®

D&3 gene segment /o D/D Vé2/D
J&1 gane segment VitV Vat/ve2 GAE1
J62 gene segment G/G G/G G/G
J83 gene segment G/G GlG G/G
Cé gene segment G/G G/G G/G

a. Detailed information zbout the other ten TcR-yé* T-ALL has been published
pravisusly (40). Abbraviations used in this tabla; P8, peripheral blood: BM,
bone marrew; NT, nat tested,

b. Immunclogic marker analysis: +, = 76% of the celis are positive; —, =15% of
tha cells are positive; percentages positivity between 16% and 756% are
indicated.

¢. Southern blot analysis: Interpretation of the results using the five described
TcR-y probes and the elght described TcR-8 probes. G, gene segment in
germlire configuration; [, delatien of the in volved gene segment.

d. Daletion of this TeR-y allele was caused by an i(7q) chromosomal aberration (A,
Hagameijer, personal communication).

double V&1-J51 rearrangements in patients HZ and MA, but not in patient JR {Figure 1}.
This indicated that the difference in the sizes of the V§1-J41 junctional regions of patient
JR was maximally one or two nucleotides. The estimated differences in size of the V41-J81
junctional regions in patient HZ was ~8 bp and in patient MA ~35 bp.
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58 -¥F 528552502 ¢ Figure 1. PAGE analysis of short V&1-J1
EEEYE CEEEEEEEE £ PCR products of the thirteen TeR-ys* T-
22222222232 2: 3232 0o ALL. The PCR-mediated amplification of
bp T ALELELE LRI ELELEECEER S b the V§1-J51 rearrangements was

performed using the V61-3 “Sand the Ji1-
5 “Broligonucleotide primers {Table 1). The
PCR products of the double WV&§1-J5t
reasrangements in patients HZ and MA are
clearly visible. In pationt JR the two PCR
products show as one band as a result of
co-migration {see textl. Using the
molecular mass markers, the size of the
PCR products, indicative for tha relative
—115 size of the junctional regions, could be
measured, The PCR products waers
between ~ 115 bp {patient EP} and ~ 1656
bp (patient MA}.

— 156

TeR-y junctional region sequences

Direct sequencing of the TcR-y gene PCR products revealed the junctional region
sequences of ail TcR-y rearrangements. Table 3 shows the actual sequences of the TeR-y
junctional regions and Table 5 summarizes the characteristics of the junctional regions in
the TcR-yé ™ T-ALL. From these data it was possible to deduce which of the two rearranged
TcR-y alleles in each patient was in-frame and therefore coding for the expressed TcR-y
protein {Table 6). In only one T-ALL {patient JB) the junctional regions of both rearranged
TcR-y genes appeared to be in-frame. Sequence analysis of large parts of the involved Vy
and Jy gene segments in this patient did not uncover any mutations leading to a stopcodon.
Therefore we could not discriminate between the functional and non-functional allele in
patient JB. ,

The sizes of the junctional regions differed from O {patient MA) to maximally 25
nucleotides {patient JM) with an average of 8.0 nucleotides. Only two out of 24
rearrangements did not have any randomly inserted N-region nucleotides, i.e. Vy8-Jy2.3
in patient MA and Vy2-Jy1.3 in patient JB. The latter junctional region consisted of only
one P-region nucleotide. Because Dy gene segments do not exist, the TcR-vy junctional
region can only be composed of N-region and P-region nucleotides. However, hardly any
P-region nucleotides were found {5 In total), because extensive trimming at the ends of the
V and J gene segments had occurred in most cases. Trimming resulted in deletion of 1 to
27 nucleotides {average B.7 nucleotides) per junction. Total trimming of the Jy gene
segments {131 deleted nucleotides} was almost twice as much as in case of the Vy gene
segments (77 deleted nucleotides}. There were only five complete Vy and three complete
Jy gene segments (i.e. without trimming). Remarkably, all three rearranged V9 gene
segments experienced no trimming {Table 3}.

TcR-4 junctional region sequences

The TcR-§ junctional region sequences of all TcR-8 rearrangements in the thirteen
TcR-v8t T-ALL are shown in Table 4 (Figure 2). Table 5 summarizes the characteristics of
the TeR-4 junctional regions. All patients had only one in-frame TcR-& gene rearrangement.
in all thirteen T-ALL this functional rearrangement was a V§1-J31 rearrangement (Table 6.
Patient HZ appeared to have two in-frame V§1-J61 rearrangements, but one was non-
functional due to a generated TAA stopcodon in the junctional region. Two stopcodons
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TABLE 3. Junctional reglon sequences of TcR-y rearrangemeants in thirteen TcR-y8T T-ALL2,

i
V¥2 e CG. .
V3 i C...
Vad i G.. N reglon Jrl.iz.u
Vb e veeelGCL., e CCLC G T Jyti
Patient V48 ACTGTGCCACCIGGGATAGS ATAGTAGTGATTGGATCAAG Jy2.1
8P Vy2  ACTGTGCCACCTGGOACG CGGAG TEGTTCARG  Jyl.1
J8 V2 ACTGIGCCACCTIGGEAC T GTTCAAG Jyla
WC Vy3 ACTGTGCCACCTGGGAC TICG GTGATTGGATCAAG Jy2.1
PB V43 ACTGTGCCACCIGG T CTGGTTGGTTCARG Jyla
Ji1.372,3
.................... Jr1.3
GAATTATTATARGARACTCT Jy2.3
PEER V8 ACTGTGCCACCTGG ARGG ATTATTATAAGAAACTCT Jy2l
[8]8] Vyb ACTGTGCCACCT CTITTTA T Jy1.3
Al Vy2  ACTGTGCCACCTGGGACG CACCTACTC TARGARACTCT  Jy2.3
HZ V3 ACTGTGCCACCTGGGACAGS TCCATT ATTATTATAAGARAACTCT Jy2.3
Hz Vy4  ACTGTGCCACCTGGGATG AGGCCCCCCACACCA ATAAGRARCTCT Jy2.3
AV Vy3 ACTGTGCCACCTGEE cceg GRATTATTATAAGAAACTCT Jy2.3
BP V4 ACTGTGCCACCTGGG CGTCOCCTARAR TAtaaGARACTCT  Jy2.3
JB V¥2  ACTGTGCCACCIGGE c GAATTATTATAAGAAACTCT  Jy1.3
EP V48  ACTGTGCCACCTIGGGA CTCAGGCCCGEG TARGRRACTCT  Jy2.3
EP Vy8  ACTGTGCCACCTGGGA AARGAGGCTARCAGGGTTT TTATTALaaGAARRCTCT  Jy2.3
MA V4B  ACTGIGCCACCTGGEA CTTCCGAGT AATTATTATAAGAAACTCT  Jy2.3
Ma V48 ACTGTGCCACCTGGGA TTATTATAAGARACTCT Jy2.3
SA V¥3  ACTGTGCCACCTGGGACG AATGTA ATARGAAACTCT Jy2.3
SA V8  ACTGTGCCACCTGGGATA ccee ATTAtaaGAAACTCT  Jy2.3
JR V4 ACTGTGCCACCTGGGATGGG ACTACAACTA ATTATARGRRACTCT  Jy2.3
JM Vod ACTGTGCC TCTGAACARTCCAARCAAGACCACG GARTTATTATARGARACTCT Jy2.3
JM V8 ACTGTGCCACCTGGGAT GEA AATTATTATAAGAAACTCT Jy2.3
VAl
V40 ACTGTGCCTIGIGEEAGETG
PEER V9 ACTGTGCCTT CCGECCCG ARGABACTCT Jy2.3
oD VyS ACTGIGCCTTGTGGGAGGTG TGT AATTATTATAAGAAACTCT Jyl1.3
1J V9 ACTGTGCCTIGTGEGAGETE CAATCTGGACCCAGGATTATTAAG AAGAAACTCT Jv1.3
AV Va2 ACTGTECCTTGTGGEAGGTG CTC TTATTAtaaGAAACTCT Jy2.3
ViV
Vyl1l GTGCCTGCTGGATTAGGCAC
JR Vy11l  GTGCCTGCTGGATTAGGCA ARGGCCTCT AARTTATTATAAGAARACTCT Jy2.3

a. Sequences of the junctional regions are aligned with the known {here underlined) Vy and Jy germline sequences {14,15,17,48}
Undedined nucleotides at the end of N-region represent P-region nucleotides. Identification P-regton nucleotides is described in the
Intraduction {35). Sequences in lower case characters (taa) are stopcondens when read in the correct reading frame, Charactaristics

of tha sequences are summarized in Tabls 5.
b. The TcR-y gene rearrangemant in patient WC has previously been described erroneously as V3-Jy1,1 on the basis of Southern biot

analysis (40, This misinterpratation was caused by a high percentage (--40%} of nen-leukemiz catls,

{TAA, TAG} were also found in the junctional region of the out-of-frame Vé1-J§1
rearrangement in patient MA.

The TcR-6 junctional regions varied from 5 to 47 nucleotides {average 25.8
nucleotides). Calculation of the relative sizes of the V§1-J61 junctional regions (insertion
minus deletion by trimming), revealed a maximum difference of 39 nucleotides, which was
in line with the results of the PAGE analysis. By analogy, the differences of the double
V31-J81 rearrangements could be calculated: eight nucleotides in patients HZ, 33
nuclectides in patient MA, and one nucieotide in patient JR, confirming the results of the
PAGE analysis. Only one junctional region {V§1-J51 in patient EP) consisted solely of two
P-region and three D§3 gene nucleotides. All other junctions contained N-region and Dé
gene nucleotides, except for the V62-J81 rearrangement in patient JB, which did not



TABLE 4. Junctional region sequences of T¢R-5 rearrangements in thirteen ToR-v3 T T-ALL?.

Patient Vi1 N1 D& N2 Ds2 N3 D53 N4 Jét
TCTTGGEGAALT GALATAGT CCTTCCTAL ACTGGGEGGATACG ACACCGATREAAC
PEER TCTTGGE ACGGGGGTGA. GGGGA CTCCAGG ACACCGATADAC
DD TCTTGGGGAR B CTTC AACCC GGGEA CCETTCATRCCARC/
CACCCTCTACGGEEE CACCGATARAC
IJ TCTTGEGGAACT —(GAR T ATTGTAC GGGEGEG CGATARAC
HZ TCTTGEEGEARCT ATTCGGTC CCTAC GGAta ACTGEGEEGATACG TGTGGAGTA ACACCGATADAC
HZ TCTTGEGEGEARC CTGTIGGEGE TaG GGTCTCGCCCET ACTGCGGE TCTT CACCGATARDC
AV TCTTGGGGA T BAR ce TCC CCGGCCAGAGAGCT ACTGGG ACGATGGEGC CCGATARAC
BPR TCTTEGE AMCGECARG CCTTCC CCRAAATTT ACTGGEGE TCCTT ACACCGATARAC
JB TCTTGGGEARALCT AAR GAGGG TGGGEGGE CCCCGT ACACCGATARDLD
EP TCTTGGEEARCT ACE GT ACACCGATAMALC
MA TCTTGGGEGA TCAARGGAG GAA Gan CTE aaTGGECC GGGGG GGGTAtagTCGGCTGGAR ACACCGATARAC
MA TCTIGEEGA GGGATAL TTCCCCG ACACCGATAAMC
SA TCTTGGGGA CCTT ATCTCTCATACAR ACTGGGGGATACG CGGETG AAC
WC TCTTGGEEGE GCAA CTTCCTAC GATC SGGGEATA GRAGCGGA CGATAAMC
JR TCTTGEGGAA TGGAG TAGT TTCC CCTTGG CTGGG ARGGGTARG AC
JR TCTTGEGGAN GGAGSE TCC G ACTGGEGEEATAC TGAGGT TAMAC
PB TCTTGEEGARLCT cce AGT G CTGGEGEA CTTGT ACACCGATARALD
JM TCTTGGGE CCARCC CCTAC TGA TGGGGEGA GCGT ACACCGATARAC
Va2
GCCTGTGACACC
JB GCCTGTG TGTGET ACACCGATARAC
PB GCCTGTG TTACTA crTe TTCTT CTGEGCEAT TGAG CCGAtaanl
JM GCCTGTGAC o4 AGT [slad TCCT T ACTGGEGEGEATACG
Va3
CTGTGCCTTTAG b
SA CTETGECCT AT&EAACCTTATTTG T™reetr ACTGGEGEGA CCAT CGAtaanlC
SREC
CTETGAGGAGCC
BP CTGTGAGGAGCC GG ACG CCCCCCCGCGACAGA ACACCGATADAC
D82
dCATTETGCOTTCCTAC
DD CATTGETG ARTCC LCG AT ACACCGATARAC
1J CATTG GGCCATCE GGGGGAT TGAAGCT ACACCGATAMRC
AV caT GCCTTTGEAT TGGEGGATACG GC e
WC CATTETGCCTTCCTAC GTCTT ACTGGGGGATAC AAAT AAC

a. Sequences of the junctional regions are aligned with the know [here underlined) V§, 03 and J51 germiine sequences (B,22,46-48), Only if at least three successive nucleotides corresponded with a DS germline sequenca
were the nuclectides assumed to bo derived from the involved D5 gena segment. N-reglons are indicated atthe top (N) but it was not peesible to appoint saquences te a cartain N-region it no intermediate DS nucleotides
were present. Undarlined nuciaotides at the ands of the N-reglons represent P-region nucleotides. Identification of Pregien nuclootides is deseribed In the Introduction (35}, Horizental arrows (=} indigata the generated
FeoRl restriction site in the V31-J31 junctional region of patient 1J (40). Sequances In small characters (tan and tag) are stopcodons whan raad in the correet reading frama, Characteristics of the sequences are summarized

in Takle 5,

T

o. The J31 gena segmant of the DE2-J81 rearrangement of patient AV had lost 16 bp due to trimming during the rearrangoment avent.

Although the 533 sequence of the VE3-081 rearrangemant of patient SA could bo aligned with the D§1 germling sequence, Southern blot data showed that D31 was mot used in this rearrangement,
The CATTGTG sequence at the 6 site of the Dé2 sequence represents the haptamer recognition sequence (6).

VL QA1 i Ausianip jeuopounf saisusx3

L9



TABLE 5. Characteristics of the junctional regions of TcR-y and TcR-3 rearrangements in thirteen TeR-yé+ T-ALL.

TcR-y junctional region® TcR-§ junctional region®
. In®  Junctional®  N-region® P.rogion’ Deleted? In®  Junctional® D3 ganeh Nerogion® P-region' Deleted?
Patient Rearrangement frame nucleotides  nucleotides  nucleotides  nucleotides Rearrangement frame  nuclectides nucleotides nuclootides  nucloctides  nuclectides
DD Vy8-dy1.3 4+ 3 3 0 1 V51-J81 + 44 g 35 0 3
VyS-dyl.3 - 6 & ) 27 D32-J51 0 10 3 6 1 8
1J Vay8-Jy1.3 + 24 22 2 10 V&1-J81 + 18 11 7 0 4
Vy2-Jv2.3 - 9 9 0 11 D32-Ja1 ] 21 7 12 2 11
MZ Vyd-Jy2.3 + i5 15 0 10 V&1-Jé1 + 34 11 21 2 2
Vy3-Jv2.3 - 8 6 0 2 V§1-J61 - 40 18 20 2 o]
AV Vr3-Jy2.3 + 4 3 1 5 Vé1-J61 + 38 12 25 1 6
Vy9-Jy2.3 ~ 3 2 1 3 D&2-J81 0 23 11 12 0 238
BP Viy2-dy1.1 + 5 5 0 13 Vé1-Jo1 -+ 37 14 20 3 5
Vol Jy 2,3 - 12 12 0 12 SREC-JO1 0 20 3 14 3 0
JB Vo2-dy1.1 + 2 2 o] 16 V51-J81 + 20 9 9 2 o]
Vay2-J41.3 + I; o] 1 5 V82-J81 - 5 o} 3 2 5
EP Vy8-Jvy2.3 + 12 12 o] 13 V1-J31 + 5 3 o 2 Q
V48-J42.3 - 19 19 o] 7 Deleted
MA  VyB-Jy2.3 + o] 4] o] 7 V&1-Jd1 + 14 7 7 o] 3
Vy8-Jy2.3 - 9 9 6] 5 V&1-Jé1 ! 47 11 36 9] 3
SA Vy3-Jy2.3 + 6 & 0 10 V§1-J81 + 35 17 16 2 12
Vo8-Jy2.3 - 4 4 o] 7 V83-J81 - 32 14 18 0 8
WC  Vy3-Jy2.1 + 3 4 0 9 V61-J81 + 31 15 15 1 g
Germline Dé2-J81 o] 21 12 [} 3 g
JR Vyd-Jq2.3 + 10 10 0 5 V§1-J81 + 29 15 13 1 9
Vyi1-Jy2.3 - 9 9 o] 2 V&1-J81 - 33 13 20 o] 12
PB V3-Jy1.1 “+ 1 1 0 12 Va1-J31 + 20 11 7 2 o]
Deleted Vé2-J51 - 28 13 15 o 8
JM Vy8-Jy2.3 + 3 3 0 4 Vé1-Ja1 + 25 12 1 2 5
Vy4-Jy2.3 - 25 25 o] 12 V§2-D83 0 11 7 3 1 3
Average no. of nucleotides
per roarranged alleic 8.0 7.8 0.2 8.7 25.6 10.3 14.0 1.3 6.2

. Tho actual sequences of the TcRey junctional regions are described in Table 3,

. The actual sequences of the TcR-5 junctional regions are described in Table 4,

+, in-frame rearrangement; —, out-cf-frame rearrangement; 0, incomplete rearrangement.

. Junctional region nucleotides: sum of {06 gene,} Nregion and Pregion nucleotides.

. N-region nuclkeotides: random inserted nucleotides of all N-regions.

P.region nucleotides: nuclectidas recognized as fulfilling the conditions for P-regions as described in the Introcuction {35).

. Deleted nucleetides: total loss of nuclectides per junctional regions as caused by trimming at 5 and 3° sides of the rearranging V and J gene segments,

. D gene nucleotides: nucleotides which align with a Dé gene segment. Rules for alignment are described in the Introduction,

This V81-J§1 rearrangement appeared to be in-framo with respect to the number of insertod and deloted nucleotides but was actually out-of-frame due to the generation of 3 TAA stopcodon
in the junctional region (Table 4},

mForocoanow
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Junctional region

Patient DD Patient JB Patient-1J Patient ER
il .
©
rl
P
©
=
G A T C G AT C G AT C G AT C

Figure 2. Direct sequence analysis of the V&1-J61 junctional region PCR products of patients DD, JB, 14 and
£P using the V&1-3 's sequence primer {Table 1}, The V1 region, the junctional regions and the J&1 region
are indicated {cf. Table 4}). The genarated EcoRl site {GAATTC) in the junctional region of patient IJ is
indicated by asterisks. The G-A-T-C sequence radiographs should be read from 5 ° (bettom) to 3 {topl}.

contain any D& gene nucleotides. Dé1, Dé2 and D63 gene segment derived nucleotides
were found in 8, 18 and 24 of the 25 TcR-5 gene rearrangements, respectively. One, two
or three P-region nucleotides were found in 17 out of 25 rearrangements. As for the
distribution of the junctional region nucleotides: 40% were D& gene, 55% N-region and 5%
P-region derived nuclectides.

Trimming of the ends of the involved Vé gene segments {50 deleted nucleotides) and
J& gene segments {71 deleted nucleotides} was less extensive than in the TcR-y gene
rearrangements and resulted in deletion of O to 29 nucieotides (average 6.2 nucleotides)
per junction. Six Vé and twelve J61 gene segments were complete {i.e. without trimming).
Trimming of the D4 gene segments did occur, but it was difficult to determine the degree
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TABLE 6. Expressed TcR-y6 in TRy T-ALL®,

Disulfide
Patient TeR-y chain TeR-4 chain bond
DD Va48-Jy1.3-Cy1 V61-J61-Cé +
I Vy9-Jy1.3-Cyt VE1-J61-C8 +
HZ Voyd-Jy2.3-Cy2 V§1-J61-Cs -
AV Vy3-Jv2.3-Cy2 V&1-J81-C8 -
BP Viy2-J91.1-CH1 V51-J51-Cs +
JB Vy2-dy1.2-Cy1®  VB1-J51-Ca +
EP Vy8-Jy2.3-Cy2 V§1-J51-Cé -
MA VyB-Jy2.3-Cy2 V§1-461-Cs -
SA Vy3-Jv2.3-Cy2 V51-351-Cé -
WC Vy3-Jy2,1-Cy2 Vé1-J51-Cé -
JR Vyd-dy2.3-Cy2  V51-J51-Ch -
PB Vy3-Jy1.1-CHi V1-J51-C +
JM Vy8-Jv2.3-Cy2 Vé1-J61-Cé -

a. Expression of rearmanged genes is based on McAb stainfngs with Ti-yA (V48)
and 4TCS1 {V41), as well as sequence data of the junctionat regions.

b. The junctienal regions of both Vy2-Jy1.1 and Vy2-J41.3 searrangements of
patient JB were in frama,

of trimming, due 1o the fact that extensive trimming will delete the whole D8 gene segment,
as occurred to the D62 gene segments in the Dé2-J61 rearrangements of patients DD, |J
and AV. Finally, the generated EcoRI restriction site in the V§1-J61 rearrangement of
patient IJ, as predicted by Southern biot and PCR analysis in Reference 40, was found in
ths junctional region and was a result of joining of a 3 "-trimmed D&% gene segment to a
5 “-trimmed D§2 gene segment (Figure 2).

Expressed TeR-y and TcR-6 genes
The combined immunofluorescence and sequence data allowed us to deduce which

TcR-y and TeR-6 genes encoded for the expressed TcR-y and TcR-3 protein chains in all
TeR-yst T-ALL (Table 6). Only in patient JB was it not possible to determine which TeR-y
gene was expressed, becauss both rearranged TcR-y genes appeared to be in-frame, i.e.
V~2 rearranged either to a Jy1.1 or a J¥1.3 gene segment {Table 6}, The expressed ToR-y
gene generally consisted of a V! variable region (11/13), a J¥2.3 joining region {7/13} and
a Cy2 constant region (8/13). No other Vy gene family was used except for Vyli {Vy9) in
two patients. Interestingly, Vy2 and Vy9 genes were only used in combination with
Jy1-Cy1 gene segments, whereas Vy4, Vy8 and three out of four Vy3 genes were used in
combination with Jy2-Cy2 gene segments, suggesting a preferential Vy gene usage in
TcR-y1 and TeR-y2 derived receptors, The expression of the TeR-8 chain was uniform,
since all thirteen T-ALL expressed a V§1-D8-J61-Cd protein chain.

DISCUSSION

A group of thirteen TcR-yé* T-ALL was analyzed phenotypically and genotypically in
this study and in a previously described study {40). The TcR-y6% T-ALL had a
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heterogeneous CD4/CD8 phenotype, since all possible combinations of CD4 and CD8
expression were found in our series of TcR-y8% T-ALL, with a preference for the
CD41/CD8 ™ phenotype in eight out of thirteen T-ALL. Also the CD1 antigen was expressed
heterogeneously (seven out of thirteen) in contrast to TdT expression, which was observed
in all T-ALL.

The expressed TcR-y protein chains as determined by combined Southern blot and PCR
analysis showed a preference for Vyl (11/13), Jy2.3 {7/13} and Cy2 (8/13) usage.
Expressed V2 and Vy9 genes were only observed in combination with Jy1-Cy1 gene
segments, whereas expressed Vy4, Vy8 and most Vy3 genes were observedin combination
with Jy2-Cy2 genes (Table 6). This suggests that, in TcR-y6% T-ALL, particular Vy genes
are preferentiaily used in TcR-y1 or TcR-y2 derived receptors, i.e. in disulfide-linked or non-
disulfide-linked TcR-yd receptors (25,27,32). The preferential usage of particular TcR-y gene
segments was not as explicit as the preferential TcR-6 gene usage, since ali thirteen T-ALL
expressed a V31-J81-Cé protein chain. Although there was no selection in our series of
thirteen TeR-y8 ' T-ALL patients, it is paculiar that they all expressed a V81-J81-C§ chain,
since in the literature non-V§1 expressing TcR-vé* T-ALL are also described {52).

The combinatorial diversity of normal TeR-y6" cells is limited by the rsstricted
combinatorial repertoire and by preferential rearrangements. This limited combinatorial
diversity isreflected by the preferential expression of a Vy9-Jy1.2-Cy1 chain disulfide-linked
to a V42-J81-Cé chain by ~85% of the TcR-y61 T-lymphocytes in normal PB {25-28).
However, our T-ALL did not express the V49/V§2 receptor, but predominantly expressed
a Vyl-Jy2.3-C42 chain non-disulfide-linked to a V41-J81-Cé chain. This TcR phenotype
resembles that of the majority of TeR-y3 T thymocytes {268-28). This, together with the TdT
expression indicates that the TeR-y81 T-ALL most probably have a thymic origin.

In sharp contrast to the limited combinatorial diversity are the extensive TeR-y and
TcR-§ junctional diversities, generated by insertion of N-region, P-region and/or D§ gene
derived nucleotides as well as by deletion of nuclectides by trimming (8,7,23,35-39). In the
TcR-v junctional regions insertion varied from 0 to 25 nuclectides {average 8.0 nucleotides)
and deletion from 1 to 27 nucleotides {average 8.7 nucleotides) per junction. This resulted
in TeR-y junctional regions with a great diversity, but this diversity was still limited as
compared to that of the TcR-é genes, The nucleotide insertions and deletions in the TcR-6
genes varied from 5 to 47 nucleotides (average 25.6 nuclectides} and 0 to 29 nucleotides
{average 6.2 nucleotides) per junctional region, respectively,

In general, the N-region nucleotides were the most prominent element in the junctional
diversity. They constituted 97% of the TcR-y and 55% of the TcR-6é junctional regions. In
TcR-6 genes the D§-gene-derived nucleotides comprised 40% of the junctional regions but,
hecause of their template-dependent nature, the impact on the junctional diversity was less
than that of the randomly inserted N-region nucleotides. This also applies to the P-region
nucleotides, which contribution to diversity was further diminished by the fact that they
contributed only 3 and 5% of the T¢R-y and TcR-é junctional regions, respectively,
Although deletion of nucleotides does not induce the same effect on the junctional diversity
as insertion of nuclectides, trimming also contributes substantially to the total junctional
diversity. For instance, on average there were more nucleotides deleted (average 8.7
nucleotides) than inserted {average 8.0 nucleotides} in the TcR-y junctions. Trimming in
TeR-é junctions {average 6.2 nuclectides} was less profound than in TeR-v junctions, but
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this was fully compensated by the extra diversity of D& gene usage. Noticeable, trimming
of both V- and V§ gene segments never affected the conserved TGT triplet, which codes
for the cysteine residue that is involved in the intrachain disulfide bond of the V domain
{14,47,49). However, incomplete D82-J§1 rearrangements may be caused by extensive
trimming which affects the 5° heptamer recognition sequence {patients |J and HZ) (8],
thereby preventing further V§ to D62-J61 rearrangement,

Recently, new methods have been described to detect minimal residual disease (MRD)
in iymphoid malignancies utilizing PCR-mediated amplification of the junctional regions of
rearranged Immunoglobulin {Ig) or TR genes of lsukemic cells (53-59). This is based on the
fact that junctional regions of rearranged Ig or TeR genes vary enormously. This implies that
the junctional regions are different in each lymphocyte or clone of lymphocytes. it is
therefore assumed that junctional regions of rearranged lg and TcR genes in lymphoid
malignancies can be regarded as ‘tumor-specific’ markers. The limited combinatorial
diversity of the TcR-y and TcR-6 genes allows simple determination of the rearranged gene
segments by Southern blot analysis, which is useful for choosing the correct primers for
the MRD-PCR analysis (8,16-18,60,61). However, one should be aware that the restriction
patterns in Southern blot analysis can be disturbed by generation of restriction sites in the
junctional region, like the EcoRl site in the Vé1-J§1 rearrangement in patient |J (40},
Furthermorae it is evident that the TcR-§ junctional regions, because of their size, are more
accessible for the design of aleukemia-specific oligonucieotide probe than the smaller TcR-y
junctional regions. In our series of TcR-ydT T-ALL, only two TeR-y rearrangements,
compared with nineteen TcR-6 rearrangements, contained at least twenty nucleotides.
Consequently, PCR-mediated detection of MRD via TcR-6 junctional regions will be
applicable in a larger proportion of the leukemia patients than via TcR-y. Furthermore, in
many patients a TcR-§ junctional region probe will have a higher specificity due to the larger
size of the junctional region {average > 25 nucleotides}, which will lead to lower detection
limits of the MRD-PCR analysis.
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ABSTRACT

Human peripheral v6 T-lymphocytes are characterized by the preferential expression
of a TcR consisting of a V§2-J61-C§ chain and a Vy9-Jy1.2-Cy1 chain, which are virtually
absent on thymocytes. Here we report the identification of a unique selection determinant
that is located in the polyclonal V§2-J61 junctional regions of peripheral 46 T-lymphocytes.
The selection determinant was discovered by the presence of an invariant T nucleotide at
the relative second position of the V2-J§1 junctional regions of peripheral polycional vé
T-lymphocytes, Comparison of published sequences from peripheral 4§ T-lymphocytes
confirmed the presence of this invariant T nucleotide {90%]) in healthy. individuals and In
patients with various diseases. Transfation of the relative first codon of the V62-J61
junctional regions revealed strikingly high frequencies of the homologous hydrophobic
amino acids leucine (46%], valine {35%), and isoleucine (5%] at this position, The invariant
T nucleotide was absent in polyclonal thymocytes and out-of-frame V§2-J§1 junctional
regions, which proves that selection occurred at the protein level and not at the genomic
tevel. No selection determinant could be identified in V49-Jy1.2 junctional regions, but the
frequently occurring invariable, so-called canonical junctional region provided svidence for
biased recombination processes. Although the obtained data do not allow discrimination
between thymic selection and/or peripheral antigen-driven expansion, the identification of
a strong selection determinant consisting of only one amino acid at a fixed position in V§2-
J81 junctional regions of virtually all peripheral polyclonal V82/V~9 T-lymphocytes provides
a new perception of TcR specificity and selection processes at the TcR protein level.

INTRODUCTION

TcR motecules obtain their enormous antigen recognizing diversity by recombination
of V, D, and J gene segments of the TeR-o, TeR-5, and TcR-y, TcR-6 gene complexes (1).
In addition to this combinatorial diversity, TcR have an extensive junctional diversity caused
by deletion and random insertion of nucleotides {N-regions) at the V-{D)-J junctional regions

" published in: J Immunol 1994:152:2860-2864,
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during the recombination processes {1,2). However, in humans the majority of the vé PB
T-lymphocytes express a TeR consisting of a V82-J81-Cé chain and a Vy8-Jy1.2.Cy1 chain
{3-6}. In contrast to their limited combinatorial diversity, these v§ T-cells have an extensive
junctional diversity {7.8). The function of the Vé2/Vy9 T-lymphocytes and the nature of
their selection are poorly understood, although it is assumed that selection by peripheral
expansion plays an important role, because this V§2-Vy8 TcR is almost absent on CD3¥
thymocytes {9-11). In experiments to study clonality of a TcR-yé* T-lymphocytosis in a
patient with granulocytopenia by use of PCR analysis and subsequent direct sequencing of
the V62-J81 and Vy9-Jy1.2 junctional regions (12}, we discovered an invariant T nucleotide
in the polyclonal V62-J81 junctional regions of PB MNC from a healthy control. This
observation lead to the identification of a unique selection determinant that is located in the
polycional V§2-J81 junctional regions of human peripheral v T-lymphocytes. In this study
we investigated whether this selection determinant originates from biased recombination
processes at the DNA level or from selection at the TcR protein level.

MATERIALS AND METHODS

Cell samples
MNCs were isolated from PB of ten healthy volunteers by Ficoll-Paque {density 1.077 g/ml; Pharmacia,

Uppsala, Sweden) density centrifugation, Thymocytes were obtained from thymus samples of ten children
undergoing cardiac surgery. The thymic samples were minced with scissors in RPMI 1640 medium containing
10% fetal calf serum and were flushed through a nylon gauze filter with 100 um openings. Alf human cell
samples wera obtained with the approval of the Committee of Medical Ethics of the Erasmus
University/University Hospital Dijkzigt, Rotterdam, The Netherlands.

DNA and BNA isolation

DNA was isolated from PB-MNC and thymocytes as describad previously (13,14). RNA was isolated
using the method as described by Chromezinski and Sacchi {15). cDNA was obtained by RT of a 1.0 ug RNA
sample using Superscript reverse transcriptase (Gibco-BRL, Berlin, Germany} for 30 min at 37°. The
oligonucleotide primer used for the RT reaction was C8-3°s (cgcgtegACTTCAAAGTCAGTGGAGTGCAC).

PCR-sequencing analysis

PCR and direct sequencing analyses wers performed as described previously {16). A 1.0 ug sample of
DNA or a 1/8 of the RT reaction product was used in the initial PCR reaction. The oligonucleotide primers
used for the initial PCR reaction were Vé2-5 "5 {17} and C§-5 'S {cgegtcgACCAGACAAGCGACATTTGTITCC)
for amplifying cDNA, or V62-6 s and J81-3 "xBg, or Vyil-6 “XBg and Jy1.2-3° for amplifying DNA {17}, For
the asymmetric PCR reaction, oligonucleotide primers V62-5 “s and J81-5 "BF or Vyil-6 “XBgand Jy1,2-3 " were
used {17). Direct sequence reactions wers performed with the sequence primers Vé2-3°s, J31-6 “8F , or

Vall-3°s (17).

RESULTS AND DISCUSSION

Vé2-J81 junctional regions
PCR and subsequent sequencing analysis performed on V§2-J81 junctional regions of

polyclonal PB-MNC from ten healthy individuals showed in all experiments an invariant T
nucleotide in the otherwise random junctional regions {Figure 1A). There was no significant
difference between analyses performed on DNA or cDNA. This curious finding prompied
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us to check the available literature for this invariant T nucleotide in the sequences of
V&2-481 junctional regions. For this purpose we evaluated over 300 published V§2-J41
junctional regions derived from peripheral T-lymphocytes of healthy individuals and patients
{7.8,18-22} {Figure 2}. Indeed, 890% of the in-frame junctional regions contained the
invariant T nucleotide at the relative second nucleotide position of the junctional region
{Table 1}. There was also a slight preference in the relative first junctional region nucleotide
position for C {38%) and G {40%) nucleotides. In the relative third nucleotide position, only
a preference for G nucleotides {42%) was found (Table 1}. All these observations were on
average equal between individuals regardless of the "peripheral” cell source, e.g. PB-MNC
of normal individuals (7,8,19,20), PB-MNC of sarcoidosis patients {8}, mycobacterium-
stimulated T-cells (19,20,22), or bronchoalveolar lymphocytes (22},

We assumed that the preferential occurrence of specific nucleotides in the V§2-Jé1
junctional regions is caused by selection at the protein level rather than by biased
recombination processes. To prove protein selection, PCR-sequencing experiments were
performed using polyclonal thymocytes. The far majority (> 989%) of thymocytes are CD3™
or TeR-af™ (9,23) and therefore most V§2-Ji1 rearrangements in these cells are not
expressed and thus unselected at the protein level. In PCR-sequencing analysis of
polyclonal thymocytes derived from ten different thymi we did not find the invariant T
nucleotide at DNA or cDNA fevel (Figure 1B). Also, in T-ALL, which is presumed to originate
from cortical thymocytes, the invariant T nucleotide was not present (Figure 2} {17). Finally,
the published out-of-frame V62-441 junctional region sequences {n =786} (8,19-22} also did
not contain the invariant T nuclfeotide (Figure 2 and Table 1}. This proves that the presence

Véz junctional region J&1 V82  Junctional region  J&1
germline sequence TGTBACACC ACACCGATAAA CACDT TDELI
Inframa PB T-lymphocytes + %
PT1 TGTGACACCG TTACTGGGGGACCCGT AGACCGATAAA CACDT  LLGDPY IDKLI
P12 TGTGAG COCGTACTGCCCGTCC GCGATAAA CaCh  PYLPVP DKL
PT3 TGTGAGA ACCTGCTGGRGGATACATATG ACACCGATAAA CACD  NLLGDTYD TOKLIT
PTS TGTGAC CTACTGGGGGATACG ACCGATAAA CACD LLGDT TDKL1
P17 TGTGACACC TTATCTCGGGGATACGAGGGTCEG ACCGATAAA CACDT  LSGGYEGR  TDKLI
inframe TALL v v
RB TGTGACACC GGCCAAGTGGGGATACCCCCATT CACCGATAAA CACDT GOQVGIPPF TDKLI
RH TGTGACACC TCTGGGGGATGTAGG -9 CACDT  SGGCR -1
Ho TGTGA TCGACCTACGTA CGATAAA CACD  RPTY DKLI
oM TGTGACACC GGATGGCTTTTACTGGGGGATAGCCTAGG CGATAAA CACDT GWLLLGDSLG DKLIT
JN TAGTGACACC TTGGGTGGGGGATACTETT ACACCAATAAA CACDT  LGGGYSY TDKL1{
out-cf-frame PB Tdymphocytes
43 TGTGACACC GAGGEGATACTGGGGBATACTTAACG ACCGATAAA
2 TGTGACACC GTTGGGGGCGT ACACCGATAAA
4 TGTGACAC GTCCCACGGGGGACGECGEGAA CGATAAA
5 TGTGACACC CGGCCGGGGGCCTTCTCGTTACTGGRT AGCGATAAA
15 TGTGACAC GAGGAACTGGGGGCCAACACTT ACACCGATAAA

Figure 2. Representative examples of V52-J§1 junctional regiocn sequences. ONA and protein sequences of
V§2-J81 junctional regions aligned relative to the V42 segmeni. The arrows indicate the relative second
nucleotide of the DNA junctional region or the relative first amine acid of the protein junctional region. The
invariant T nucleotide and preferential Leu and Val (bold} are present in in-frame V$2-J31 rearrangements of
peripheral T-lymphocytes (7), but absent in T-ALL {representing the malignant counterparts of cortical
thymocytes) {17} and out-of-frame PB T-lymphocytes [19).
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TABLE 1. Relative fraquencles (%) of nucleotides and amine aclds at the relative first codon of the V82-J51 Junctional reglon®.

13! nuclzotide 2% nucleotide 3" nucteotida amina acid residue

AaTmp Gl
G A T C G A T Cc G A T c leu  Val  lla ProMst Thr  Other

In-frama V42-J51 of
peripheral T-lymphocytes 39.9 9.8 127 376 39 1.3 8%9 49 416 268 160 177 46.4 3.7 5.2 8.5 26 2.6
{n=306}

Out-of -frame V82-251
of a Tcels 303 1.8 303 274 323 1.8 316 257 342 171 30.3 184 NRY  NR NR HR nA HR

in=78}

a. Sequences derived from References 7,8,19-22.
b. MR, not relevant,

of the invariant T nucleotide at the relative second position of V§2-J461 junctional regions
of peripheral T-lymphocytes is caused by selection at the protein level.

Translating the relative first codon of the V82-J61 junctional regions of peripheral
. T-lymphocytes revealed strikingly high percentages of leucine {46%), valine {35%), and
isofeucine (5%}, which are biochemically comparable amino acids (Figure 1 and Table 1).
Other amino acids with some biochemical or steric homology {such as alanins, tryptophan,
proline, methionine, glycine, or threonine} were found at very low frequencies, whereas the
remaining eleven amino acids were rarely observed at this peosition in peripheral
T-lymphocytes (Figure 2 and Table 1}, These data prove that the homologous hydrophobic
leucine, valine, and isoleucine residues at the relative first position of protein Vé2-J§1
junctional regions represent an unique selection detsrminant for peripheral V§2/Vy9
T-lymphocytes. Recently, Davodeau et a/. (24} also identified this selection determinant in
26 of 31 selected V62/Vy9 blood T-cell clones.

Attempts to identify additional invariant nucleotides or preferential amino acids in
pelyclonal V§2-J81 junctional regions (e.g. on a relatively fixed distance to the Jé1 gene
segments) by PCR-sequencing analysis or sequence comparison were unsuccessful, except
for the observation that cysteine residues are virtually absent in junctional regions of
functional V§2-J481 rearrangements. This negative selection for cysteine residues is also
observed in V§1-J31 junctional regions {25,26) and may be true for all ig/TcR junctional
region sequences as to avoid disruption of the receptor domains by incorrect disuifide

bonds.

Vy9-Jy1.2 junctional regions

PCR-sequencing analysis and sequence comparison of the Vv9-Jv1.2 junctionat
regions (8,20,22,27,28), which in combination with the V52-J81 junctional regions form
the TcR antigen recognition elements on peripheral v6 T-lymphocytes, did not elucidate any
cbvious selsction determinant relative to either the V49 or Jy1.2 segment, except for the
absence of cysteine residues. The only remarkable observation was that in almost all
individuals analyzed a so-called canonical junctional region was found {Figure 3}. Canonical
junctional regions lack any random nucleotide insertion and always join the Vy to the Jy
gene segment in an identical manner. Cancnical junctional regions are frequently observed
in preferential TcR-y rearrangements in mice {29,30). Recently, it was proven that this
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Vy8 TGTGCCTTGTGGGAGGT GCA CCT
Jyl.2 GOCCATGG GCA AGAGT TGGGCAAA
canonical TGTGCCTTGTGGGAGGT GCA AGAGT TGGGCAAA
C A L WEV Q E L G K

Figure 3. Canonical Vy9-Jy1.2 junctional region. Extending the germline sequences of the V49 and Jy1.2
gene segmants with the corresponding P nucleotides {underiined} {31}, reveals overlapping nucleotides around
the junctions (GCA} after alignment. Via this trinucleotide homology, preferential recombination oceurs,
resufting in in-frame Vy9-Jy1.2 cancnical junctional regions that are analogous to the canonical TeR-y
junctional regions In mice (32,33).

phenomencn is caused by biased recombination processes via homologous sequences at
the ends (including P-region nucleotides} of the rearranging gene segments {31-33}. Our
data suggest that this is also true for humans because the Vy9 and Jy1.2 gene segments
are joined together preferentially at the sequence GCA, which is present in the Vy9 gene
segment extended with two P-region nucleotides and within the Jy1.2 gene segment
{Figure 3). Therefore, the preferential TcR-y junctional regions are probably not caused by
selection at the protein ilevel but by biased DNA recombination processes.

Antigen specificity

Antigen specificity depending on only one junctional region amino acid has been
described for pigeon cytochrome-¢ antigen {34}. The mutually exchangeable junctional
region amine acids were an asparagine in combination with TeR-V33 and an aspartic acid
in combination with TcR-V31 or V318. Recently, it was shown that in TcR-8 junctional
regions of T-lymphocytes in brain plaques of patients with multiple sclerosis, five motifs are
present in the protsin junctional region of preferential V35.2-J8 rearrangements (35).
Although not discussed by Oksenberg et al. {35}, their data also revealed an invariant T
nucleotide at the relative second nucleotide position of the V32.5-J8 junctional region
{719%]), and a preferentiai leucine at the relative first amino acid position of the junctionat
region {69%). Homologous to our findings, the various preferential amino acids were
located at the relative first amine acid position of the junctional region, i.e. four to five
amino acid residues C-terminal from the highly conserved 3 * cysteine of the TeR-V domain.
Therefore, this relative position may play a crucial rele in antigen specificity of TcR,

It stilf remains unclear which mechanisms and antigens select the peripheral V32/Vy9
T-lymphocytes, although it has been suggested that they are selected by a superantigen
{9,11,19), If this assumption is correct, then our results indicate that determinants for
superantigen selection are not only located in germline-encoded protein sequences, but also
in the junctional region of the T¢R protein chains.

Conclusion

Here we have identified a strong sefection determinant consisting of a single amino
acid residue at a fixed position in functional V§2-J81 junctional regions of polyctonal
V§2/\v9 T-lymphocytes that represent the majority of the peripheral v§ T-cells. The
selection determinants present in the germline-encoded V82, 461, V9, and Jy1.2 segments
of the TcR-yd protein chains have to be identified in further studies. Although our data do
not allow discrimination between thymic selection and/or peripheral antigen-driven
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expansion, the highly invariant motif in the protein junctional region of virtually all peripheral
V82/Vy9 T-lymphocytes in healthy individuals and different patient groups provide a new
perception of TcR specificity and selection processes at the protein level.
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CHAPTER 3.1

REGULATION OF TcR-6 GENE REARRANGEMENTSIN
HUMAN T-CELL DIFFERENTIATION

Timo M. Breit, Martie C.M. Verschuren, and Jacques J.M. van Dongen

Department of Immuncolagy. Erasmus University/University Hospital Difkzigt, Rotterdam, The Netherfands,

Introduction
The discovery of the TcR-§ gene in 1987 ended a long search by numerous

immunologists for antigen specific receptors on T-cells. The first TcR chain, TcR-3, was
found in 1984 by subtractive hybridization techniques (1), as was in the same year the
TeR-e chain {2}, However, it turned out that the latter TcR chain could not be the TcR-o
chain, because it lacked certain consensus glycosylation sites {3). Shortly thereafter, the
correct TcR-o chain was identified and the original candidate TcR-o chain was renamed
TcR-y {4,5). Although models in which TcR-y pairs with either a TcR-« or TeR-# chain wers
proposed, the discoveriss of small subpopulations of peripheral CD3%/TcR-afi~
T-lymphocytes {8-11} and +-chain-containing heterodimer receptors on murine fetal
thymocytes earlier in the ontogeny than TeR-«ff expression (12,13), lsad to the theory of
a fourth TcR-chain, called TcR-6 (6,9}, Again by the subtractive hybridization approach the
human Te¢R-é chain was discovered {14}. Independsently, the murine TcR-§ gene was
isolated about the same time as a rearranging gene located just upstream of the J« gene
segments {15, 16). The human and murine TcR-§ genes are quite homologous {reviewed in

17,18).

The human TcR-é& gene

The human TcR-8 gene complex is located on chromosome 14q11 and exists of thres
commonly used V4 gene segments (V61, V82, and V§3), three DS gene segments, four Jé
gene segments and a single Cé region (Figure 1} {17-20).

The V§1 and V42 gene segmaents are located upstream of the Cé region, whereas the
V53 is found in an inverse orientation just downstream of the Cé region. Rearrangements
involving the V&1 or V62 gene segment use the so-called looping-out mechanism in which

Germline TeR-w/d locus

Ve V81 Va8 V2 'T% Ch Vi3  TEAw Ju, Cu
@B HFI—#—WH—H—AH—I—H—H]—{FHH—H—/
Henh a enh

Figure 1. The TcR-«/6 gene complex. Schematic representation of the TcR-5 gene complex within the TeR-«
gene complex. Indicated also are the TcR-§ deleting elements, 8REC and YJu, the T early alpha (TEA) element,
the TcR-6 gene enhancer (§ enh}, and the TcR-o gene enhancer {e enh).
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the DNA between the rearranging gene segments is deleted (21}, Rearrangements involving
the V&3 gene segment use an inversional mechanism that inverse the DNA between the
rearranging gene segments and preserve the coding joint as well as the signal joint of the
rearrangement (Figure 2) {21},

The three D§ gene segments are located upstream of the J&é gene segmants, and are
relatively small (8,9, and 13 nucleotides} {18). The RSS of the D& gene segments contain
a 12 bp spacer {upstream) or 23 bp spacer {downstream). Because the V4§ and J§ gene
sagments have a RSS with a 23 bp spacer and a 12 bp spacer, respectively, potential TcR-6
rearrangements are: Vé-J§, Vb-D§-J6, V§-D4-D8-J8, and V8-DE1-DE2-DE3-J6.

Recently the fourth J& gene segment was discovered (20}, However, the J81 and J&3

Deletional rearrangement

(v}, .@) PR I c
5 5w P

I v D Jl 4 C ]
AT 1
coding foint

Inversional rearrangement
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Figure 2. Hypothetical elements in the regulation of V{D}J recombination, Left; normal rearrangement using
a [ooping-out mechanism that deletes the DNA sequences betwesn the rearranging gene segments. The
regulatory elements belonging to the rearranging side of a gene segment are also deleted. After
rearrangement, new combinations of regulatory elements are formed. Right; rearrangement using a inversional
mechanism that inverts the DNA sequences between the rearranging gene segments. Because the signal joint
is incorporated in the genome, the 5° D regulatory element remains intact but is combined with a 3° V
regulatory element. This combination is probably not capable of rearranging to the upstream focated V gene

segment.
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gene segments are most frequently used in TcR-§ gene rearrangements, whereas use of the
J&2 and Ji4 gene segments is less frequently observed {17,18,20). The homology between
the human, murine, and ovine J§ gene segments both on the DNA and protein level is an
indication for strong selective pressure on the configuration of the J& gene segments {20).
The TcR-& germline sequences are reviewed in Chapter 2.3 (19},

The TcR-6 gene enhancer is located in the J§3-Cé intron {Figure 1) (22}, This makes
the TcR-6 gene different from the other T¢R genes as they contain enhancers that are
located 3’ of their C regions {Figure 1} {23-25).

TcR-§ gene rearrangement

The TcR-§ gene complex contains only a few gene segments. This allows easy
identification of TcR-8 gene rearrangements {Chapter 3.2} {28}, and therefore a lot of
studies have been performed to determine TcR-& gene rearrangements in a wide range of
cell sources. However, TeR-§ gene deletions by TcR-o gene rearrangements severely
hamper studies of TcR-§ gene rearrangements in normal differentiating thymocytes.
Recently, the first studies were published in which a partial human TcR-6 gene complex
was introduced as a transgene in mice (26,27}, The most important pathways of TcR-§
gene rearrangements in early human thymocyte differentiation are described in Chapter 3.3
{and references therein). In the majority of fetal thymocytes the V&2 gene segment
rearranges to the D83 gene segment, which in turn rearranges to the J83 or J62 gene
segment (V§2-D33-J43). In post-natal thymocytes the major rearrangement pathway starts
with rearrangement of the D62 to D§3 gene segment. This D§2-D§3 gene segment
rearranges to the J§1 gene segment after which linkage to the V51 gene segment will
complete the rearrangement (V5§1-D62-D83-J51). Although a lot is known about the ordered
TcR-§ gene rearrangements, still little is known about the regulation of the sequential
pathways of TcR-6 gene rearrangements (27). Except for the TcR-$§ enhancer, the RSS of
the TcR-& gene segments, and the promoter sequences of V& gene segments, no regulatory
elements have been found yet {21,22,29}, but it can be expected that several will be
detected in the next few vyears.

Regulation of TcR-8 gene rearrangement

Although, except for the mentioned sequences, no regulatory elements are defined yet
in the TcR-8 gene, we can speculate as to where these elements are likely to be found. In
this light, it is interesting to note that a signal joint that for instance originates from the
inversional V§3-Dé42 rearrangement and Is incorporated in the genome, seems not able to
further rearrange to another {upstream located} V8 gene segment (Figure 2}, Because V53
gene segments use an inversional recombination mechanism to rearrangs to other TcR-6
gene segments, the B’ RSS of the D52 gene segment and all sequences upstream will be
left intact. Hence, the newly formed signal joint resembles a D§ gene segment, because it
exists of a nonamer-12 bp spacer-heptamer-heptamer-23 bp-nonamer sequence {Figure 2).
The only difference is the lack of nine D62 nucleotides between the heptamer sequences
{Figure 2}. There are several likely explanations for the phenomenon of this repressed V§
rearrangement: because the Cé region is inverted, the TcR-§ enhancer is also orientated in
the opposite direction. This might prevent further rearrangements, if the TcR-§ enhancer
works unidirectional, which is in general not the case with enhancers. Above all, the
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enhancer orientation probably does not make any difference because V§ — D&
rearrangement is TcR-6 enhancer independent {27). But there might also be another
explanation: the sequence downsiream of, or even the Dé sequence itself, may play an
important role in the regulation of recombination. Because there are also regqulatory
{= promoter} sequences located upstream of the D2 gene segment, an attractive
explanation remains; sequences at both sides of a D5 gene segment (or any rearranging
gene segmeni for that ratter) might be important in the regulation of the rearrangement
processes. Because a rearrangement of a gene segment will always replace one side of a
gene segment with one side of the other rearranging gene segment, the newly formed
coding joint, as well as signal joint of a rearrangement will have another combination of
upstream and downstream signals than any original set of signals in the germline TeR-§
gene (Figure 2). This will allow discrimination of germline and rearranged gene segments
by the recombinase complex. Aithough there is no hard evidencs to support this theory, it
still seems an attractive model for regulation of ordered lg and TcR rearrangements, and
might be worthwhile to investigate.

TcR-5 gene deletion

A curious feature of the TcR-& gene is its location within the TcR-« gene (Figure 1)
{17,18,21,28}). Because of this, TcR-« rearrangement will delete the TcR-6 gene. it is
obvious that the TcR-a/3 locus plays a crucial role in the bifurcation of the off and 8
lineages (17,18,21,29). This theory is supported by the observation that the TcR-6 gene
is flanked by the so-called TcR-§ deleting elements, érec and YJu (Figure 1}. De Villartay
et al. {30} discovered in 1988 a rearrangement that was prominently present in human
thymus cell samples. This dREC-{¥Ja rearrangement turned out to be a non-functional
rearrangement that is not transcribed {30,31}. Except for the V&1 gene segment all TcR-8
gene segments lie between the dReC and YJa gene segments and will therefore be deleted
after rearrangement of these deleting elements to each other. The junctional regions of
SRec-Y-Jor rearrangements rarely contain Dé gene segments and therefore resemble TcR-«
gene rearrangements {32}, The regulation of this particular rearrangement seams to be
depending partly on the TcR-8 enhancer and partly on the TcR-« enhancer. Although no
definitive proof has been provided, it appears that the §REC gene segment is regulated by
the TcR-§ enhancer, whereas the yJo gene segment is regulated by the TcR-¢ enhancer,
Transcription of the so-called TEA (T early aipha element which is located just upstream of
the yJa gene segment) rasults, after splicing to Ce, in a sterile transcript (Figure 1). This
TEA transcription seems to initiate rearrangement to the yJu gene segment {33-35), It is
curious though, that this TEA element activates the YJa gene segment {which is the most
b of the 61 Jo gene segments) for recombination, and is then deleted by the éREC-YJo
rearrangement. It is obvious that transcription of the TEA element may be the trigger for
a thymocyte 1o enter the off lineage, but we have to wait for the TEA knock-cut mice to
find out the significance of this step in T-cell differentiation.

There are still several questions left with regard fo the TcR-§ deleting elements. The
SREC-YJocrearrangement is present as a preferential rearrangement in post-natal thymocytes
{30-32}. However, the major pathway of TcR-6 gene rearrangements in post-natal
thymocytes ends in V§1-D62-D83-J61 rearrangements. This and all other rearrangements
involving the V&1 gene segment delete the downstream located dREC gene segment, Thus,
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Srec-YJu rearrangements are definitively not a consequential step of the major pathway of
post-natal TcR-3 gene rearrangements. The remaining question therefore is: what is deleted
by the drec-YJa gene rearrangement? Is it: TeR-6 genes in germline configuration,
{infjcomplete TcR-8 gene rearrangements, or both? Of interest is also the gquestion what
triggers TcR-« gene rearrangement after SREC-JJor rearrangement and TEA deletion. i might
be just activation by the TcR-« enhancer, or it may be that the joined §REC and YJo gene
segments provide a new signal for TcR-« rearrangement (Figure 2}. But that does not solve
the problem that V61-J481 rearrangements cannot be deleted by SrRec-yJo and an active TEA
element remains on the same allele until TcR-«« gene rearrangement. It might be that the
deletion caused by V81 rearrangement is enough to bring the Va gene segments within
reach of the TcR-o enhancer so that TcR-« rearrangements can ocour.

Regulation of the TcR-5 gene deletion

One of the most intriguing features of the 6REC-YJo rearrangement is the great
preference in which these two gene segments rearrange to each other despite several other
active gene segments {Chapters 3.3 and 3.4}. Although 3REC can potentially rearrange to
all D8, J8, and Jo gene segments, it still rearranges preferentially to the yJa gene segment
and it is difficult to believe that this is solely based on the fact that yJ« is the most 57 Jo
gene segment. With distance being the only condition, one would expect a Iot of
SReEC-(D8)-J8 gene rearrangsments. Therefore, other regulatory mechanisms probably play
an important role in this particular rearrangement. This is supportad by the observation that
the YJo gene segment is able to preferentially rearrange to the dREC gene segment, which
is surrounded by V6 and Va gene segments, As proposed before, the RSS of a certain gene
segment might be flanked by regulatory sequences, which may play a role in gene segment
recognition {Figure 2). it might also be that the RSS itself is invoived in this regulation. The
heptamer and nonamer sequences in a RSS are highly conserved and it is not to be
expected that they play any role other than being the "core” sequence of a RSS. This is not
the case for the 12 or 23 bp spacers that separate them, which show such a limited
homology, that for long it has been assumed that their entire role was, to determine the
space between a heptamer and a nonamer (36). However, along with the increasing data
about RSS sequences, rose the appreciation of the importance of spacers as regulatory
elements in V{D}J recombination {reviewed in 21, 37}. Conserved homologies, although
sometimes cryptic, between genes and categories of gene segments indicate an important
role in gene recognition. In line with these observations, we have searched for homologies
in the RSS of the 6REC and YJu gene segments {31}, It was surprisingly easy to assign
almost all nucleotides of hoth spacers to consensus sequences. It turned out that the 23
bp spacer of the dRECc RSS could be divided in three short sequence motifs, which might
represent binding-sites for DNA-binding proteins (Figure 3). Comparison with spacer
sequences of related gene segments revealed some interesting points. The first sequence
{1 in Figure 3} was also detected in the V62 RSS, the V53 RSS, and in some breakpoints of
chromosomal transiocations invelving the TcR-6 gene (see Chapter 4.1). The second
saquence (H in Figure 3} was completely present in the yJa RSS and inversively located in
the V&3 RSS. The last sequence (|l in Figure 3} was found by alignment of the RSS
involved in a homologous deletion rearrangement in the Igk gene (discussed below) {38).
This sequence was also observed in the D§3-3° RSS. Hence the RSS of the §ReC gene
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RS8 heptamer |........ spacer....... | Tnonamer
Motif I II III I IX III
congensus CACAGTGATGCAGAGECACCTACNNCCCATACARARACC
RSS BREC BT e B Th----~--- CGAC----- G-CT----- + + +
RES V62 e R B CTCT--T-CTGAG-A-CTwnenm=-- + - -
R85 VO3 - B - T~ C-AG~BAGT-ATA===Cunuuh + - -
RSS Jk-Cxk  rmmrmcee-- A--ABTARTG: « + o v 0o v v e C--CT--G3 + - -
Spacer V83 « - -TATGAC-T-CT---------- AT v eecrenenenns - + -
RSS YT - GA--+GT-------- TTrwvrerrmmmmmmn=s = -
RSS Kda  meme-n- TECECT-CCA---- -~ TG----- G--G----T - + +
RSS DH3-37  ememen- C-A--ABAC-TA-A-AGA--T----~----~ T - - 4
RES V61 = -mm-m-- T-TG-A-T-ATAG-ARARG-ARR--------- - - -
Figure 3. Consensus sequences in the spacer of the REC RSS. Three consensus sequences {I-fll} are

identified in the spacer of the égec RSS after alignment with RSS of related gene segments. On the
right is indicated which of the three sequences are present in the aligned spacer. Several combinations
of these sequences are present and they may represent a regulatory mechanism for V{D)J
recombination. -, nucleotide is identical to the consensus sequence; -, gap for alignment.

segment is formed by atleast five sequences that may represent protein binding sites.
We cannot formally ruie out the possibility that these sequences are present just
because these gene segments are evolutionary related, but the fact that for instance
the V&1 RSS does not contain any of the conserved sequences does not support this
suggestion (Figure 3}. Although no effort was made to align the sequences {just)
outside the RSS, it can be expected that other homologous binding sites can be
found. For now, it is uncertain whether these short sequences represent regulatory
efements in the complex system of V(D)J recombination and if so, what their role
might be. But it can be hypothesized, that {combinations) of proteins for a specific
gene segment (or family of gene segments) regulate the ordered manner of TcR gene
rearrangements.

Because the SREC-JJo rearrangement occurs in a particular stage of the
thymocyte differentiation, we expect that there are specific proteins or specific
combinations of proteins that define this differentiation stage. Research to identify the
involved protein(s) has been initiated and the first progress was the identification of
monocional cell populations (T-ALL and T-cell lines) that actively rearrange the §REC
to JJo gene segment {Chapter 3.5).

The $RECc-YJu homologue in the lgk gene

As with many characteristics of TcR genes and gene rearrangements, the TcR-é
deleting elements have a homologue in the g genes: the igk deleting element {Kde).
Although not obligatory, the lgk genes are generally deleted before Igh rearrangement
{39,40). This deletional rearrangement involves on the one hand the Kde gene
segment that is focated ~ 24 kb downstream of the Cx region, and on the other hand
an isolated RSS in the Jx-Ck intron, or a RSS of a Vi gene segment (38,41-44). Thus
either the Ck or Jx-Ck region is deleted. Deletion of one lineage specific gene before



Regulation of TeR-6 gene rearrangements in human T-cell differentiation 91

rearranging another gene belonging to a different lineage is just one similarity between
Srec-¢YJa and Kde rearrangements. Another, more surprising homology was observed
in the RSS of §Rec and Kde, both of which have a RSS with a 23 bp spacer (Figure
3}. Although neo cross-lineage dREC-YJo rearrangements or Kde rearrangements are
ohserved in B and T-cells, respectively (Beishuizen, personal communication}, their
RSS share a unique sequence adjacent to the nonamer {sequence Il in Figure 3), at
which position other gene segments such as Jo contain an extremely homologous Ju
specific sequence {45). But also the Jx-Ck intron RSS showed some homology with
the spacer sequence (| in Figure 3) adjacent to the heptamer. This homology may
imply that both deletional rearrangements are sharing some unique motifs and may
therefore use homologous V(D)J recombinase complexes.

Concluding remarks and specufations

The TcR-6 gene is unique by its location within the TcR-ow gene and by the
presence of the TcR-6 deleting elements, dREC and YJo. The ordered fashion of TcR-6
gene rearrangement, TeR-§ gene deletion (6REC-YJo rearrangement}, and TeR-o
rearrangement shows an important role for the TcR-af8 locus in lineage commitment
of maturing thymocytes,

The sequence homologies in the RSS of related gene segments such as SREC,
v, Kde, and V62/23 provide new leads in the search for regulatory elements in TcR
gene rearrangement processes. They might also provide new insight in the "true"”
nature of TcR-8 gene segments. It is peculiar that the RSS of the érRec, V&2, and Va3
gene show homology, whereas those of the V&1 and Jé gene segments do not, it is
also strange that the Vé1 gene segment lies "outside"” the 6Rec-JJo rearrangement.
These facts and the point that V§1 is more homologous to Ve gene segments than
V§2 or V33 (17,21,46), lead us to the speculation that rearrangement of the Vé1 gene
segment may represent an intermadiate form of Vo — J§ (V81-J61) between V& » Jé
(V32-J81) and Vo -» Ja (Van-Jan) rearrangements. By defining as such a new TcR-yé
class, which is characterized by a Ve alike {V§1) gene segment in the TcR-6 chain,
alternative points of view may arise. Because "true™ TcR-y6* calls contain a TcR-é
gene rearrangement that can be deleted by the specifically deleting SREC-YJu
rearrangement, they may use a form of peripheral negative selection. Hence, there
maybe a difference in the thymic selection processes of "trug" TcR-yé*t, V81
TeR-y6T, and TeR-oft thymocytes. We did try to prove negative selection of
TcR-y6" T-lymphocytes in the periphery by §8ec-JJo rearrangement, but our efforts
thus far were seversly hampered not only by the peripheral expansion of V49/Vé2
T-lymphocytes {see Chapter 2.5), but also by the abundant presence of circular
excision products of the daec-yJo rearrangement in peripheral T-lymphocytes. So far,
the whole model of "true” TcR-y8* T-cells and V&1 TeR-y67 T-cells is speculation,
and without any real evidence it will not become anything more than just an
interesting point of discussion.
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SOUTHERN BELOT PATTERNS, FREQUENCIES AND
JUNCTIONAL DIVERSITY OF T-CELL RECEPTOR 6 GENE
REARRANGEMENTSIN ACUTE LYMPHOBLASTIC LEUKEMIA"
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Elisabeth R. van Wering2 and Jacques J.M. van Dongen1

1. Department of immunology, Erasmus University/University Hospital Dijkzigt, Rotterdam;
2. Dutch Childhood Leukemia Study Group, The Hague, The Netherlands.

ABSTRACT

Southern blot analysis of TcR-6 gene rearrangements is useful for diagnostic studies
on clonality of lymphoproliferative diseases. We have developed 18 new TcR-4 gene probes
by use of the PCR techniques. Application of these probas for detailed analysis of the TcR-§
genes in normal control samples, 138 T-ALL, and 81 precursor B-ALL allowed us to
determine the TcR-§ gene restriction map for five restriction enzymes, as well as the
Southern blot restriction enzyme patterns of all theoretically possible TcR-§ gene
rearrangements, Based on this information, it appeared that 97% of all 213 detected TcR-6
gene rearrangements in our series of ALL could be detected by use of the TCRDJ1 probe
and that the majority {76%) of the 213 rearrangements could be identified precisely, In
T-ALL, we found a strong preference for the complete rearrangements V§1-J§1 (33%]},
V§2-J61 {10%), and V83-J61 {7%) and the incomplete rearrangement D62-J61 (11%). In
precursor B-ALL, the majority of rearrangements consisted of V§2-D43 (72%) and D§2-D43
{10%}). The junctional diversity of these six preferential TcR-4 rearrangements was analyzed
and showed an extensive junctional insertion {~30 nucleotides} for complete V§-J§
rearrangements, whereas incomplete rearrangements had correspondingly smaller junctional
regions. The detailed TcR-§ gene restriction map and probes presented here, in combination
with the Southern blot patterns of TcR-§ gene rearrangements, are important for T¢R-6 gene
studies in ALL: all TcR-§ gene rearrangements can be detected and the majority can be
identified precisely. Identification of rearrangements is a prerequisite for subsequent PCR
analysis of TcR-§ gene junctional regions, e.g. for detection of minimal residual disease

during follow-up of ALL patients.

INTRODUCTION

The two types of antigen-specific TcR molecules are the heterodimers, TcR-off and
TcR-v6, in which each protein chain consists of a variable antigen-recognizing domain and

" Published in: Blood 1993;82:3063-3074.
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a C domain {1,2). The varlable domain is encoded by a V gene segment, (D gene
segments), a J gene segment, and a junctional region linking these segments together {1,2).
The V,{D), and J gene segments are joined together by rearrangement processes that are
mediated via RSS (1,3-6) and regulated by RAG? and RAG2 (7,8). During the
rearrangement processes, deletion of nucleotides by trimming the recombining gene
segments frequently occurs (9), as does insertion of so-called P-region nucleotides (10} and
N-region nucleotides {9}. P-region nucleotides represent junctional region nuclectides which
are derived from the adjacent, untrimmed gene segment (10}, whereas the N-region
nucleotides ara randomly inserted at the junctions by the enzyme TdT {9). The possible
different combinations of V, (D}, and J gene segments of each TcR gene determine the
potential combinatorial diversity of TcR molecules (1), The junctional diversity, determined
by the junctional region, is made up by D-gene-derived nucleotides (in case of TcR-f and
TeR-§ genes) {11-13}, P-region nucleotides {10}, N-region nucleotides (2,10,12-16}, and
deletion of nuclectides by trimming of the involved gene segments (9,10,12-16}.

The human TcR-§ gene locus is located within the TcR-« gene locus between the long
stretch of Vo and the Jo gene segments on chromosome 14p11 {13,17-21}. The TcR-é
gene consists of at least six VJ§ gene segments, three Dé gene segments, three J& gene
segments and one C§ region {13,17-21} and is flanked by TcR-6 deleting elements (22,23}
{Figure 1). In humans, these deleting elements are YJo, located 3 ° of the TcR-d gene locus,
and 8Rec, located 57 of the major part of the TcR-§ gene locus but 37 of most V5 gene
segments {22,23}. Rearrangement of the deleting elements to each other, or rearrangement
of Ve to Ja gene segments, causes deletion of the intermediate TcR-8 gene locus (22-25).

The potential combinatorial diversity of the TcR-6 chain is limited due to the low
number of V, D, and J gene segments (1}. The actual combinatorial diversity is even more
restricted due to preferential usage of particular V4 and Jé gene segments, For instance,
approximately 85% of the TcR-y6t T-lymphocytes in PB of most individuals express
receptors containing a V8§2-J81-Cé chain (26-30} and approximately 680% of TcR-y8 T
thymocytes express a V§1-J81-Cé chain {27,29,30). The far majority of TcR-y6% T-ALL
contain at least one V§1-J81 rearrangement (31,32} and even cross-lineage TcR-§ gene
rearrangements in precursor B-ALL show preferential rearrangement patterns, i.e. V§2-Dé3
and D62-D§3 (33-35). The limited TcR-5 combinatorial diversity is compensated by
extensive junctional diversity (13,16,36-39}, which is especially caused by the fact that up
to three D§ gene segments, and therefore up to four N-regions, can occur in the junctional
region of a complete V8-Jé gene rearrangement (13,36-38).

Because the potential combinatorial diversity of the human TcR-6 gene is limited, it
should be possible to determine the Southern blotting restriction pattern for each
theoretically possible TcR-6 gene rearrangement. This would allow rapid identification of the
various TcR-§ gene rearrangements by Southern blotting, which is important for diagnostic
studies on clonality of lymphoproliferative diseases at diagnosis and during follow-up {40},
For this purpose, we designed a large set of 18 new V4§, D& and J6 DNA probes, which
were used to identify the various types of TcR-6 gene rearrangements and to inventory their
frequencies in a large series of 91 precursor B-ALL and 138 T-ALL. The latter were divided
in three phenotypic subgroups: CD3~ T-ALL, TeR-y6t T-ALL, and TcR-aft T-ALL.
ldentification of the TcR-& gene rearrangements in these T-ALL and precursor B-ALL
showed a strong preference for six types of rearrangement. The TeR-§ junctional diversity
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in the ALL was studied by PCR mediated amplification and subsequent direct sequencing
of the junctional regions of the six preferential rearrangements. The observed extensive
junctional diversity in the majority of TcR-6 junctional regions can be applied as unique
clonal markers of leukemic cells in the detection of MRD by use of PCR techniques (41-44).

METHODS

Cell samples

MNC were obtained from 138 different T-ALL patients and 91 precursor B-ALL patients and PB
granulocytes obtained from 50 healthy individuals, MNC of the ALL patients were isolated frormn PB or BM by
Ficoll-Paque {density: 1.077 g/ml; Pharmacia, Uppsata, Sweden) density centrifugation. Al MNC samples were
frozen and stored in liquid nitrogen. TcR-é gene configurations of 13 TeR-y4* T-ALL have been described
previously (32,38). The PB granulocytes from healthy individuals were obtalned by NH,CI iysis of the calf
pellats after ficoll density centrifugation. These cells were directly used for control DNA isolation.

Immunolcgic marker analysis

The MNC of the T-ALL patients were analyzed for nuclear expression of TdT, for cytoplasmic expression
of CD3 {UCHT1}; for membransa expression of T-cell markers CD1 (66HC7}, CD2 (Leu-bb), CD3 {Leu-4}, CD4
{Leu-3a}, CD5 {Leu-1}, CDB (OKT17}, CD7 (3A1) and CD8 (Leu-2a}); for the HLA-DR antigen; and for reactivity
with McAbs, BMAQ31 (anti-TcR-of), 11F2 (anti-TeR-y8), TCRS1 {anti-TeR-8), Ti-yA (anti-TcR-Vy9), 4TCS1
{anti-TcR-V81), and BB3 (anti-TcR-V§2). The MNC of the precursor B-ALL patients were analyzed for nuclear
expression of TdT; for cytoplasmic expression of Ig heavy chain x {Cyp); for membrane expression of the
B-cell markers CD9 (BA-2}, CD10 {VIL-A1}, CD19 {B4}, CD20 {B1}, CD22 {Leu-14}, and CD37 {Y¥29/65}; for
membrane expression of the precursor marker CD34 (BI-3C5B); and for HLA-DR antigen. A leukemia was
considered to be a precursor B-ALL if the malignant cells were positive for TdT, CD19, and HLA-DR {null ALL);
or for TdT, CD10, CD19, and HLA-DR {comman ALL); or for TdT, CD10, CD19, HLA-DR, and Cypu {pre-
B-ALL). The rabbit anti-TdT antiserum was purchased from Supertechs (Bethesda, MD}; the McAb of the Leu
series, anti-HLA-DR, and 11F2 were obtained from Becton Dickinson {San Jose, CA}); the CD1 antibody was
obtained from Monosan/Sanbio (Nistelrode, the Netherfands); the OKT17 from Ortho Diagnostic System
{Raritan, NJ}; the 3A1 hybridoma from the Amersican Type Culture Collection (Rockville, MD); TCR61 and
6TCS1 wera obtained from T-Cell Diagnostics {Cambridge, MA); anti-lg heavy chain g from Kallestad
Laboratories (Austin, TX); BA-2 from Hybritech {San Diego, CA); B4 and B1 wore obtained from Coulter Clone
{Hialaah, FL); BI-3Cb was obtained from Seralab (Crawley Down, UK). The McAb BMAO31, Ti-yA, and BEB3
were kindly provided by Dr. B, Kurrle {Bshring, Marburg, Germany), Dr. T. Hercand {Villejuif, France}, and Dr.
L. Moretta {Genovas, ltaly), respectively; VIL-AT was kindly provided by Dr. W. Knapp (Vienna, Austria} and
Y¥29/55 was kindly provided by Dr. H.K. Forster (Hoffman-lLa Roche, Basel, Switzerland). The
immunofluorescence stainings were performed as described {45} and evaluated with fluorescence microscopes
{Carl Zeiss, Oberkochen, Germany) and/or a FACScan flowcytometer {Becton Dickinson].

Isolation of TeR-5 gene DNA probes

TcR-5 gene DNA probes were obtained by cloning the purified PCR amplification preducts of
granulocyte DNA from a healthy donor using specific oligonucleotide primer sets. pUC19 was used as cloning
vector {46). The oligonucleotide primer sets for the TCRDV1 {Vé1}, TCRDV2 (V52), TCRDV3 {V63), TCRDV4
{Vé4}, TCRDVS (Vé5), TCRDVS6 (Vé6), TCRDD1U {D61 upstream), TCRDD1 (D81}, TCRDD2 (D§2), TCRDD3U
{063 upstream), TCRDD3 (D83}, TCRDJ1 {J51), TCRDJ2 (J§2), TCRDJ3 (383}, TCRDC1 ({Céexonl}), TCRDC4
{Cdexond), TCRDRE (érec), and TCRAPJ (yJod probes are given in Table 1. All olfgonucleotida primers were
synthesized according to our own or published TcR-6 gene sequence data {13,18,19,24,46-561) ona 392 ODNA
synthesizer {Applied Biosystems, Forster City, CA} with the solid-phase phosphotriester method and used
without further purification. All TcR-8 gene DNA probes will be submitted to the American Type Culture
Collection and can be used for noncommercial purposes.
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TABLE 1. Oligonucieotide primers used In PCR and sequencing analysls of TcR-8 gene rearrangements or
construction of TeR-6 gene DNA probes.

Name Size Cloning sites Code  Position® Sequence® Reference®
TcR-5 gene rearrangemenlsd 5 3
BgflllXtal V§4-5°xgg -240 bp gaagatctaGAATGTTCGTGCAGGAAAAGGAGS 48
V§4-3° -50 bp ATCCGCCARCCTTGTCATCTCCG 48
BghliXbal Vé5-5"xeg ~—138 bp gaagatetagATTCACCATCCCTGAGCGTCCAG &0
vig-3° ~-29 bp TATCATGGATTCCCAGCCTGGAG 47
Xbal J52-57% +36 bp ctagtetagaTTACCTGGTTCCACGATGAGTTGT 19
Sak J52-3°s +&4 bp ¢gcgbegaCCCCCTGAAGCTGTAGTAARATGC 19
Safl J83-3°s +88 bp cgcygt cGACTCAAATTATCCCAGARATATAGS 19

TceR-6 gene BNA probes

TCRDV1 562bp  Hindlil-EcoRl  V§1p5~ -542 bp cataageTTCTCCAGCCTGCTGTGTGTATTT 18
V§1p3’ -17 bp CACTGTGAATTCCCCARGRGCAC 18
TCRDV2 491 bp  Hindlll-Smal  V$2p5’ 472 bp gtgaaqet TGCAGAGGATCTCCTCCCTCATS 51
Vé2p3° -27 bp GTCACAGGCACAGTAGTAAGACC 51
TCRDV3 335bp EcoR1-Hindill  V33p§~ ~-321bp GGETGCAGAATTCACTATTTCCTC 49
V83p3° -26 bp cataagctTAAAGGCACAGTAGTAAGTGGCAC 49
TCRDV4  4960bp EcoRl-EgAl Vidph* ~-487 bp ctggaaTTCTAGCCTGCTGAAGGTGETC 48
Véap3* -37bp gaagatctagaGCACAGAAATACATTGCTGAGTCC 48
TCRDVS -466 bp EcoRl-Bg#l V5p5” ~-46 bp tgegaATTCTGTGGCTTCAGCCAGACTS 50
ViSp3® ~-470bp gaagatctaGAGTCTCCAGGCTGGGAGGS 60
TCRDVE ~500 bp Bghl-EcoRl  V§6p5*  ~-521 bp ATGGACAAGATCTTAGGAGCATCAT 47
véBpl’ ~-53 bp tggcgaat TCTCCAGGCTGGCAATCCATGATA 47
TCRDD1A1100 bp  BamHi-BgAl D&1UpE" ~-1500 bp GCTATGTTAATATTGTATCTAGAGCTAC  This report
D&t-3°xeg  —30 bp gtagatctaGAAGUCATTTGGTTAATGTCAAANG 13
TCRDB1 684 bp Sah-Sed D31-5°5 -34 bp cgegtegACTCCATGTTCARATAGATATAGTATT 13
05235 +48 bp CgcgLegACATAGCGGGTCACGECTEEE 13
TCRDD2Z -460bp BoMl-Hindll  D82-5°xep -11bp gtagat ct AGARGAGGOTTTITATACTGATGTG 13
D§2p3" ~+450bp 2acaaagCTTTGCACTGGACATTAAGTTCTTTA This report
TCRDD3U 659 bp Xbal-Xbal  D§3Uph° +552 hp GCTATCTCTAGATTCACCCAGCAGT M22197
D§3-3°x8g -46 bp gtagatctaGAAATGGCACTTTTGCCCCTGCAG 18
TCRDD3 774 bp Psi-Psi Dé3p5 -43 bp egog bogaCCATATAGTGTGAAACCGAGGGG 18
D83p3°  +1010bp CgCgLegACTTGGTTCCACAGTCACACGH 18
TCRDJt 873bp  Hindll-FeoRl  J1p5° +22 bp tcaaaagetLTGACACCEATAAACTCATCTTTG 18
J51p3- +863 bp CAAGACACGGTCGAATTCAAATGTC  M22197
TCRDJ2-~43000p  Hindll-EcoRl  J82p5 ' +24 bp gtaaaGCTTTGACAGCACAACTCTTCTTTG [§:]
J82p3° ~ +1300 bp CTGCAGAGAATTCCAAATTTCARGTGG  This report
TCRDJ3 ~700bp EcoRl-Hind})  J83p5° +22 bp tgtgaat TCCTGEGACACCCGACAGATG 19
J83p3°  ~+700bp TTCTTAATTTATAAGCTTAGAAGTCACC  ME4081
TCRDC1 677bp  Hindil-£ceRl  Clexlp5’  +184 bp® GAAGTACAATGCTGTCAAGCTTGE 19
Céex2p3®  +B34 bp* tgtgaattCTTTCEETTTATGGCAGCTCTTTG 19
TCRDC4 1028 bp  Aindlll-LcoRl  Claxdps” +23 bp! tgcaagchtACTOGCATGAGGAAGCTAC i9
Céexdp3” +1013 bp' GCACAGRAATELCAGTTTARTAAATGCAATAG 19
TCRDRE 471 bp EcoRl-Hindill  $RECHD * -453 bp gtggaat tCAGCTGANGACTGTATCATGGAAG 24
$RECP3 -22 bp CCGTaaGCTECTCACACGAGAGGATGE 24
TCRAPJ 819bp  Hindlll-£ceRl  ¢Japb” +35 bp tacaagcTTAATAGGAAACTGACATTTGGAGCC  MD40BI
YJap3” +815 bp AGCCTGGaATTCAGGCTGTGAGS M2408¢

a. Tha posilion of the oligenucleotide primer is indicated upstrearn {-} or downstream {+) relative to the heptamer RSS. The position
of the DNA probes are indicated in Figure 1.

b. The sequences in lower case characters represent the aspecific nucleotides, which generate restriction sites,

. Seguenceinformation used to design the oligonucleotide primers was derived from the indicated literature references, EMBL databank
accassion numbers or from our own sequenca data.

. Al other FoR-6 gene rearrangement primers are published in Ref, 38.

. The position of the oligonucieotide primer is indicated downsiream relative to the b’ splice site of Cé exon 1.
The position of the oligonucieotide primer is indicated downstream relative Lo the b~ splice site of Cé exon 4.

a

P =1
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Southern blot analysis

DNA was isolated from fresh or frozen MNC as described previously {46,62). Fifteen pg DNA samples
were digested with the restriction enzymes: BamHl, Bgil, EcoRl, Hindlll, andfor Kpnl {Pharmacia), size
fractionated in 0.7 % agarose gels, and transferred to Nytran-13N nylon membranes {Schieicher and Schuell,
Dassel, Germany) as described {46,52). TcR-§ gene rearrangements were studied using 32p random
oligonucleotide-labeled TcR-6 gene DNA probes {Table 1 and Figure 1),

PCR amplification analysis

PCR was essentially performed as described previously (38,46}, A 0.1 pg sample of DNA, 12 pmol of
the 6° and the 3° oligonucleotide primers, and 1 unit of AmpliTag DNA polymerase {Perkin-Elmer Cetus,
Norwalk, CT) were used in each PCR of 100 pl. The oligonucleotide primers are listed in Table 1 or Breit et
al. 38. The PCR reaction mixture was incubated at 94°C for 3 minutes, at 55°C for 2 minutes and at 72°C
for 3 minutes in a thermal cycler {Perkin-Elmer Cetus). Following this initial cycle, denatwring, annealing and
extension steps were performed for another 29 to 34 cycles at 34°C for 1 minute, at $5°C for 1 minute and
at 72°C for 3 minutes, respectively. After the last cycle, an additional extension step of 72°C for 7 minutes

was executad,

Diract sequencing analysis

One pl of the originat PCR product, 12 pmeol of the limiting primer, 600 pmol of the opposite primer, and
5 units of AmpliTag DNA polymerase {Perkin-Elmer Cetus) were used in each asymmetric PCR of 500 pl, The
reaction mixture was incubated for a total of 25 to 30 cycles with the above-described regular temperature
cycles. After asymmetric amplification, the PCR products were pracipitated twice in 50% ethanot plus 0.1
velume of 2 M NaAc, pH 6.6 {38). The dried pellet was resolved in 22 pl H,0, half of which was used in the
sequence reaction. Twenty to fifty pmol sequence primer was used in each reaction {(sequence primers are
indicated in Table 1 or Breit ef a/. 38). All sequence reactions were performed with the T7-sequencing kit
{Pharmacia) following tha manufactor’s instructions using 3%8 radiclabeling, and run in normal, denaturing
8% polyacrylamide sequence gels,
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Figure 1. Restriction map of the complete human TcR-8 gene and a part of the human TcR-« gene. Restriction
map of the human TcR-§ gene down to the TcR-Cu region. Protein-coding exens are indicated as solid boxes
in the bars; dotted boxes in the bars represent non-coding gene segments, The relevant rastriction sites are
indicated: B, BamHl; By, Bglk; E, EcoRl; H, HindIl; K, Kpal. *, polymorphic restriction site. Solid boxes below
the restriction map represent the probes used for Southern blot hybridization, The restriction map from C8
to the TcR-a enhancer {aenh) was based on the sequence data from Koop ef al. (EMBL accession no.

M94081).
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RESULTS

TcR-§ gene probes and restriction map

Because the sequences of most human TcR-6 gene segments are published, it was
possible to design oligonucleotide primer sets for the six V4§, three D$ and three J6 gane
segments {Table 1}. In this way, we obtained DNA probes for Southern blot analysis for
every known V4, DS, and Jé gene segment. In addition to the V, D, and J probes, we
designed C8, #Rec, and yJo probes for restriction analysis of the entire TeR-6 locus. All
TcR-8 DNA probes were designed in such a way that they hybridize to DNA close to the
RSS of the involved gene segment, but avoiding sequences that by sequence homology
could give rise to cross-hybridization. Furthermore, aill TcR-§ probas were checked for
aspecific cross-hybridization by Southern biot analysis on germline granulocyts DNA. The
positions and sizes of the obtained DNA probes are indicated in Table 1 and Figure 1.

Except for V84, every known Vé, D§, or Jé gene segment was at least involved once
in a rearrangement in our large series of 229 ALL. This allowed us to deduce a detailed
restriction map of the TcR-8 gene locus by use of extensive Southern blot analysis. These
Southern blot analyses included single, double and/or partial digests of the five restriction
enzymes EcoRl, Hindlll, Bghl, BamH!, andfor Kpnl and were performed on PNA from ALL
patients and/or granulocyte DNA from healthy controls. The restriction map from Cé to Cex
was based on the sequence data from Koop et a/. {(EMBL accession no. M94081). Our
complete human TcR-§ gene restriction map for the five restriction snzymes is given in

Figure 1.

Southern blot restriction enzyme patterns

Although several attempts have been made in the literature to identify TcR-6 gene
rearrangements based on Southern blot rearrangement patterns, most reports only
described restriction patterns without precise identification of the rearrangements
{19,32,531]. Here, successive hybridization of the Southern biot filters with 3° DNA probes
{e.g. TCRDD and TCRD.J DNA probes) and 5 DNA probes (e.g. TCRDV DNA probes)
allowed identification of 76% of all detected 213 TcR-§ gene rearrangements in the 229
ALL patients. Based on the extensive Southern blot data, it was possible to identify the
restriction enzyme patterns belonging to each particular TcR-8 gene rearrangements for the
five selected restriction enzymes {Figure 2). However, not all theoretically possible TcR-§
gene rearrangements were present in the studied ALL. The Southern blot restriction enzyme
patterns of these remaining rearrangements were deduced from the restriction map and
from other Southern blot rearrangement patterns {Table 2}. For instance, not all V4 gene
segments were found in a rearrangement with the D&3 gene segment. Nevertheless, it is
obvious that the rearranged band of a V§-D483 rearrangement will be 0.95 kb larger than the
band of the same V4§ gene segment rearranged to the J§1 gene segment, because the D§3
gene segment is located 0.96 kb upstream of the J§1 segment without any intermediate
restriction site of the applied restriction enzymes (Figures 1 and 2). For other
rearrangements, the restriction enzyme pattern was deduced by calculating of the distances
from the restriction sites to the RSS of a TcR-§ gene segment and subsequent adding up

the § 7 restriction site—»RSS distance (Vé or D§} to the 3° restriction site—>RSS distance
{D6 or J§) of a rearrangement, This was made easier by the occurrence of rearrangements
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Figure 2. Southern blot analysis of the various preferential TcR-8 gene rearrangements. (A} EcoRl digests, (B) Hindlll digests, (C) Bg/l digests of DNA from
six selected patients each containing only one specific TcR-5 gene rearrangements combined with a TcR-6 gene deleticn or a TcR-5 gene in germline
configuration. Lane 1, germline control; lane 2, V§1-J51 patient TO46; lane 3, V§2-J51 patient TO69; lane 4, V33-J81 patient TO71; lane 5, D§2-J51 patient
T049; lane 6, V32-D&3, patient Be28; lane 7, D32-D3 patient Bed4; lane 8, germline control. The Southern blot filters were hybridized with the TCRDJ1

probe. The sizes of the germline bands [~ and rearranged bands (-) are indicated. The junctional regions sequences of the TcR-d gene rearrangements
presented here are given in Figures 3 or 4.
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TABLE 2. Sizes of Southern blot bands representing TcR-5 gene rearrangements®,

5° rearranged TcR-§ gene segment

Vé1 V52 Vi3 V5 Vi6 SREC Dé&1 D2 D&3

3.1 13.5 1.3 6.4 3.0 5.4 2,3 2.3 5.0 EcoR|

i 7.1 4.2 5.7 6.8 6.1 4.5 3.6 2.0 6.0 Hindlil

Germline 1.6 78, 4.5 8.7 2.0 8.0 5.1 5.1 5.4 Bofl

»>35 13,5 14.0 3.8 >25 22 3.5 35 176 BamHI

>25 10.0 16.5% 6.6 3.4 18.0 17.5 17.5 17.5 Kpnl

2.3 3.2¢ 5.3 1.1 1.9 1.2 5.9 EeoRl

3.6 6.8 1.6 1.5 0.83 3.1 1.4 Hinglll

Dé1 5.1 2.9 7.4 2.1 8.7% 208 5.9 Bgfl

3.5 >24 13.08 5.5 5.1 »27 20 BamHl

17.5 22 20 15.0° 16.0 15.0 30 Kpm

2.3 2.8 4.9 0.70 1.5 0.87 5.54 1.9 EcoRl

8.0 14.4 9.1 9.0 8.4 10.5 9.0 11.0 Hindll;

D2 5.1 2.5 6.9 1.7 6.3 1.6 5.5 4,7 Bghl

3.5 >24 12,52 5.1 4.7 >27 19.5 3.1 BamHI

= 17.5 21 20 14.5¢ 15.5 14.5 30 17.0 Kpnl
T

= 6.0 4.2 6.3 2.2 2.9 2.3 6.9 3.3 3.8 EcoRl

= 6,0 12.5 7.1 7.0 6.3 8.6 6.9 9.1 5.9° Hindlll

73 D3 5.4 6.5 11.0 E.8 16.5 57 9.6 3.8 9.2 Bal

@ 17.5 >30 19.50 12.5 12,0 >34 27 10,5 11.0 BarrHI

s 17.8 10,5 9.0 3.7¢ 4.6 3.7 19.0 6.1 8.5 Kpnl
o

© 6.0 3.3 5.4 7,24 2.0 1.4 6.0° 2.49 2.8 5.1 EcoRl

i 6.0 11.5 6.1° 6.0° 5,3 7.6 5.9° 8.1 4.9 5.0 Hindlli

& Ja1 5.4 5.6 10.0 4.8 9.4 4.7 8.6 7.8 2.2 4.4 Bail

= 17.% >3C 18,69 11.5 11.0 >33 26 9.4 9.8 16.5 BamH|

g 17.5 9.3 8.0 2.7° 3.6 2.7 18.0¢ 5.1 5.5 16.5 Konl

) 5.3 7.1 a.2 5.0 5.8 5.2° 9.3 6.2 6.6 8.9 FcoRi

= a1 8.3 3.1° 3.0° 2.3 4.6 2.9 5.1 1.9 2.0 Hindlll

2 Jsz2 5.4 6.7 11.0 5.9 10.5 5.8 9.7 29. 9.3 5,54 Bel

= 17.5 »24 12.0° 4.8 44 >27 19.0 2.8 3.2 9.9 BarmHl

o 16.5% 19.0% 18.0° 12.5¢ 13.5° 12.5¢ 28° 15.0¢ 15.5¢ 26° Kpnl

5.3 4.9 7.0 2.8 2.6 3.09 7.6 4.0 4.4 6.7 EcoRI

3.5 9.5 4,29 4.1 3.5° 5.8 4.1 8.2 3.1 3.1 Hindlll

Jo3 5.4 4.5 8.9 3.7 8.3 3.5 7.5 8.7 7.1 3.3 Bl

14,0 >35 24° 16.5 16.0 >38 21 14.5 14.5 21 BamMl

16.5¢ 17.0° 15.5¢ 10.5¢ 11.5°% 10.5° 26° 13.0° 13.0¢ 24° Korl

6.2 3.5 5.6 1.5 2.2 1.6 6.2° 2.6 3.1 5.3 EcoRl

7.2 $.0 3.7 3.6 3.0 5.3 3.6 5.8 2.6 2.7 Hindll!

Yo 7.3 3.0 7.5 2.3 6.8° 219 6.0 5.24 5.7 1.8 Bgit

9.5 >25 17.0° 9.5¢ 9.1 >3 24 7.5 7.9 14,5 BamHl

6.1 6.8 5.5 o.18¢ 1.1 Q.17 15.5 2.6 3.0 14.0 Kpnl

sa 0 oo

The gizes of the Southern blot bands are ghven with an accuracy of 1 kb ebave 20 kb, 0.5 kb in between 20 and 10 kb, 0.1 kb in between 10 and 1 kb, and 0.01 kb below 1 kI

b.
. Thase Southarn blot bands In BamH! digests may ba different due to tha prasonce of a froquantiy occurring polymarphism {7%), In which a BamHl site is present 10 kb downstream of the original &~ BamH}

site {see Figura 1)

. These Southern blot bands in Kpnl digests may be ditferent due to the presence of a frequently occurring polymorphism {21 %), In which the 37 Kpal slte s absent and all bands will ba onlarged by 6.1 kb

{sec Figure 1}.

. These rearranged bands cannot by detectod with the DNA probe recognlzing the 5° TcR-8 gene segment dus 1o comigration with the germiinag band.
. ‘These rearranged bands cannot be dotected with the DNA probe recognizing the 3° ToR-8 gena segment dug to comigratien with tho germling band.
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with a restriction site generated in the junctional region {Figures 3 and 4), which provided
the exact sizes of the 37 and &7 restriction site—>RSS distances of the involved gene
segments {38). The observed and predicted sizes of rearranged Southern blot bands
representing the different types of TcR-6 gene rearrangements are given in Table 2,

Because none of the used restriction enzymes cuts between the D83 and Jé1 gene
segments, all D&3 and J81 gene rearrangement patterns only differ in size {0.95 kb), Te
further discriminate between the two types of rearrangements, it is possible fo use the
TCRDD3 probe in addition to the TCRDJ1 probe (Figure 1} or to apply the restriction
enzyme Xbal, which cuts between the Dé3 and J61 gene segments (19,53). In the lafter
case, a rearrangement to the D83 gene segment results in a 1.6 kb Xbal germline band
after hybridization with the TCRDJ1 probe, whereas a rearrangement to the Ji1 gene
segment will result in a rearranged band {53},

Palymorphic restriction sites

To investigate the occurrence of polymorphic restriction sites, granulocyte DNA from
50 healthy individuals were analyzed by Southern blotting with the TCRDV2, TCRDJ1 and
TCRDC4 probes. For the five selected restriction enzymes, no polymorphisms were found
in the restriction sites flanking the J§1 gene segments. This is an important observation,
since virtually alt TcR-6 gene rearrangements in our series of ALL {97%) were detectable
with the TCRDJ1 probe. Also, in the restriction sites Bgfil and BamHI| aside the Cé gene
segment no polymorphisms occurred. However, the Kpnl restriction site within the V43
gene segment {Figure 1) is absent in 21% (21/100} of the alleles resulting in a 23 kb
instead of a 16.5 kb germline band caused by the 6.1 kb downstream located Kpnt site
{Table 2 and Figure 1}. Another remarkable polymorphism was found within the V52 gene
segment, which contains a polymorphic BamHI restriction site in 7% {7/100} of the alteles
{Figure 1}. The size of the polymorphic BamHI germline band of the V62 gene segment is
3.4 kb instead of the normal 13.5 kb germline band {Table 2). No other gene segments
werg analyzed for polymorphic sites, because in the 229 ALL no indication for polymorphic
restriction sites were found other than the two mentioned above.

Frequencies of TcR-8 gene rearrangements and deletions

The TcR-8 gene can occur in three consecutive configurations: germline (G),
rearranged {R), and deleted {D), in which our definition of TcR-6 gene deletion is the
absence of the Cé exons. In total, 7% (20/276} of the TcR-§ alleles in T-ALL and only 23%
{41/182) of the TcR-5 alleles in precursor B-ALL were in germline configuration.
Rearrangements occurred on 55% (153/278) of alleles in the T-ALL and 33% (60/182) of
alleles in the precursor B-ALL. The TcR-§ genes were deleted on the remaining alleles in
T-ALL (379%) and precursor B-ALL {45%].

As gach genome contains two TcR-§ alleles, theoretically, six different combinations
of TcR-§ gene configurations can occur: G/G, R/G, R/R, D/G, D/R, and D/D. The results of
the relative frequencies of TcR-6 gene configurations in the different subgroups of ALL are
shown in Table 3. Whereas the T-ALL subgroups displayed preference for different TcR-6
gene configurations, the precursor B-ALL subgroups {i.e. null ALL, common ALL, and pre-
B-ALL} showed no such preference and are therefore presented as one group. The G/G and
R/G configurations were never found in the CD37% T-ALL, but accurred only in CD3™ T-ALL



Vel Junctional region Jé1
Patients Fenotype TCTTCGEEGAACT ACACCGATAANC
TOO8 CD3™ T-ALL TCTTGGEGEAR AMACCEGAATTCCACTEEEEEATALGEGCCT GATAAAL
TO18 CD3™ T-ALL TCTTGGGGARC GTCCTAGACCEEGCCTACTCEEEEATCCCGCCARAY Y ACACCGATABAL
TO46 CD3~ T-ALL TCTTGGEGAR CCCCCOBARATAGTAGGALEGA ACCGATARAC
TO87 CD3™ T-ALL TCTTGGGGAM ATAGAAACTGGEGGACACATTTCCACACCCAG ACACCGATARRC
TO82 CD3~ T-ALL TCTTEGEGAAC GeGAACTGEGEGEGACTCCEGCACTANTGGEGGATACGCCTEAGT ACCGATAAMC
TO84 TcR-46* T-ALL TCTTGGEGAAC CAGGCCTCCTACGACTCTTGGGACTEGEEGATCGEET CRCCGATAARC
TO86 TeR-ys* T-ALL TCTTGGEG GCARCTTCCTACATCGGEGATAGAAGCGEN, CGATAAAC
TO91 TeR-yé+ T-ALL TCTTGGEG TCTCTTTCCCCCTTC CCGATAAAC
T106 TcR-y&* T-ALL TCTTGGE AAGTGEGETAGTGCETGCCAGASAATGOEGAGCEATTCCCAGGGTEAG ACCGATAARC
T108 TR+ T-ALL TCTTGGEGAR, AGCACTTCCTCCCTCGEATGECEEEEGARGCCACTARCA ACCGATARAL
TO16 TcR-oft T-ALL TCTTGG CTTTCTCTCCEGgTACTEEECEATT T ACACCGATARAC
T109 TeR-af* T-ALL TCTTGGGGA CACGCATTCCTACCTGAGACCEACTEGEGREATACATAATCTTAGT:  ACACCGATAAAC
V2
SCCTETGACACT
TO32 CD3~ T-ALL GCCTGTGACACC TCTGGGEGATGTAGG -20
TO37 CD3™ T-ALL GCCTETGA TCGACCTACGLA CGRTAARC
TCE2 CD3™ T-ALL GCCTETGAC TCCGATGEGEEATTOGETAGEGTATES AC
TO04 TeR-yé* T-ALL GCCTETS TTACTACTTCTTCTTCTGGEAGATTGAG CCGATRAAC
T0O05 TcR-y6% T-ALL GCCIGTG TGTgt ACACCGATARAC
TO91 TcR~y6*+ T-ALL GCCTGTEACACC TTGGETGEEGARTACTCTE ACACCGATAANC
TO47 TecR-x8™ T-ALL GCCTGTGAC CCCLCTOGCCAGTETOE ACACCGATARRC
TOB9 TcR-a8t T-ALL GCCTGT CCGGGEECCATACGCCGETAGAGACGTL ACACCGATARARS
T103 TeR-af+ T-ALL +18 CGCGACCTCTRARL ACACCGATAAAC
Va3
CIGTGCCITTAG
TO32 CD3™ T-ALL CTETECCTTT TGECGCCCTTCCTTACTGCCTITGEGEGEATACAL ACACCGATARAC
TO33 CD3~ T-ALL CTGTGCCT AGGtACTEGEGEATANGETCGCG CACCGATARAC
T071 CD3™ T-ALL CTGTGCCTTTA ACCCTTCCTACCTTCTACCGAGA ACACCGATAAMC
TO70 TeR-yé* T-ALL CTGETECCT ATAMACCTTATTTGTTCCTACTGOGEGRACCAT CGATAAAC
T106 TeR-y3* T-ALL CTGTGCCTIT CTCGCTGEGCAGGECEACGEETE ACACCGATAMAC
T1323 TeR-+5t T-ALL CTGTGECCTT GCTCGEGEAGGETATTAGCCTTATCGGGGAT ACCGATAARC
TOS50 TeR-af* T-ALL +14 ARRCGEECCTACCTTTGGEGGATARARCT CACCGATAAAC

GARATAGT CCTTCCTAC ACTGGGGGATACG
Ds1 Ds2 D33

Figure 3. Representative junctional regions of complete human TeR-§ gene rearrangements. Junctional regions of the preferential complete TcR-6 gene
rearrangements: V81-J31, Vi§2-J81, and V53-J31. Sequences of the junctional regions are aligned with the known {double-undertined) V3, D3, and J51 germiine
sequences. The junctional regions consist of Dé-gene-derived nucieotides (single-underiined), N-region nucleotides, and P-region nucleotides (small characters).
Generated restriction sites, EcoRl (GAATTC; patient TO08) and BamHl (GGATCC; patient TO182), are indicated in boid characters. Numbers at the end of the
junctional region indicate extensive deletion of nuclectides by trimming of the 5° gene segment (+) or 3° gene segment (~}.
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Patients Fenotype D32 Junctional region J51

TTGTGCCTTCCTAS ACRCCGATARACTC
T039 CB3~ T-ALL TTG CTTTCGGECTCCEEERACCECCEACTGGEGGATACGTCAGET CCGATDARCTC
T043 CD3™ T-ALL TTETECCTTCCTAC ARACGGTAGCGCARACCARTCACOTTGE ACACCGATARACTC
TO48 CD3™ T-ALL T GGAGETEGCARTAGEECTL ACACCGATARRCTC
T107 TeR-y8* T-ALL TT CCARgt ACACCGATARBCTC
T108 TcR-yét T-ALL TTGTGCCTTCCTAC CTTGEGEGATACTCC CACCGATARACTC
T132 TeR-yé* T-ALL TT AACGGGTATGEGEGGATCCTCATC CACCGATARACTC
T2 TeR-af* T-ALL TT TAAAGCAGGEATCCAMACCCARGTCE ACTC

véz D33

GIGCCTGTGACRCS ACTGGGEEATACGC
TO39 CD3™ T-ALL GTGCCTGTGACACT GRAR GGGATACGT
T119 CD3™ T-ALL GTGCCTGTGAL CCCTGET GEGATACGC
T131 CD3” 7-ALL GTGCC CGT ~14
TO52 TeR-y8™ T-ALL GTGCCTSTGAC CAGTCCTCCTE ACTGGGGGATACGC
T134 TeR-y3" T-ALL GTGCCTGIGACACC GAR GGGGGATACGC
BnO1 null-ALL GIGCCTETSACA TCCTCCCE ACTGGGEGEATACEC
BnO2 null-ALL GTGCCTGTGACACT gTh GATACGC
BeQ2 common ALL  GTGCCTGTGACACT faler.Y ACTGGEGEATACET
Be22 common ALE  GTGCCTGTG TCGEEAGT GOGEEATACGT
Bc28 common ALL  GTGCCTGTGAC TCCCCEECT GATACGC
Bc30 common ALL  gTGCCTGT CTTt ACTGGEGEECATACGC
Bcb3 gommon ALL  GTGCC GGCGGETAL c
Bp0O2 pre B-ALL GTGCCTETG cer cGe
Bp0S5 pre B-ALL GTGCCTGTEAL TEGEGEATACEC
Bp18 pre B-ALL GTGCCTGTGEACACTC gCTCTTT CTGGGEGATACGC
Bp20 pre B-ALL GTGCCTG cc CTGEEGGATACGC
Bp28 pre B-ALL GTECCTG AGCCE GEGGGATACGC

Ds2

TTGTECCITCCTAC
T043 CD3™ T-ALL TTGTECCTTCCTA G CTGGGGEATACGS
TO53 CD3” T-ALL TTETGCCTICCTA AAACCCTACT GEATACGEC
T122 CD3™ T-ALL TT CGGG -34
BcQ2 common ALL  TTGTGCCT CCCTt ACTGCGGGATACGC
Bel2.a common ALL  TTGTGCCTTC TTCTGTCC GEGATACGC
Bel2.b TTETGCCTTCCT CTTCCCTE ACTGGEGEATACEC
Bc39 common ALL  TTGTGCCTTCCTA GA GEGGATACGC
Bc4d common ALL TTGTGCCTTCCTAC TEEEGGATACGC
Be53 common ALL  TTGTECCTTCC CTGEEG GOGGGATACGC
Be77 common ALL  TIGTGCCTTC GAGG CTGEGEGATACEC

17V w SpuauiaBueiieas aual ¢4l

Figure 4. Representalive junctional regions of incomplete human TeR-§ gene rearrangements, Junctional regions of the preferential incomplete TeR-3 gene rearrangements: D§z-J81, Vi2-
D83, and D32-D33, Sequences of the junctional regions are aligned with the known {(double underlined) V52, D8, and J§1 germline sequences, The junctional regions consist of Dé-gene-
derived nucleotides {single-underlined), N-ragion nucleotides, and P-region nucleotides (small characters), Generated restriction sites, BamHI (GGATCC; patient T112 and T132) and Kpnl
[GGTACC; patient Be53), are indicated in bokd characters, Numbers at the end of the junctional region indicate extensive deletion of nucleotides by wimming of the 37 gene segment (-).
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TABLE 3. Frequencies of TcR-6 gene configuration combination in different sub-
groups of ALL,

T-ALL precursor B-ALL
CcD3" TeR-y8%  TcR-af*
{Number of patients} {73) {25) (40} 91)
TcR-5 gene configuration®
G/G 9.6% 0% 0% 13.2%
17} {0} 0] (12
R/G 8.2% 0% 0% 16.4%
(6) 10) (0} {14}
R/R 46.2% 92,0% 0% 15.4%
(33 {23} (8] {14}
DiG 0% Q% 0% 3.3%
(0} {0) {0} {3)
DR 24.7% 8.0% 37.6% 19.8%
{18) 2} {i6} {iB}
D/D 12.3% 0% 62.5% 33.0%
{9 {0 {28) {301

a. Abbreviations used; G, TcR-d allels in germtne configuration; R, aflefe contains a TcR-6 gene
rearrangement; D, allele contains a deletion of C5 gene segment.

and precursor B-ALL. The D/G configuration solely occurred in precursor B-ALL. Because
the TcR-6 gene is deleted upon TcR-« rearrangement, ne R/R configuration was found in
ToR-a8* T-ALL. Analogously, TcR-y81 T-ALL need at least one rearranged TcR-6 allele and
therefore never contained the D/D configuration. A noticeable high percentage (56%) of the
precursor B-ALL contained one or two deleted TcR-6 allefes. In T-ALL, this was found most
frequently in TcR-a8 " (100%) and CD3~ T-ALL (37%), but was rare in TcR-yst T-ALL

{8%}.

Relative allelic frequencies of particular T¢R-6 gene rearrangements

Southern blot analysis of the TcR-4 genes in the 229 ALL revealed that in ~70% of
the T-ALL and ~51% of the precursor B-ALL one or two alleles were rearranged (Table 3},
The relative allelic frequencies of the most frequent complete V-({D}-J and incomplete D-J,
V-D, or D-D TcR-8 gene rearrangements in the various ALL subgroups are summarized in
Table 4. A remarkably high allelic frequency of V&1-J61 rearrangements was seen in
TcR-y8* {56%) and CD3™ T-ALL {24%}. In TcR-a8+ T-ALL a low frequency of rearranged
TcR-§ alleles was found, due to the high frequency of TcR-& gene deletions. These
remaining rearrangements of the TcR-af T T-ALL did not shown an obvious prefarence for
a specific rearrangement, although it is noticeable that only one of the incomplete
rearrangements {D§2-J61) was presentin this ALL subgroup. D§2-J61 rearrangaments were
observed most frequently in TcR-y6" (15%) and CD3™ T-ALL (10%], as were the V§2-Dé3
rearrangements (4% and 6%, respectively). Vé2-D53 rearrangements were even more
frequently present in precursor B-ALL (72%). The most ‘immature’ rearrangement,
D&2-D63, was observed only in precursor B-ALL (10%) and CD3™ T-ALL (4%). Except for
the V§2-D§3 and D82-Dé3 rearrangements, the other TcR-§ gene rearrangements in
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TABLE 4, Relative allelic frequencies of six preferential TcR-5 gene rearrange-
ments In different subgroups of ALL,

T-ALL precursor B-ALL
CD3™ TcR-yé*t  TcR-aft
{Numbar of rearrangements) {90} (48] {15} (60)
TcR-6 gene rearrangement
Vi1-Jé1 24.4% 56.3% 13.3% 0%
122) 27 {2} 0}
V62-Jé1 10.0% 8.3% 20.0% 0%
19} (3 131 {0}
V&3-Jd1 5.6% 8.3% 6.7% 0%
{5 4} %] 10
D32-481 10.0% 14.6% 6.7% 0%
9 7 1} (0]
Vé2-Ds3 5.6% 4.2% 0% 7L.7%
15} (2 10) {43}
D§2-D43 4.4% 0% 0% 10.0%
4 0 (0} {8}
all other 40.0% 10.4% 563.3% 18.3%
{36] 15) (8 {11}

precursor B-ALL {18% of the rearranged alleles} could not be identified. In T-ALL, 68% of
the rearranged alleles belonged to one of the six frequently occurring TcR-§ gene
rearrangements (Table 4), whereas the other rearrangements either occurred at a low
frequency or could not be identified.

Junctional diversity of TcR-§ gene rearrangements

To investigate the junctional diversity of the TcR-8 gene rearrangements, we analyzed
a total of 100 junctional regions of the six most frequently oceurring TcR-é rearrangements
by PCR-mediated amplification and subsequent direct sequencing. A representative sample
of the sequenced junctional regions of complete V-D-J rearrangements and incomplete
rearrangements are illustrated in Figures 3 and 4, respectively. The characteristics of the
junctional regions analyzed in the total ALL group are summarized in Table 5. The complete

TABLE 5. Junctional diversity of six preferential TcR-6 gene rearrangements in ALL,

Junctional DS gens  P-region® N-region®  Deleted® In
Rearrangement Number nucleotides nucleotides nucleotides nucleotides nucleotides  frame

Vét-Jot 30 31.2 11.7 1.2 18.3 4.6 57%
V62-Jit 13 23.3 8.6 1.5 13.2 7.1 36%
V§3-Jé1 10 31.0 10.8 0.6 18.6 6.8 30%
Ds2-J51 14 20.3 6.6 1.1 12.6 12,4 -
V32-Dé3 22 5.0 1.5 0.5 3.0 7.2 -
D§2-DH3 i 4.8 - 0.2 4.6 8.3 =

a. P-region nucleotides are nucleotides recognized as fulfilling the conditions fer P-regions described Latails et af. (10).

h. N-region nucteotides are randormly inserted nucizotides of ail N-regions.
¢, Detated nucleotides ara total loss of nucleotides per junctional region as causad hy trimming of the rearranged gene segments.



108 CHAPTER 3.2

V8-J& rearrangements contained large junctional regions with an average size of 30
nucleotides and 5.5 deleted nucleotides. The compilation of the V§-J§ junctional regions
by Dé-gene-derived nucleotides, P-region nucleotides, and N-reglon nuclectides was
comparable between the studied Vé-J6 rearrangements {Table 5). The incomplete D§2-J61
rearrangement contained larger junctional regions {mean: 20 nucleotides) and showed more
deletion {mean: 12 nucleotides) than the other incomplete Vé§2-D§3 and D82-Dé&3
rearrangements, in which average insertion and deletion was B and 8 nucleotides,

respectively.

DISCUSSION

To detect TcR-8 gene rearrangements, it is necessary to have disposal of a set of well-
located DNA probes. Due to the availability of the PCR technique, probe isolation is no
longer dependent on genomic clones. Designing PCR-DNA probes only requires knowledge
of the sequences flanking the sides of the probe, which implies that the location and size
of the new PCR-DNA probes is independent of the restriction sites present in the human
genome. By applying the PCR technique, we were able to design and clone a set of
eighteen optimal DNA probes, which are located as close as possible to the RSS of the
various TcR-§ gene segments, but avoiding sequences that by sequence homology could
give rise to cross-hybridization in Southern blot analysis. Using these probes we were able
to determine the precise human TcR-§ gene restriction map for the restriction enzymes
BamH|, Bglll, EcoRl, Hindlll, and Kpnl. In addition, we have determined the Southern blot
restriction enzyme pattern for every theoretically possible TeR-6 gene rearrangement except
those involving the V84 gene segment. Although five restriction enzymes are presented,
a combination of only two restriction enzymes is generally sufficient to identify most of the
TcR-§ gene rearrangements by Southern blot analysis {Table 2}, Moreover, virtually all the
observed TcR-6 rearrangements (97%) were detectable by use of the TCRDJ1 probe.

Aremarkable observation was the presence of two highly polymoerphic restriction sites:
Bamttl restriction site in the V62 gene segment {54} and Kpnl restriction site in the V43
gene segment (20}. In both cases the polymorphic restriction site was caused by & non-
silent point mutation within the Vé gene segment {48,50,55,56). Both point mutations are
located outside the complementary determining regions of the TcR-§ chain {1). No other
polymorphic restriction sites were identified.

TcR-6 gene rearrangements occurred on 65% of the alleles in T-ALL and 33% of the
alleles in precursor B-ALL. In T-ALL, this was mainly caused by high percentages of
rearrangements in CD3~ T-ALL {62%) and TcR-y81 T-ALL (96%]. This resulted in 70% of
the T-ALL and 51% of the precursor B-ALL with at least one rearranged TcR-6 allele. TcR-8
gene deletions were frequently found in both T-ALL (37% of the alleles) and precursor
B-ALL {45% of the alleles}). In T-ALL, TcR-6 gene deletion most frequently occurred in
TeR-aft T-ALL (81% of the alfeles) and CD3™ T-ALL (25% of the alleles). The frequent
TcR-6 gene deletions in precursor B-ALL are most probably for a major part caused by
V§2-D62-Dé3-Jo gene rearrangements {57-59})

Except for Vé4, all other five known Vé gene segments were at least once invelved
in a rearrangement in the total group of ALL. Although the V84 gene segment is able to
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rearrange to the J&1 gene segment (48,50}, it frequently rearranges to Jo gene segments
{14}, This V&4 gene segment contains all conserved amino acid residues characteristic of
human Va gene segments and is almost identical {96% homology) to the VB gene
segments {14,48,50). Therefore, V84 most probably represents a Vo gene segment. V5
and V486 gene segments aiso occur in rearrangements with both Ja and Jé gene segments
(14,50). Moreover Vb5 and V&6 display a high sequence homology with Ve 17.1 and Vo
13.1, respectively (18,47,50,80). So far, there is no absolute characteristic to define Vo
and Vé gene segments, other than their preference to rearrange to either Ja or J§ gene
segments,

Of the other V& gene segments, the V1 gene segment was most frequently used in
combination with the J&1 gene segment, which can be explained by the assumption that
T-ALL cells arise from normal thymocytes and the fact that 80% of the TcR-yé7
thymocytes express a Vi1-J61-Cé chain (27,29,30). The predominantly expressed
V$2-J51-Cé chain on PB T-lymphocytes is less frequently found on ToR-v8% thymocytes
{27-30), which is in line with the observation that V§2-J§1 rearrangements occur at a low
frequency in T-ALL. Interestingly, almost ali complete V§-J8 gene rearrangements involved
the J§1 gene segment, whereas rearrangements to the J62 or J63 gene segments were
only sporadically observed. Also, in the incomplete TcR-6 gene rearrangements, there was
a preference for particular combinations of gene segments, i.e. D42-J61, V§2-D83, and
D§2-D83. Whereas these incomplete rearrangerments occurred in relative low frequencies
in T-ALL, they represented 82% of the rearrangements found in precursor B-ALL, which is
iin line with data from the literature (33-35). The preferential complete (V§1-J§1, V§2-J61,
and V§3-J61) and incomplete {D§2-J81, V§2-D483, and D42-DE3) rearrangements result in
a limited actual combinatorial diversity of the TcR-8§ genes in ALL,

All other rearrangements in T-ALL {32%) and precursor B-ALL (18%) could either be
identified as less frequent rearrangements to other TcR-6 gene segments (e.g. V8§3-J82,
V§5-J81, SREC-J81, and V§6-J52) or could not be identified at all. The inability to identify
certain TcR-6 gene rearrangements is caused by frequently occurring Vea-Jé1
rearrangements and by translocations or other chromosornal aberrations involving the TeR-6
gene (61-63). '

Sequence analysis of a total of 100 junctional regions of the above-mentioned six
preferential rearrangements showed an enormous diversity caused by extensive insertion
of nucleotides as well as by moderate deletion of nuclectides. This extensive junctionat
diversity compensates for the preferential usage of the limited combinatorial repertoire. The
sizes and compilation of the junctional regions were, on average, comparable, depending
on the potential number of N-regions. Only the D§2-J§1 rearrangement with two potential
N-regions showed an increased number of deleted nucleotides. This biased phenomenon
is caused by the fact that the relatively small size of the D82 gene segment (9 nucleotides}
and the extensive nucleotide deletion by trimming of the D62 gene segment during the
D42-D&3 rearrangement processes can easily damage the 5 ° heptamer RSS of the involved
D52 gene segment, thereby preventing further rearrangements to a D§1 or Vé gene
segment. Damage of the 5" RSS of the D82 gene segment was observed in 57% {8/14)}
of the analyzed D8§2-J61 gene rearrangements. For example, the single D§2-Jé1 gene
rearrangement observed in TeR-oft T-ALL contained a damaged 5° RSS (Figure 4).
Extensive trimming only damaged 8% {1/11) of the 5" RSS in D§2-D43 rearrangements and
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6% (2/33) of the 3" RSS in V§2-Dé3 and D62-DE3 rearrangements, indicating that the
majority of these rearrangements, unlike most D§2-J81 rearrangements, can still be involved
in continuing rearrangement processes, as found in precursor-B-ALL (57-59).

Both limited combinatorial diversity and extensive junctional diversity favor the TcR-8
gene as target for the detection of MRD in ALL utilizing PCR-mediated amplification
technigues {41-44). The limited combinatorial diversity allows simple identification of the
rearranged TcR-§ gene segments by Southern blot analysis and usage of only a limited set
of V§-, Bé-, and J3-specific PCR oligonuclectide primers. The extensive junctional diversity
altows construction of highly specific junctional region cligonuclectides probes. In ~70%
of the T-ALL and ~51% of the precursor B-ALL, TcR-§ gene rearrangements were found
on one or both alleles {Table 3). Approximately 80% of these T-ALL { ~56% of all T-ALL}
and ~91% of these precursor B-ALL { ~46% of all precursor B-ALL} contain an identifiable
TcR-§ gene rearrangement on at least one allele and thergfore also an identifiable junctional
region, which allows detection of MRD by PCR techniques in these ALL,

The restriction map and Southern blot rearrangement patterns presented here, in
combination with the new TcR-§ gene probes, allow the identification of most TcR-6 gene
rearrangements in T-ALL and precursor B-ALL, which can be used for diagnostic purposes
at diagnosis and during follow-up, Further studies have to unravel to what extend the
remaining TcR-§ gene rearrangements represent chromosome aberrations or Ve-Jé
rearrangements.
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ABSTRACT

Human early T-cell differentiation is characterized by rearrangements of TcR genes.
The TcR-§ gene is a particular TcR gene as it is embedded in the TcR-« gene, For this
reason it is assumed that the TcR-6 gene plays a key role in the commitment of early
thymocytes to either the TcR-af8t or the TcR-¥6 ™ lineage. The order of rearrangements in
the TcR-a/8 locus is: TcR-5 gene rearrangement; TcR-6 gene deletion by rearrangement of
the deleting elements dReC and YJo; TcR-« gene rearrangement. Besides these consecutive
rearrangements in the TcR-a/6 locus, it is generally recognized that preferential TcR-§ gene
rearrangements occur with different frequencies related to stage of ontogeny or body
compartment. Fetal thymocytes predominantly contain V62-J63 rearrangements, whereas
V31-J81 rearrangements dominate in post-natal thymocytes, and the majority of peripherat
blood T-lymphocytes contains at least one V62-J81 rearrangement. In this study we have
analyzed the order of TcR-§ gene rearrangements. For this purpose, fetal thymi, neonatal
thymi, infant thymi, and an immature infant thymocyte subpopulation
{CD341/CD4~/CD8~/CD3 ™} were analyzed with Southern blot and PCR analysis directed
to both the coding joints and signal joints of TcR-6 gene rearrangements. From our data we
were able to deduce two major pathways of sequential TcR-8 gene rearrangements in post-
natal thymocytes: the fetal-like pathway and the post-natal pathway. The fetal-like pathway
rearranges V§2-D83 and subsequently V§2-D§3—Jé1. Homologous sequential
rearrangements represent the major pathway in fetal thymocytes: V§2-D83-+J83 {or J§2).
The sequential rearrangements of the post-natal pathway are: D§2—D§3, D§2-D63-+J61,
V61-D4§2-Dé3-J61. The strict order in which the TcR-§ gene segments are used in
saquential rearrangements may implicate genomic sites in the TcR-6 gene that are involved
in the regulation of the sequential TcR-6 gene rearrangement pathways.

" Submitted for publication.
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INTRODUCTION

The TcR-8 gene is a special gene because of its location within the TcR-« gene {1-3).
The majority of the Vo gene segments are located upstreamn of the TcR-6 gene, whereas
all Jo gene segments are located downstream (Figure 1} {1-3). This unique configuration
prevents the coexistence of a TcR-6 and a TcR-« gene rearrangement on the same allele.
This is one of the reasons why the TcR-a/6 locus is helieved to play an important role in
divergence of the TcR-off and TcR-y6 differentiation pathways (4}.

The TcR-6 gene complex is composed of several V§, three D§, and four J§ gene
segments (Figure 1} {6-10}. The exact number of V8 gene segments is difficult to estimate
because the V§ and some Vo gene segments are fecated in the same region. Moreover, it
appears that many Vo gene segments are capable of rearranging to the Jé gene segments
and that in return V3 gene segments can rearrange to Jo gene segments {10-14}. However,
only three V6 gene segments {V31, V52, and V§3) are frequently used in TcR-§ gene
rearrangements {6,7). Another characteristic feature of the TcR-6 gene is the frequent
usage of more than one D§ gene segment in a TcR-§ gene rearrangement (5,7},

Germline TeR-w/a locus
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Figure 1. Sequential TcR-5 gene rearrangements. The TcR-«/8 gene is indicated with the probes for Southern
blot analysis as open boxes below the gens segments they recognize (7). Indicated are the consecutive TcR
gene rearrangements: V52-D83, V82-D33—»J61, SReC>dJw, and Vi—Ja with the associated circular excision
products,
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Except for the V§1 gene segment, all TcR-§ gene segments are focated in a region
which is flanked by the so-called TcR-6 deleting elements, §rec and yJo (Figure 1) (16-17).
Rearrangement of these elements to sach other will therefore delete all TeR-6 gene
segments. The 8rEc-yJo rearrangement is a non-functional rearrangement that is not
transcribed, and it appears that this rearrangement only occurs to prepare the allele for
further TcR-o gene rearrangements {Figure 1) {15,16). Thus, the dREc-yJo rearrangement
is believed to play an important role in the o3/y4 lineage bifurcation (4,15-17).

V{D}J recombination of TcR gene segments involves the conserved heptamer-nonamer
RSS, which are present at each rearranging side of a gene segment {18-20). The RSS are
classified according to the size of the spacer which is located in between the heptamer and
nonamer of the RSS {20]. The spacer can be 23bp long (V gene segments} or 12bp long
{J gene segments). The 12/23 rule defines that gene segments can in principle only
rearrange to each other when the involved RSS have different spacer sizes {20}. In TeR-Dé
gene segments the 5’ RSS contains a J-like spacer (12bp), whereas their 3' RSS contains
a V-like spacer {23bp) (5}. This enables the D& gene segments to rearrange to V3§, J§, or
other D§ gene segments.

The DNA between two rearranging gene segments is deleted by a looping-out
mechanism and will form a so-called circular excision product (Figure 1) {20}, The circle is
closed via the so-called signal join{ of the rearrangement and usually contains a perfect
head-to-head fusion of the complete RSS of the rearranged gene segments without
nucleotide insertion or deletion (20). Analysis of signal joints shows exactly which gene
segments were rearranged to each other, whereas coding joints only show the final
rearrangement in which the junctional region with nucleotide insertion and deletion might
obscure the involvement of D gene segments.

Rearrangements of the TcR-§ gene occur early in thymocyte differentiation (4}, And
because the actual combinatorial repertoire is restricted (5-10), Southern blot analysis with
TcR-6 probes will show preferential rearrangements in a polyclonal thymocyte sample (15-
17}, Krangel et al. {21) and McVay et al. {22) showed that the preferential rearrangements
which occurred in early fetal thymus (V62-D§3, V§2-D83-J63) were different from those
present in post-natal thymus (V81-Dé2-D§3-J81}. The same preference has been observed
in T-cells from human fetal liver {23). In PB of healthy individuals the far majority of
TcR-y8% T-lymphocytes {>80%) expross a V§2-D§3-J61 TeR-4 chain (24-27). This is in
contrast with the observed preference in post-natal thymus for the V§1-D62-D63-J81
rearrangement (5,21,22). Because the V§2 chain is almost exclusively expressed in
combination with a V49-Jy1.2 chain, an extremely rare thymic rearrangement, itis assumed
that the V§2/Vy9 T-lymphocytes are selected by a mechanism of peripheral expansion {24-
27}). Because we could prove that these peripheral T-lymphocytes were selected for their
expressed TcR, the observed rearrangements therefore do not reflect a preferential
recombination process on the DNA level {28}.

Hence, TcR-8 gene rearrangements accur with a particular preference in different
stages of ontogeny or different compartments of the body. Recently, an interesting study
by Lauzurica and Krangel {29} on a human V§1-V§2-D§3-461-J62-Céd transgenic mouse
provided interesting information on early TcR-6 gene rearrangements. They observed that
Vé—+Dé rearrangement is TcR-§ enhancer independent, whereas Vé-Ds—Jé is enhancer
dependent and T-cell specific (29). Also, since rearrangements of the transgene occurred
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in both TcR-v6* and TeR-ofi T T-cells, it appears that no af/ys lineage commitment takes

place before TcR-6 gene rearrangement (29},
Almost all other studies on TcR-§ gene rearrangements focussed on the final stage of

these rearrangements {6,7,17,21-23}. We tried to establish the order in which the TcR-§
gene rearrangements occur. For this purpose we used a large series of TcR-§ gene probes
that cover the whole gene, and allow identification of the various types of TcR-§ gene
rearrangements by their restriction enzyme pattern in Southern blot analysis (7).
Furthermore, we performed PCR analysis of the signal joints of TcR-§ gene rearrangements
to obtain information as to which gene segments rearranged to each other. And finally, we
isolated a subpopulation of immature thymocytes (CD34*/CD4™/CD8~/CD37) to identify
the earligst rearrangements of the TeR-4 gene (30,31).

MATERIALS AND METHODS

Cell sampfes
MNC were isolated from PB of four healthy volunteers by Ficoli-Paque {density 1.077 g/mk; Pharmacia,

Uppsala, Sweden} density centrifugation. Thymocytes were obtained from fetal thymi of legal abortions and
from post-natal thymus samples of children undergeing cardiac surgery. The five fetal thymi were from: 16
weaks {2x), 16 weeks, 17 weeks, and 18 weeks of gestation, The 15 post-natal thymus samples were from
neonates and children at the age of: 3 days, 8 days, 9 days, 2.5 months {2x}, 5 months, 8 months, 10
months, T year {2x), 1.8 year, 2.4 years, b years, 8 years, and 15 years. The thymus samples were minced
with scissors in RPMI 1640 madium containing 10% fetal calf serum and were flushed through a nylon gauze
filter with 100 um openings. All human tissue and cell samples were obtained with the approval of the
Medical Ethics Committee of the Erasmus University/University Hospital Dijkzigt, Rotterdamn, The Netherlands.
Cell line Hela was used as a germline contro! in the rearrangement studies.

Southern blot analysis

DMA was isolated from fresh or frozen MNC as described previously {32), Fifteen ug DNA samples were
digested with the restriction enzymes: Bglll, EcoRl, andfor Hindlll {Pharmacial, size fractionated in 0.7%
agarose gels and transferred to Nytran-13N nylon membranes (Schleicher and Schuell, Dassel, Germany) as
described (32}, TcR-6 gene rearrangaments were studied using 32p random oligonucleotide-labeled TcR-6 gene
DNA probes; TCRDVT {Vé1), TCRDV2 (V32), TCRDV3 {Vé3), TCRDD1U (D41 upstream], TCRDD1 (D&1},
TCRDD2 (D62}, TCRDD3U (D83 upstream}, TCROD3 (D43}, TCRDJ1 (J81), TCRDJZ (J52}, TCRDJ3 {J&3},
TCRORE {éREc), TCRDRED {3rtC downstream), TCRAPJU (YJer upstream), and TCRAPJ {$Ju} (Figure 1} (7).

PCR amplification analysis

PCR was essentially performed as described previously {7}. A 0.25-1.0 pg sample of DNA, 12 pmol of
the 5" and the 3~ oligonucleotide primars and 1 unit of Amp/iTag DNA polymerase {Perkin-Elmer Cetus,
Norwatk, CT} were used in each PCR of 100 ul. The oligonucleotide primers are listed in Table 1 or References
7 and 17. The PCR reaction mixture was incubated at 94°C for 3 min, at 60°C for 2 min and at 72°C for
3 min in a thermal cycler {Perkin-Elmer Cetus). Following this initial cycle, denaturing, annealing and extension
stops were performed for another 35-40 cycles at 34°C for 1 min, at 60°C for 1 min and at 72°C for 3 min,
respactively. After the last cycle an additional extension step of 72°C for 7 min was executed. The PCR
products were analyzed after electrophoresis in a ethidium-bromide stained 1% agarose gel.

Preparation of thymocyte suspensions and thymocyte subpopulations

Thymic tissue was obtained from a 2.4 years old child undergoing corrective cardiovascular surgery.
Suspensions were made by mincing tissue and pressing through a stainless steel mesh. A Lymphoprep
{density 1.077 g/ml; Nycomed Pharma, Oslo, Norway) density centrifugation was performed to remove the
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TABLE 1. Oligonucleotide primers used in the PCR analysis of TcR-6 genes®.

Code” Position {bp)°© Sequenced Reference®
D&1-3 "XBg +30 gtagatctaGAAGCCATTTGGTTAATGTCARAAG 5
D62-5 "XBg —-20 gtagatcEAGAAGAGGGTTTTTATACTGATGTG 5
D62-3°s +49 cgegbcgACATAGCGGGETCACGGCTEGE 5
D83-5°s —43 cgcgbegqaCCATATAGTGTCAAACCCAGCGGE 2
V31sj3”° +84 GTGTGCATTTCAGATTGECTCLTE 5
V52s5j3° +25 CTGGTCAGTGGTTTTTGAGCTGCT 47
V53sj3° +198 CTACCAGGAGTCATTCAGGTGGC 33
SRECS[3” +213 AGGCAGATCTTGTCTGACATTTGCTCCG 16
Jétsjs” — 138 GTCCCTACCTGCAGATGATTAACC 1]
J62sjB " -9 GCAAGGTTTTTCETAATEATECCTG 6
J&3sih” —130 CCCTTGGTCTCATCAAGAGCAGC 48
Ydasih ” —127 TaaGCTETGAAAGGCAGAAAGAGGGCA 16

a. All primers used other than those presanted in the tabla are described in Reference 7, 17, and 48,
b. The extensions of the cedas represent resuiction sites present in the oligonucleotide primers, XBg, X6al and BgA); S, Safl or g, signal

joint.
c. The position of the 3° side of the oligonucleotide primer is indicated upstream (—1] or downstream {+) relative 1o the RSS of the

inveived gens segment
d. The seguence in lower case characters represent the aspecific nuclectides that generate restriction sites lundertined}.

a. Sequence information used to design the oligonucleatide piimers was derived from the indicated raferances.

majority of arythrocytes and part of the CD41/CD8% immature thymocytes. Enrichment of
CD341/CD4 7 /CDB™/CD3/CD19 ™ cells was first performed by incubation with speciic McAbs followed
by magnetic bead depletion. In the first step CD8% thymocytes were removed after incubation of the
thymocytes with the RPA-T8 {CD8} antibody and depletion with Biomag magnetic beads coated with goat
anti-mouse antibody {Advanced Magnetics Inc,, Cambridge, MA). The remaining cells were depleted of CD4 T,
CD27%, and CD68™Y cells by incubation with the RPA-T4 (CD4}, CLB-3A12 (CD27), and L78 (CD69)
antibodies and depletion with Dynabeads magnetic beads coated with sheep anti-mouse antibody (Dynal Inc.,
Oslo, Norway). The remaining thymocytes were incubated with PE labeled anti CD34 (HPAC-2} and with FITC
labeled CD4 (Leu-3a), CD8 {Leu-2a), CD3 {Leu-4), CD12 (Leu-12} {all Leu antibodies obtained from Becton
Dickinson, San Jose, CA). Leu-2a and Leu-3a are directed agsinst different epitopes on respectively C04 and
CD8 than the RPA-T4 and RPA-T8 antibodies used for the magnetic bead depletion. CD19 was used to
remove the resident thymic B-cells. CD341/CD4~/CD8~/CD3~/CD19~ calls were then sorted with the
FACStar plus ({Becton Dickinsoen Immunocytometry System}, The total amount of
CcD34*/CD4 " /CDB™/CD3 /CD19 ™~ immature thymocytes was 6 x 108 cells starting from a 1.5 x 1070

total thymocyte cell sample.

RESULTS

Preferential TcR-§ gene rearrangements in fetal and post-natal thymus

DNA from a large series of fetal and post-natal thymi was analyzed by Southern blot
for TcR-6 gene rearrangements. Our series of TcR-§ probes, that cover all known V§, D8,
and J& gene segments was used to detect and identify the various types of TcR-§ gene
rearrangements (7). The most evident observation in the Southern blot analysis was the
presence of a number of bands that represented preferential rearrangements in both fetal
and post-natal thymus samples (Figure 2}. It was remarkable how comparable the density
of the rearranged bands was between the thymus samples of the same group. On the other
hand, these rearranged bands varied significantly in density when compared to each other,
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Figure 2. Preferential TcR-6 gene rearrangsments In fetal (FT) and post-natal (P-NT) thymus samples. A) DNA
digested with Hindlll and hybridized with the TCROV 2 probe {V52). Preferential fetal thymus rearrangements:
V§2-463 and V82-J82. Other preferential rearrangements: D52-J31, V32-J61. B} DNA digested with Hindli
and hybridized with the TCRDJ1 probe (J61}. Preferential post-natal thymus rearrangements: D82-J51,
V§1-J61, and D&62-D63 (co-migrated with the germline band}. Other preferential rearrangement: V62-D43, C)
DNA digested with Hindlii and hybridized with the TRCDRE probe (SRech. Preferential fetal thymus
rearrangements: SREC-D&3 and 6REC-J§3. Preferential post-natal thymus rearrangement SREC-J31. The JREC-JJor
rearrangement is present throughoeut the ontogany.

and also between the fetal versus the post-natal thymus sampies {Figure 2). In fetal
thymus, the most prominent bands were identified as éRec-yJer, V§2-D43, and VH2-J63
rearrangements. In post-natal thymus the most prominent rearrangements were dREC-yJo,
D§2-d81, and V61-J61 rearrangements {Figure 2). Some preferential rearrangements
occurred in both groups of samples [6rRec-YJa, VE2-D83, and V§2-J81), but other
rearrangements occurrad in either fetal thymus (REC-D43, V62-J62, and V§2-J63), or post
natal thymus (D§2-D33, D82-J81, V&1-J61, VE3-J61, and drec-Jé1). All preferential TcR-&
gene rearrangements as well as their occurrence, are summarized in Table 2. Although we
were able to identify every known TcR-6 gene rearrangement by using an extensive series
of TeR-§ probes {7), still some of the observed rearranged bands remained unidentifiable,
and most likely represent rearrangements of a D§ or J§ gene segment toc a Vo gene
segment.

Coding joints of TcR-§ gene rearrangements

To confirm the Southern blot data of the various thymus samples, PCR analysis was
performed on the coding joints of TcR-6 gene rearrangements. PCR reactions with primers
of all possible combinations of the most frequently used TcR-6 gene segments were
performed on six selected thymus (two fetal and four post-natal) samples and two MNC
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TABLE 2. Southern blot analysis of preferential rearrangsments In thymocyte cell sampies®,

Fetal thymus Post-natal thymus Immature thymocytes

Rearrangement
D32-D43
V&2-053
SREC-D33
D§2-J61
V§2-182
V52-J53
SREC-J83
Vé2-Jst
Va3-Jbt
Vé1-Jét
SREC-JO1
SREC-YJa + +
Germline J&1

#o+ |
H o+
-
=

|
|

Pl +R
+
LM B

[

a. Symbals; + + to —, indication of the density of rearrangad band, Arrows indicate the relative increase (¢} or decraasa (4) of the
density of rearranged bands observed in the immature thymocytes as compared to those observed in the post-natat thymoocytes.

samples from PB of healthy volunteers. The data of the PCR analyses are summarized in
Table 3.

All observed preferential rearrangements in the Southern blot analysis could be
confirmed by PCR analysis {Figure 3A). In addition, several other rearrangements showed
a positive signal, but this is due to the high sensitivity of the PCR amplification technique.
Still, some TcR-8 gene rearrangements did not show positivity in the PCR analysis, which
meant that thay are extremely rare or do not occur at all. These included all rearrangements
involving the D&1 gene segment, which is also rarely observed in junctional region
sequences of TcR-§ gene rearrangements {7). Alse the D62 gene segment is hardly found
in V§-DH2 gene rearrangements, whersas D§2-J6 gene rearrangements occur frequenily.
1t Is interesting to note that almost ali preferential rearrangements observed in the thymus
samples by Southern blot analysis (Table 2} show PCR positivity in the PBMNC samples,
whereas most other rearrangements are not detectable by PCR in PBMNC samples,

TABLE 3. PCR analysis of the coding joints in TcR-§ gono rearrangement®,

B’ gene sagment {primer}

D&Y psxen D62 pasy DA wrawen JO1 wmatxen JE2 wzacs Jb3 zas Yot rpsats

FTPNTPB FTPNTPE FTPNTPB FTPNTPB FTPNTPB FT PNT PB  FT PNT PB

3" gena segment {primer)

Va1 wetsm - - - - - — — = [
V62 (wzs-s) —_ = e _ - = O S - — = - - _

Va3 wsrses + + - + + £ + F - 4+ ¥+ -~ - - — + + &

SREC urecs'a + + 4+ + + % *x + - - *x - - — - * + =% + + -
Dé1 ipsiseg + 4+ — + x — — = - + - — - — 1 — ¥ o+ -
482 1wrz-5 30 + + — + + =+ + + — - — e 3+ o+ + + *
D43 ips3ss + + — + + % +* + — + + 4+ - - = —-  — +  —

a, Abbreviations wsed: FT, fetal thymus; PNT, post-natal thymus; FB, peripheral blood,
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Figure 3. PCR analysis of the coding joints and signal joints in TcR-§ gene rearrangements from fetal
thymocytes {lane 1), post-natal thymocytes (lane 2}, and PB T-lymphocytes {lane 3). A} All combinations of
5 coding joint primars to the D§3-3 " and J31-37 primers. B) All combinations of 3 signal joint primers to
the D62-6 " and D33-5° primers. The PCR products are run in a ethidium-bromide-stained 1% agarose gel.

Signal joints in excision products of TcR-5 gene rearrangements

To establish the order of TcR-6 gene rearrangements, we performed Southern blot
analysis on the circular excision products. These excision products were analyzed by using
probes that are located downstream to the SRec or D& gene segments or upstream to the
D3, Jé or YyJu gene segments {Figure 1}. Because a signal joint is also a rearrangement in
itself, it can be detected as a rearranged band in a Southern blot. However, the relatively
low frequency of the circular excision products prevented accurate Southern blot analysis.
Only the signal joint of the drec-yJo rearrangement was visible as a weak band in the
thymus samples and as a very faint band in the PBMNC samples.

To investigate the TcR-6 gene rearrangement order, we performed PCR analysis on the
signal joints which are present in the circular excision products that arise from TcR-5 gene
rearrangements. These PCR analyses were performed on DNA of six selected thymus (two
fetal and four post-natal} samples and PBMNC samples of two healthy individuals. The data
of the PCR analyses are summarized in Table 4. In line with the PCR analysis of the coding
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TABLE 4, PCR analysis of the signal jolats in circular excision products from TcR-6 gens rearrangemaent®.
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ET FMT PB FT PNT PB ET PNTFB FT PNTPB FT PNTPB  FT PNT PB  FT PNT PB

3’ R8S lprimern)
V&1 w37
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JREC rrECS3"|
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a. Abbreviations used: FT, fetal thyrmus; PNT, post-npatal thymus; PB, perpheral blood.

joints, the signal joint analysis did not show any invelvement of the Dé1 gene segments in
TcR-6 gene rearrangement. Of more interest was the observation that the D52 gene
segment is frequently linked to a V& or §REC gene segment. This was also true for the D83
gene segment, although the frequency of involvement of the two D§ gene segments in fetal
thymus was inversively proportional to that in post-natal thymus, i.e. D63 gene segment
involvement seems more abundant in fetal thymus, whereas involvement of D82 seems
more explicit in post-natal thymus, which is in line with the Southern blot data {Table 2).
Also the D82 gene segment is never directly rearranged to a J gene segment, which is in
total concordance with the data of the coding joint PCR analyses {Table 3).

It was remarkable to see that the J§1 gene segment, which is the almost exclusively
used J§ gene segment in TcR-8 gene rearrangements of post-natal thymoceytes, is never
directly rearranged to a V8 or D62 gene segmaent, but predominantly rearranged to the D§3
gene segment {Figure 3B). The latter is also true for the J62 and J63 gene segments, with
a minor exception of the V3 gene segment. The presence of V§3-J§2 signal joints may be
caused by the fact that the invested V&3 gene segment is located 3" of the Cé region and
that this gene segment uses an inversional rearrangement mechanism for recombination,
resulting in integration of the signal joint in the genome. The only J gene segment that does
rearrange directly to V& gene segments is yJo, which is to be expected because normal
TcR- rearrangements also do not include D gene segments, despite the fact that the D33
gene segment is capable of rearranging fo the YJa gene segment. Still, it is interesting to
find a "difficult’ inversional V§3-yJo, but no 'normal’ Vé2-yJo rearrangement.

Because it is generally assumed that the circular excision products, which arise as by-
products of TcR gene rearrangement are rapidly degenerated in thymocytes and/or diluted
by cell division, we were surprised by the high frequency of signal joints in PBMNC. Almost
all signal joints observed in fetal and postnatal thymus were also present in PBMNC.

Incomplete TcR-& gene rearrangements in early thymocytes

From the Southern blot and PCR data it seems as if a certain order was present in the
TeR-§ gene rearrangements. To determine the sequential rearrangesment pattern, weisolated
an immature thymocyte subpopulation. This population was characterized by a
CD347/CD4—/CD8~/CD3™ phenotype and was assumed to contain the most immature
thymocytes that are already in the process of rearranging their TeR-6 genes. On DNA from
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Figure 4. Preferential TcR-6 gene rearrangements in immature
: thymocytes. CD34¥/CD4~/CD8 ~/CDA~ thymoocytes were cell
U= V83-Js1 sorted out of a infant thymus cell sample {2.4 years}, DNA of this
‘ subpopulation was digested with EcoRIl and hybridized with the
TCRDJ1 probe [J61). This cell sample was compared to the total
thymus sample {of the same thymus) and cell line Hela as
J51; FeoRl germiine control. Preferential rearrangements are indicated.

this thymocyte subpopulation we performed Southern blot analysis instead of PCR analysis,
to estimate the relative frequencies of the preferential rearrangements as compared fo a
total thymus sample. Table 2 summarizes the data of the rearrangements observed in
immature thymocytes {Figure 4). The most obvious observation was that in the early
thymocyte fraction the germline band and the incomplete rearrangements {D5§2-Dé3,
V42-D463, and D42-J61) were significantly increased in frequency, whereas the complete
rearrangements V81-J61 and V&§3-J51, but not V82-J31, were evidently decreased as
compared to the total thymus sample. Rearrangements involving the TecR-§ deleting
elements {6rec-J&1 and SREC-JJo} were totally absent. |t was remarkable that in this early
thymocyte subpopulation several preferential TcR-6 gene rearrangements involving either
the D&3 or the J&1 gene segments were present, which did not involve any of the other
known TcR-§ gene segments (Figure 4). These data together provide evidence for the
existence of sequential TcR-6 gene rearrangement pathways during early thymocyte

differentiation.

DISCUSSION

Previous studies found different preferential TcR-6 gene rearrangements in fetal
thymus {or liver) as compared to post-patal thymus {16,17,21,22,26,33,34). The most
significant preferential rearrangements in fetal thymus were: V42-D63 and V62-D§3-J83;
in post-natal thymus: D82-D§3-J51 and V§1-D§2-D83-J61; and in all thymi: dREC-{Jw. The
latter in fact is a TcR-6 gene deletion instead of a TcR-6 rearrangement and represents an
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intermediate step towards TcR-a gene rearrangement. These studies suggest a certain order
in TcR-8 gene rearrangements, but only the coding joints of the rearrangements in total
thymus samples or of a (incomplete} TcR-§ transgene were analyzed so the precise
sequential rearrangement steps could not be determined {16,17,21,22,28). In our present
study we tried to add another dimension to these findings by analyzing not only the coding
joints, but also the signal joints of TcR-8 gene rearrangements. The signal joints in circular
excision products contain important information because, in contrast to the coding joints,
they are not changed by ongoing rearrangements. Therefore, the signal joints tell exactly
which gene segments rearranged to each other. Interesting information was also obtained
from a subpopulation of immature thymocytes, because these thymocytes contained the
earliest TcR-8 gene rearrangements. The combined results allowed us to define the major
pathways of TcR-é gene rearrangements in differentiating fetal and post-natal thymocytes.
These pathways are schematically depicted in Figure b.

The first pathway is the one observed in fetal thymus. This fetal pathway starts with
rearrangement of the V62 to the D83 gene segment. In the sacond step, the incomplete
V$§2-D63 rearrangement rearranges to a J63, J62 or J&1 gene segment. This order was
deduced from the observation that V§2-D43 appeared as a preferential fetal rearrangement
in Southern blot analysis, whereas D§3-J83 and D33-J52 rearrangement were only detected
by a sensitive PCR analysis of the coding jeints. Because the Vi2 gene segment is located

fetal thymocytes post-natal thymocyles

TcR-§ gene in germline contiguration

l l
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Figure 5. Schematic diagram of the pathways of human TcR-6 gene rearrangements. indicated are the
sequential TcR-8 gene rearrangements as they occur in fetal thymocytes: fetal pathway, and post-natal
thymocytes: fetal-like and post-natal pathways. The gene segments between brackets are able to rearrange,
but are no part of the major rearrangement pathways.
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downstream of the SREC gene segment, incomplete V§2-D63 or complete V§2-Da3-Jé
rearrangements can be deleted by the dREC-YJo rearrangement.

This pathway could also be detected in post-natal thymus, with the exception that the
incomplete V§2-D43 rearrangement rearranges predominantly to the J81 gene segment to
form the complete V§2-D&3-J61 rearrangement as detected in Southern blot analysis.
Evidence for the sequential order of this fetal-like pathway was derived from the analysis
of immature post-natal thymocytes in which the V62-D§3 rearranged band had a
significantly higher density than in the total thymus population, whereas the V62-361
rearranged band showed about the same density. In this pathway all V82 involved
rearrangements can be deleted by the dReC-yJo rearrangement.

The predominant pathway in post-natal thymus starts with the rearrangement of the
D52 to the D33 gene segment, as proven in several ways. Firstly, in the PCR analysis both
the coding joints and signal joints of D§2-Dé3 gene rearrangements were observed.
Moreover, coding joints of Dd2-Jé rearrangements were detected by Southern blotting and
PCR, but no signal joints of these rearrangement were found by PCR analysis, which meant
that they were D82-D83-J8 rearrangements. The reverse situation happened with the coding
joints of V§-D82 rearrangements, which were virtually absent, but the signal joints of these
rearrangement did occur, meaning that there was afready a downstream gene segment
linked to the D2 gene segment before it rearranged to a Vé gene segment. Secondly, the
D52-Dé3 rearranged band had a significantly higher density in the immature thymocyte
fraction as compared to the total thymocyte population. The second step in the post-natal
pathway seems to be the rearrangement of the incomplete D§2-D63 rearrangement to the
J61 gene segment. This was indicated by the fact that in the immature thymocyte fraction
the D52-D83-J81 rearrangement occurred more frequently than in the total thymus sample,
Howevaer, this increase was less dramatic than that of D42-Dé3 rearrangements. Moreover,
this increase was more prominent in a more mature thymocyte subpopulation
{CD4—/CD8/CD277/CD69 ™} in which the D§2-D43 rearrangement already decreased in
frequency (results not shown}. The final step in this pathway appears to be the
rearrangement of a V& gene segment to the incomplete D§2-D33-J61 rearrangement,
because in the immature thymocyte fraction most complete V§-Jé1 rearrangements
occurred less frequently. It is important to note that the V§1-D§2-DE3-J61 gene
rearrangement cannot be deleted by a dRec-JJo rearrangement, because V1 gene
rearrangements delete the §REC gene segment.

Thus, the pathways can be divided into several different phases.

Phase 1: rearrangements of the D62 or V82 gene segments to the D83 gene segment.
It is of interest to note that the rearrangements in this phase {D62-D§3 and V§2-Dé3)
exactly match with the cross-lineage T¢R-4 gene rearrangements observed in precursor-
B-ALL {7,35-37). Because no other dominant TcR-§ gene rearrangements occur in the
precursor-B-ALL, we can assume that it is impossible for B-cells to enter the next phase of
TcR-6 gene rearrangements, probably because Dé—+J8 rearrangement is T-cell specific {29).
The V6-D§ rearrangement was recognized also as an initial step in the TcR-8 gene
rearrangement of a human transgene. This initial step is TcR-6 enhancer independent (29).

Phase 2: rearrangements of the J§ gene segments. The activation of the J& gene
segments may occur in a similar way as the activation of the Jo gene segments, which is
probably mediated by germline transcription from a region called T-garly alpha (TEA}
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{3,38,39}. Recently, a region in between the D43 and J§1 gene segmentis has been
identified, which can be transcribed and spliced 10 Cé sequences (40). This germline
transcription might activate the J41 gene segment. An alternative explanation might be that
the promotor of the V62 or D§2 gene segments after rearrangement to the D83 gene
segment activate the =1 kb downstream located J8T gene segment by germline
transcription. Anyway, rearrangements involving Jd gene segments are TcR-§ enhancer
dependent, as observed in TcR-§ transgenic mouse, and represent a distinct step in the
TcR-6 gene rearrangement pathway {29}, Whether the J§2 and J83 gene segments are
activated in a homologous manner as the J61 gene segment, has to be elucidated.
However, because of their differential usage in ontogsny one can assume that other
regulating factors play a role.

Phase 3: rearrangement of the V3 gene segments. This is the last phase of ‘true’
TcR-4 gene rearrangements. Little is known about the activation of TcR-V§ gene segments
and the involved regulatory sequences or proteins {20}. Nevertheless, it is obvious that
there is at least a significant difference in activation of the V82 and the V61 gene segment.
In mice this is an evident stage because in SCID mice Dé—»D§ and Dé—»J§ rearrangements
occur, but rearrangements involving a V§ gene segment are absent (41}.

Phase 4: rearrangement of the 8ReC to the YJo gene segment; i.e. deletion of TcR-8
gene {rearrangements). The initiation to this phase is probably caused by the transcription
of the TEA element, that results in a sterile TEA-Ca transcripts (3,38,39). itis believed that
this germline transcription activates the Jo gene segments {~ 85 kb) for rearrangement.
The YJo gene segment is also activated as it is the most 5’ located Ja gene segment. That
other mechanisms also play animportant role in recombination activation of a gene segment
is evident for the SREC gene segment, which has no promotor and is therefore not
transcribed {15). It is of interest that the V82 and D82 gene segments are the only gene
segments that do not rearrange directly to YJa (Table 4}, although V§2-D63-Jo gene
rearrangement are frequently observed in B-ALL (13). Finally, after sarc-yJa gene
rearrangement, TcR-« rearrangement starts.

It is obvious from these data that the sequential rearrangement pathways are regulated
by differential activation of specific TcR-& gene segments. In Figure 6 we postulate a
hypothetical scheme of the consecutive activation of the TcR-4 gene segments, in which
the 5’ and the 3’ of the D gene segments are considered to be activated independently.

_—  — — — —

—

—
S = 2
E Phase 1
E Phase 2
E I \ Phase 3

Phasge 4

Figure 6. Hypothetical scheme of differential recombination activation of TeR-6 gena segments, The vertical
bars indicate in which phase(s} a particular TcR-4 gene segment Is "accessible” for V{D)J recombination. For
explanation see text.
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This scheme may provide useful information as to where recombination regulating elements
occur,

At this point we like to compare our data with those derived from the studies with
human TcR-§ transgenic mice by Lauzurica and Krangel (29). The authors found that V§-D8
rearrangements occurred frequently and in an enhancer independent way, whereas
V§-Dé—~J6 rearrangements were enhancer dependent. In general our data are in
concordance with their observations, if we consider the fetal-like pathway, The only
difference was the relative abundance of V31 gene segment usage over V82 gene segment
usage in the V§-D&3 and V&-D5&3-J61 rearrangements of the transgene, whereas in our
observations the reverse situation occurs, We feel that by leaving the D32 gene segment
out of the TcR-8 transgene, the transgenic rearrangements are forced into the fetal-like
pathway {Figure 5). Because the V81 gene segment is more active in post-natal thymus
compared to the V&2 gene segment and is normally used in the post-natal pathway, the
transgenic V&1 gene segment will be forced into the fetal-like pathway and rearranges to
the D83 gene segment. In their study as well as in our study the D§3 gene segment is
recognized as the earliest activated gene segment in TcR-§ gene rearrangement and is
present in all V§-Jd rearrangements. From both studies it as tempting to hypothesize a cis-
acting regulatory element that is located in between the D462 and D33 gene segments and
represses gene rearrangement of the J§1 gene segment. Any rearrangement to the D§3
gene segment will delete this element and thus 'free’ the J81 gene segment for
rearrangement.

Still some unexplainable results remain. For instance the high frequency of the
dREC-Y-ar rearrangement in post-natal thymus. The V§1-D82-D53-Jé1 post-natal pathway
seems to be the major pathway, but this pathway makes SREC-JJo rearrangement
impossible. Thus, the relative abundance of éREC-¥Jo rearrangements are hard to explain.
It might be that the TcR-§ deletion occurs at both alleles prior to TeR-« rearrangement,
which in turn, may happen at one allele at the time. In frame TcR-« rearrangement and
TcR-aff expression may thus shut off the recombination processes and leave the drec-JJo
rearrangement on the second allele. Another possibility might be that the circular excision
products that derive from the drReC-{Jo gena rearrangements and contain the C8 exons, are
more stable than other types of circular excision products. An indication to support this
point is found in the relative abundance of the drRec-ybJa circular excision products in PB
T-lymphocytes. A final solution might be that a lot ef incomplete rearrangements of the
non-fetal pathway (D82-D§3 and D62-D§3-J81) or even TcR-§ genes in germline
configuration are deleted by a SREC-yJo rearrangement {Figure 5). This might also oceur in
the case of TecR-« gene rearrangements. The latter possibility has been proven by cloning
of circular excision products of TcR-« gene rearrangements that contained a germline TcR-6
gene (42},

We did try to enrich thymus DNA samples for circular excision products, but our
efforts were greatly frustrated by the inability to find a method that does not select for the
size of the circles, as has happened in previous studies (42-48). But there were also a lot
of problems by the interpretation of some preliminary data because circular excision
products may contain gene rearrangements themselves, or may show ongeing
rearrangement, both of which will obscure the interpretation of an order in the gene
rearrangements. Extensive studies on phenotypic consecutive subpopulations are therefore
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probably a better tool for TcR-6 gene rearrangement studies. That TcR-6 gene
rearrangement is important in early T-cell differentiation becomes clear from the presence
of an increased but still smail J61 germline band in the immature thymocyte fraction, which
means that the majority ofimmature thymocytes rearranges their TcR-6 genes. Because YJo
rearrangement and thus TcR-o gene rearrangeiment did not yet oceur in this thymocyte
population we can conclude that the far majority of the thymocytes will rearrange (a part
of) their TcR-8 genes (before TcR-ox gene rearrangement) during T-cell differentiation. This
confirms the theory that of/y6 lineage commitment does not happen before TcR-8 gene
rearrangement (29}, It also suggests a role for the TcR-6 gene other than producing the
TcR-5 chain in TeR-y8 thymocytes before TcR-« activation.

The here proposed pathways of sequential TcR-6 gene rearrangements have to be
considered as the major and not the exclusive pathways because PCR analysis of coding
joints as well as signal joints show alternative TcR-8 gene rearrangements. Howaever, we
think that the proposed schemes are useful in determination of the critical points in the
regulation of TcR-8 gene recombination, It is beyond any question that there are strict
regulation mechanisms, because of the amazing homology of rearranged bands between
different fetal thymi or post-natal thymi. It therefore seems that all preferential TcR-§ gene
rearrangements recurrently occur in comparable frequencies in the human thymus.
Unravelling the regulation mechanisms that cause these consequent frequencies of TcR-6
gene rearrangements is the next challenge in research of early T-cell differentiation.
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BRIEF COMMUNICATIONS

There are two types of TcR present on human PB T-lymphocytes: TcR-af and TcR-vé
{1). Although little is known about the mechanisms that commit a T-cell to the af- or ¥4-
lineage, it is generally assumed that the TcR-& gene plays a pivotal role in the divergence
of the two lineages (2-5). This assumption is based on two features of the TcR-5 gene.
Firstly, the TcR-8 gene is located in the middle of the TcR-« gene and is therefore deleted
during Va-Jo rearrangement, which in principle excludes co-expression of TcR-é and TcR-o
chains {3,8). Secondly, in normal polyclonal thymocytes a predominant rearrangement is
observed, which represents the rearranged érec and yJo gene segmenis {2,4,7}). These two
gene segments flank the major part of the TcR-6 gene and are called TcR-6 deleting
elements, because their non-productive rearrangement deletes the intermediate germline
and/or rearranged TcR-6 gene sequences {2). Therefore, a model is postulated in which a
germiine or a rearranged TcR-6 gene is deleted by the SREC-JJa rearrangement, which in
turn can be replaced by a Va-Ju gene rearrangement (Figure 1) {5).

Vo V81 Vo SREc V2 D§ J§ Cé& V&3 yle Ja Cu

T ii i
————{ H H H—aE—8——HHHH
' . V8D5-DS-J6 reamangements '
SRec-yJu rearrangemsnt (3 deletion)
Vea-Jo rearrangement

Figure 1. Schematic representation of the human TeR-a/d locus. Indicated are the various gane segments
including the TcR-5 deleting elements (6REC and yJa). The dotted lines indicate the possible consecutive gene

rearrangements: V§-D§-D8-J8, SReCc-yJor, and Va-Jo.

" Published in: Immunocgenatics 1994;40:70-76,
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Although the SRec-JJo rearrangement by its result and prominent occurrence in the
thymus seems to play a distinct role in the divergence of the human TcR-aff and T¢R-yd
T-cell lineages, Hmited information is available in the literature concerning this
rearrangement. The first dREC-YJov rearrangements were analyzed only by identification of
circular excision products with a YJo-8REC signal joint (2}, The subsequent determination
of the SrEc-yJo junctional region of a T-cell line (DU.528) showed not only N-region
nucleotide insertion and deletion of nucleotides by trimming of the flanking sequences
comparable to a normal rearrangement, but revealed also evidence for Dd-gene derived
junctional region nucleotides (8). Other rearrangements involving one of the two TcR-§
delsting elements have also been observed, such as 6Rec-J§1, 6REc-Jal, and SRec-Jol in
T-ALL {9-11)}, as well as D&3-yJo and Va3.1-dJe in normal thymocytes (1),

A total of 160 éREC-y¥Ju junctional regions were analyzed to determine thseir precise
sequence and to investigate whether Dé gene segments can occur in these junctional
regions and if so, in what frequency they are present. To investigate at the same time
potential differences in the 6REC-¥Ja rearrangement during human ontogeny, we studied 15
thymus and blood cell samples from fetuses, neonates, and adults.

The 15 cell samples consisted of five fetal thymi (12, 15, 16, 17, and 18 weeks of
gestation), five postnatal thymi {3 days, 1 month, 1 year, b years, and 15 years), one fetal
cord blood sample {18 weeks of gestation), one neonatal cord blood sample, and three
adult PB samples {16 years, 27 years, and 28 years}. DNA was extracted from the obtained
cell samples as described {12}, Fifteen pg of each DNA sample was digested with EcoR|,
Hindlll, and/or Bg/il and analyzed by Southern blot analysis, using the drReC probe (TCRDRE)
and JJo probe {TCRAPJ} (13). Of each DNA sample, 0.25-0.5 ug was amplified in a normal
100 ul PCR reaction, using the oligenucleotide primers dRec-5 € (ctaagaatTCGATCCTCAA-
GGGTCGAGACTGTC) and YJo-3 “H {cctgaagcTTAAGGCACATTAGAATCTCTCACTG) as
described (13}, The obtained polyclonal PCR products { ~ 500 bp) were digested with £coRl
and Hindlll and cloned in the pUC19 vector. Ten single bacteria colonies of each sample
were randomly picked and sequenced with the universal pUC reverse sequencing primer as
described {14}.

Southern blot analysis of the various cell samples confirmed the prominent presence
of the REC-YJo rearrangement in all thymic cell samples, but in PB mononuciear cells this
rearrangement was hardly visible (6% detection limit} {(Figure 2). The latter observation is
probably caused by the predominant biallelic Va-Ja gene rearrangements in peripheral
TcR-a8* T-lymphocytes, which have deleted the preexisting $REC-yJua rearrangements.,

The sequences of the dREC-YJor junctional regions in the various cell samples are
presented in Figure 3. Although there are some differences, in all cell samples N-region and
P-region nuclieotide insertion occurred in addition to deletion of nucleotides from the
flanking sequences. The characteristics of the 8REC-JJu junctional regions in Table 1 show
that the total nucleotide insertion in fetal thymocytes {1.7-3.7) is on average lower than in

Figure 2. Southern blot analysis of the REC-\WJx rearrangement in varicus human cell samples. Lane 1, control
DNA (cell line HELA); lane 2, Fetal Thymus 15 weeks; lane 3, Fetal Thymus 18 weeks; lane 4, Neonatal
Thymus 3 days; lane 5, Infant Thymus 15 years; tane 6, Neonatal Cord Blood; tane 7, infant PB 16 years; [ane
8, adult PB 28 years. A} Hybridization of Hindlil digests with the TCRDRE {6rec) probe. B} Rehybridization
with the TCRAPJ (#Jo) probe. The band regresenting the preferential $Rec-yYJo rearrangement s indicated, All
ather rearranged bands represent other preferential rearrangements to either the $8eC or YJo gene segment.

G indicates the germiine band.
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fetat thyrmus $7 weeks fetal thymus 16 wesks fetal thymus 16 weeks feral thymus £2 weahs

fetal thymus 18 vieeks

SREC
TGTEACGACCC

-19

TGCTG
TGTGAGG
TGTGAGGAGCC
TGTGAGCAGCC
TGTGAGGA
TGTGAGGAGCC
TGTGAGCAGCT
TGTGAGGAGC

TGIGAG

TGTIG
TGTGAGGAGCC
TGTGAGGRGC
TGTGAGGAGCC
TGTCRGGAGC
TGTGAGGACCC
TGTGAGGA
TGTGAGGAGC
TGTGAGGARGCC

TGTGACGH
TGTGAGGAG
TGTGAGGAGCC
TGTIGAGGAGCC
TCTGAGGA
TGTGAGGRCC
T

TGCTGAGGAGCC
TGTGAGCAGCC
TGTGAGGAGCC

TCTGAGGAGS
TCTGAG
TGTGAGGAGCT
TGTGAGGAGCC
TCTGAGG
TGTGAGGAGS
TGTGAG
TGTGAGGHG
TCIG

TGTGAGGAGCS
TGIGAGGAGC
TCTGAGG
TCTGA
TGTGAGGAGC
TGTGAGG
TGTGAGGH
TGTGAGGAGCC
TGTGAGGAGCC
TGTGAGGAGC

FETAL THYMUS

Junetional region

TA
TG
GAC
TATT
CTTTT

CGGIGGGA

o
TTT
ggA
deee
ggTGA

T
CAT
GGT

TTTG
TTCAG
GaGCA

gTGGAG

TATGGTCOT

wio

GGTACCGGGTT

CCGCGTT
GTACCEGGTT
TACCGGCTT
GGEIT
CEGGTT
GTACCGGGE?

CGGGTT
TACCCGCTT

=14
TRCCGGGTT
GGGTT
ACCGECTT
GGTACCGGGTT
TACCGGGTT
CGGGTT
TACCGGGTT
GGTACCGGGgT

CCGGGTT
TACCGGGTT
ACCGGGTT
CCGEGTT
GTACCGGGTT
GTACCGGGTT
TACCCGETT
GGGTT
GTACCGCETT
CGGGTT

GTACCGGGTT
CCGGGTT
COGGGTT
GTACCGGCTT
ACCGGGTT
TACCGGGTT
GTRCCGGGTT
TRCCGGGTT
TACCCGSTT

GTACCGGCET*

CCGGETT
GTRACCGGGTT
GTACCGGGTT

TACCGCGTT
CCGGGTT
TACCGGGTT
ACCGGGTT
GGTACCGGGTT
CGGGTT
TACCGGGTT

infant thymus 6 years infant thymus 1 year infant thynus 1 month neonatal thymus 3 days

2dult thymus 15 yesrs

POSTNATAL THYMUS
SREC Junctlonad region wlo
TCTGAGGAGCC GGTACCGGGTT
TGTGAGS =11
=13 T ~-17
T cCcT TACCGGGTT
TGTGAGG GGTCTC GTRCCGGGTT
TETGAGGAGCT ARATAGG CCGET*
TGTGAGGAGCE CCCCCGAG -15
TGTGAGGAGCE GaGTTATAT CCGGETT
TGTGAGGAG TTGATAGGGC T
TGTGAGCCGAGCT ggATTGATTC CCGGSTT
TGTGAGGAGCC  ggCCGCTGTAC -15
TGTGAGGAGCC g ACCGGGTT
TGTGAGGAGC TCT TACCGGGTT
TGTGAGGAGCT LCCGT GGGTT
=12 CCCCGe GTACCGGGTT
Py GGGGCe GTACCGGCTT
TGTGA ARTGGG CCGGGTT
TGTGA GACTChA BCCGGETT
TGTGAGGAGCT GAAGCAGAG CGGGTT
TGTGAGGAGCT ggGGGCEEEA -16
TETGAGGAGCC ggGTTACTAT CCCGCTT
TGPGAGCAGCT g ACCGGGTT
TGTGAGCAGT G CCTACCGGSTT
TCTGAGGAGC TG CCGGGTT
TGTGAGGAG TC GTACCGGGTT
=12 Tce -14
-11 GGC ACCGGGTT
TGTGAGGAGCC TRGGGA CGGGTT
TGTGAGGAGT AGTGGA ACCGGGTT
PETC CTCACAGAG CGGCGTT
TCTEAGGA ARCTRCQTA GTACCGGCTT
TGTGAGGAGCC =] CCCGGTT
TGTGAGGAGCT A ACCGGGTT
TCTGAGGAGCE cT TACCGGGTT
TGCTCAGG GCC -11
TGTGAGGAG ACAR CGGETT
TGTGAGGAG TCITC CCGGGTT
TGTGAGGAGCC CGGETT
TGTEAGGAGCC g CCGGTT
TGTGACGG ggCCTTAGAG CGGGTT
TGTCAGEAGCC CTGATTTGTAATGe GGTACCGGGTT
TGTGAGGAG T
TGTGAGGAGCC CCGGGTT
TGT c CCCCGTT
TGTGAGGAGCC A GTARCCGGGTT
TGTGAGGAGCT CTTC CCGGGTT
TETC CATAR -16
TGTGAGG TCCGA ACCGGGTT
TGTGAGGA CCTrCTAGE TACCGGGT*
-19 ACGACGGAGGS =13
TGTGAGGA CCCCCPCGACAT TACCGGGTT

PAMNC 27 yeurs FBMNE 6 years neanatal cord blocd fetal cord blood 18 weeks

PEMNG 2B yeare

PERIPHERAL BLOOD

SREC
TGTGAGGRGCC

T
TGTGAGGRAGCC

TGTCAGGAGCC
TGTGAGGAGCC
TGTGAGCAG
TGTGAGGAGC
TGT

TGTGAG
TGTCAGGAGCC

TGTGAGGAGCC
TOTGAGGAGC
~-14
TGTGAGGRG
TGTGAGGAGCC
TCTIGAGGAGC
TCTCAGCAG
TGTG.
TGTGAGGAGCC
TGTGAGGAG

TGTGAGGAGCC
TGTGAGGAGCC
TCTGRGGR
TGITGRCGAG
™

TGTIGAGGAG
TGTGAGGAGC
TGCTGAGGAGC
TGTGAGGAGCC

TGTGAGGA
TGTGAGSAGCC
TCTGAGG
TGTGAGG

-16
TGTGAGGAGCC
TCTGAGG
TGTGRGGAGCC
TGTGAGC
TGTGAGG

TGTCAGGAG
TG
TGTGAGCASCC
TGTGAGGA
TGTGACGAGLC
TG

TGTGAGC
TCTGAGGAGCC
11

TGTGAGG

|unctional reglan wla
GGTACCGGGTT
ACCGGGTT
CGGGTT
Al GGTT
gT CCGGGTT
ey CGEETT
TTC TACCSCGGTT
GGCC -14
AGGCG GGGTT
AGEGEGCETG ACCGGGT*
TTCT TACCEGGT™
CGGETT
CTRCCGGGTT
c -14
T GTACCGGGTT
[=1:3 ACCGGGTT
TC STACCGGGTT
TACTC GTACCEGGTT
CCCTAC TACCGGGT*
ARAGGTIG ~15
TCCCCCe ACCGGOTT
g ACCGGGTT
gTICcC GGTACCGGGTT
CCGGT CCCGGTT
GGACTC TACCGGGTT
CGATARR ACCGGGTT
GTAGGGC CCGGGTT
TRCGGTAG CGGGTT
AGGTCAGGAR GGGTT

ATATARRTCCGAGG

-20
gTACTAARTCOATOGAC GETACCGSCTT

CGCGTT
CG CCGGGTT
CCh GTACCGGGTT
CCG GGTACCCGTT
GGAC CCGCGTT
ggTT TT
GGAC CCGGGTT
ghGs CGGCTT
GCgLCT GCTACCGGGTT
GAGCTGAGG -
TACCGGGTT
GATC CCGGGTT
TAAC TACCGGGTT
TCTARG GGGTT
ACGRAGGG CGGGTT
GTRTCGGA GTT
gCCTCCGGG ACCGGGTT
GGGGEAAGCEE CGGGT*
CGRGGECTARACGAGA GTT

TCGTCTCCCCGGEC

el

e YILdVHD
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TABLE 1. Junoctionat region diversity of human drec-JJu rearrangements.

No. of inserted nucleotides No. of deleted nucleotides

N-region D3 P-region Total SREC AL Total
Fetal thymus

12 weeks 1.3 0.2 0.1 1.7 4.8 4.7 9.5

16 wesks 1.7 0.8 0.2 2.7 1.8 4.3 6.1

16 weeks 1.6 0 0.4 2.0 1.8 2.9 4.8

17 weeks 1.7 1.7 0.3 3.7 3.7 2.1 4.8

18 weeks 2.3 1.0 0.3 3.6 2.0 2.4 4.4

Postriatal thymus

3 days 3.7 2.2 0.6 6.5 3.3 8.4 1.7

1 month 3.9 1.8 0.6 6.3 3.4 4.5 7.9

1 year 2.6 1.4 0.2 4.2 3.8 3.9 7.7

5 years 2.8 1.9 0.6 5.3 1.2 4.4 5.6

15 years 3.0 1.8 0 4.8 4.6 5.9 10.5
Fetal cord blood

18 weeks 2.6 1.7 0.4 4.6 3.7 5.1 8.8
Neonatal cord blood

NCBS 1.6 1.4 0.1 3.1 2.8 4.6 7.4
Peripheral blood

16 vears 6.4 2.0 0.7 8.1 4.0 4.6 8.6

27 years 3.2 0.3 0.4 3.9 3.9 4,7 8.6

28 years 5.3 2.3 Q0.1 7.7 4.2 5.1 9.3

At least ten junctional reglens were anatyzed per cell sample,

postnatal cell samples {4.2-6.5}. Especially in 12 weeks thymocytes, N-region nucleotide
insertion was very low, probably due to low expression of the enzyme terminal
deoxynucieotidyl transferase {15), which mediates the random N-region nucleoctide
insertion. Nucleotide deletion was also more extensive in postnatal cell samples, suggesting
that rearrangements in early fetal thymocytes are performed by an "immature" recombinase
complex, which is less capable of nucleotide deletion. Furthermors, in almost all cell
samples, nucleotide deletion by trimming of the dRec gene segment was less extensive than
trimming of the Jo gene segment, indicating that the activity of the recombinase enzyme
compiex has a direction, which may be related to the size of the spacers in the
recombination signat sequences {16},

Usually, D& nucleotides are identified in TcR-§ junctional regions based on the guideline
that at least one third of the D§ gene segment has to be present with a minimum of three
consecutive nucleotides. By use of this guideline, we could identify putative D§-gene
derived nucleotides in 36% of the sRec-¢¥Juo junctional regions, However, there was no D&
gene segment present in any junctional region, whereas in normal V§-Jé junctional regions
complete D§2 and D63 gene segments frequently occur (10,17). Moreover, applying the

Figure 3. Junctional region sequences of SREC-¥Ju Fearrangements in various human cell samples. Sequences
of the $REC~¥Ju junctional regions are aligned with the known (double underlined) 8sec and ¥Jo germiine
sequences. Single underlined sequences represent putative Dé-gene derived nucleotides. Lower case
characters represent P-region nucleotides and all other junctional reglon nuclectides represent N-region
nucleotides. * Indicates junctional regions (n=7) with a long string of (=5} Dé-gene derived nucleotides.
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same guideline to published Va-Jo or even Vy-Jy junctional regions, revealed comparable
frequencies of putative Dé-gene derived nucleotides, although these junctional regions
should not contain D3 gene segments {10,18). In fact, the SREc-¥Jo junctional regions are
highly homologous to Va-Ja and Vy-Jy junctional regions {with only one N-region) and are
essentially smaller than V§-J4 junctional regions {with primarity two or three N-regions}. We
therefore conclude that most putative D§-gene derived nucleotides observed in the §REC-JJor
junctional regions probably represent N-region nucleotides, which is in line with the finding
that putative D§-gene derived nucleotides are virtually absent, if the humber of N-region
nucleotides is low {12 weeks old fetal thymocytes).

Nevertheless, in some REC-YJo junctionalregions (7/150) we discovered longer strings
{=b} of putative D§ gene nucleotides (Figure 3), suggesting that in these particular
instances Dé-gene derived nucleotides are indeed present. All three D& gene segments were
present at least once, indicating that the dRec and ¥Jo gene segments are able to rearrange
to each D§ gene segment.

The finding that érec-yJa and Vea-Ja junctional regions rarely include a D& gene
segment may be due to the order of rearrangemenis on one allele: firstly a D§-J§ or
V§2/3-(D8)-Jd rearrangement, followed by the TcR-§ gene deleting dREC-¥Ja rearrangement,
and finally a Va-Jo rearrangement (Figure 1}. In principle, D§ gene segments can oniy be
involved in 8REC-YJa or Vo-Jo rearrangements, if germline D8 gene segments are available
at the time of rearrangement, i.e. germline TcR-6 genes or incompletely rearranged TcR-6
genes. Apparently this does not occur frequently, or there are other {yet unknown)
restrictions excluding D§ gene segments from these rearrangements. Overall, the dREC-YJo
rearrangement appears to be just a Vo-Je-like rearrangement, committing the thymocyte to
the TcR-af lineage.

It can be concluded that the predominant TcR-8 gene deleting dREC-YJa rearrangement
is present in human thymocytes throughout ontogeny. The size of the dRECc-YJer junctional
regions increases during thymic ontogeny, but no further ontogenic differences were
observed. The TcR-8 gene deleting elements can potentially rearrange to Dé gene segments,
but our extensive sequencing analyses of 150 drec-yJo junctional regions revealed that they
rarely contain Dé-gene derived nucleotides.
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ABSTRACT

The rearrangements in the various TcR and Ig genes are mediated by the V(D)J
recombinase enzyme system and occur in an hierarchical order during different phases of
T-cell and B-cell differentiation. This suggests that the V{D)J recombinase system contains
elements which are specific for each separate lg/TcR gene complex. Based on the special
position of the TcR-§ gene complex between the Va and Je gene segmaents, the TcR-8 gene
is assumed to play an important role in the divergence of the 44 versus of differentiation
lineages. This is supported by the presence of the so-called Tc¢R-é deleting elements, SREC
and YJo, which flank the major part of the TcR-6 gene complex. By rearranging to each
other, the SRec and yJo gene segments delete the TcR-§ gene and prepare the allele for
TcR-w rearrangement. This intermediate rearrangement is thought to be caused by a specific
V(D}J recombinase complex. In our search for a suitable monoclonal model to study the
elements of this putative TcR-é deletion recombinase complex, we identified a T-ALL with
continuous activity of the SReEc-yJor gene rearrangement process, Extensive Southern
blotting, PCR, and sequence analyses of the coding joints as well as the signal joints of the
SREC-YJo rearrangements in this patient, allowed us to prove that these rearrangements
occurred in the leukemic cells and that these cells therefore represent a polyclonat
subpopulation of the otherwise monoclonal T-ALL, in additional studies we identified several
other T-ALL as well as a T-cell line which exhibit continuous activity of the SREC-Ju
rearrangement process. These T-ALL and T-cell ine can serve as an experimental model! for
further studies on the elements of the V(D}J recombinase ¢omplex which are specific for

TcR-8 gene deletion.

INTRODUCTION

T-ALL are assumed to originate from differentiating cortical thymocytes {1-3). This is

" Submitted for publication.
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supported by the presence of the enzyme TdT in T-ALL cells, because cortical thymocytes
are the only T-cells expressing TdT (4). During the recombination processes in early T-cell
differentiation, the enzyme TdT causes the random insertion of nucleotides in the junctional
regions, which connect the T-cell receptor {TcR} V, (D) and J gene segments (5,6). In
principle a T-ALL is a clona! cell population in which all cells originate from a single
malignantly transformed thymocyte. Therefore the leukemic cells in a T-ALL have the same
monocional TcR gene rearrangements {2,4}.

Comparable to cortical thymocytes, T-ALL cells can express TcR molecules in
combination with the signal transducing CD3 complex {2-4). Because complete TcR
molecules exist of af chains or w8 chains, T-ALL can express at least three possible
configurations of the TeR/CD3 phenotype: TcR™/CD37, TcR-y61/CD3Y, and
TcR-aB T/CD3 T, The TeR-6 gene plays an important role in the divergence of the off lineage
versus the vé lineage {4,7-9). Firstly, the major part of the TcR-& gene is located in between
the Ve and Ja gene segments, which exclude the possibility of simultaneous TcR-4 and
TcR-a gene rearrangements on the same allele {8,10}. Secondly, in man there are two TcR-8
gene deleting elements, SREc and yJo, which delete the intermediate TcR-6 gene by
rearrangement to each other (Figure 1). This TcR-8 gene deleting §REC-YJo rearrangement
is a dominant process in cortical thymocytes (7,9,11}. As for now, the hierarchical model
of gene rearrangements in the human TcR-ofé locus may start with a TcR-§ gene

Gerrmline TeR-w/S locus
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Figure 1. Schematic representation of ongoing dREC-Ju rearrangements in leukemic cells of TO19, Top: the
germiine TcR-w/8 locus. The open bars represent the different TcR-8 and YJu probes. Bottom: allele A contains
a monoclonal Va1-Jb1 rearrangement and allele B contains a monoclonal V82-J81 rearrangement. The dotted
lines indicate ongoing TcR-& defetion on allele B, which results in polyclonal SREC-YJu gene rearrangements,
as well as their corresponding circular excision products. The presence of the circular products can be
analyzed using Southern blot with the TCRDRED ($REC downstream) and the TCRAPJU (Y Jo upstream) probes.
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rearrangement, followed by deletion of the rearranged (or germline} TcR-§ gene by the
SREC-YJe rearrangement, which in turn is deleted by subsequent Vo-Ja rearrangement {4},
Support for this rearrangement model was found in the junctional regions of SREC-YJu
rearrangements in thymocytes which rarely contained Dé gene derived nucleotides, implying
that the 6ReEC gene segment directly rearranges to the yJa gene segment {12}.

Indication for the existence of a specific TcR-§ gene deletion recombinase complex
was found in the skewed distribution of a specific chromosome aberration, the so-called
tal-1 deletion {13}. The fal-1 deletion is a site-specific, ~90 kb dsletion on chromosome
band 1p32 that deletes the major part of the sif gene and thereby juxtaposes the 5 part
of the tal-1 gene to the upstream located sif gene promotor (14,15}, Because the heptamer-
nonamer RSS and fusion regions of the fal-1 deletion breakpoints strongly resemble the RSS
and junctional regions of TcR gene rearrangements, it is generally assumed that they are
caused by a similar V{D)J recombinase complex {13-15). Noticeable, the ta/-1 deletions
were exclusively observed in of lineage T-ALL i.e. T-ALL with two non-functional TeR-6
gene rearrangements or a TcR-§ gene deletion on one or both alleles (13,16), Differential
demethylation { = accessibility} of the breakpoint region in the fal-1 gene could only partly
explain the restricted ocourrence of ta/-1 gene deletion in T-ALL of of lineage and therefore
the coincidence of tal-1 deletion and TcR-§ gene deletion lead to the postulation of the
existence of a special recombinase complex for TcR-§ gene delation, which - as a side
effect - also causes the ta/-1 deletion {17).

In our search for a suitable monoclonal modei to study the elements of a putative
specific TeR-6 gene deletion recombinase complex, we here describe a CD3 ™ T-ALL with
complete out-of-frame Vé-Jdrearrangements on both alleles and with a minor subpopulation
containing SREC-YJua rearrangements, Extensive PCR, Southern blotting, and sequence
analysis, allowed us to prove that this subpopulation was polyclonal and was caused by
ongoing dREC-¢Jor rearrangements in the T-ALL cells. The results of this T-ALL were
compared with other T-ALL and T-ALL-derived T-cell lines and showed that some of them
alse contain an activity of the recombinase complex for TcR-6 gene deletion.

MATERIAL AND METHODS

Celt samples

MNC and/or granulocytes were isolated from PB or BM of 138 T-ALL patients and four healthy
volunteers by Ficoll-Paque {density: 1.077 g/ml; Pharmacia, Uppsala, Sweden} density centrifugation. All MNC
samples were frozen and stored in liquid nitrogen. Thymocytes were obtained from thymus samples of
children undergoing cardiac surgery. The thymic samples were minced with scissors in APMI 1640 medium
containing 10% fetal call serum and were flushed through a nylon gauze filter. All human cell samples were
obtained with the approval of the Medical Ethics Committee of the Erasmus University/University Hospital
bijkzigt, Rotterdam, The Netherlands. Twelve T-cell linas, seven B-cell lines, two myeloid cell lines and one
non-heratopoistic cell line were used,

Immunologic marker analysis

The MNC of the T-ALL patients were analyzed {or nuclear expression of TdT; for cytoplasmic exprassion
of CD3 (UCHT 1}; for membrane expression of T-cell markers CD1 {66117}, CD2 {Leu-Bb), CD3 (Leu-4}, CD4
{Leu-3a), CD5 {Leu-1), CD6 (OKT17), CD7 (3A1), and CDS (Leu-2a); for the HLA-DR antigen; and for
raactivity with MeAb, BMAO31 (anti-TeR-afl, 11F2 {anti-TcR-y8), TCRS1 {anti-TcR-8). The rabbit anti-TdT
antiserum was purchased from Supertechs (Bethesda, MD}; the McAb of the Leu series, anti-HLA-DR, and
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11F2 were obtained from Becton Dickinson {San Jose, CA); the CD1 antibody was obtained from
Monosan/Sanbio (Nistelrode, the Netherlands}; the OKT17 from Ortho Diagnostic Systern {Raritan, NJ); the
3A1 hybridoma from the American Type Culture Collection {Rockville, MD); TCRé81 from T Cell Diagnostics
{Cambridge, MA); The McAb BMAO31 was kindly provided by Dr. R, Kurrle {Behring, Marburg, Germany,).
The immunoftucrescence stainings were performed as described {18) and evaluated with fluorescence
microscopes {Carl Zeiss, Oberkochen, Germany) and/or a FACScan flow cytometer (Becton Dickinson).

Isolation of DNA probes
DNA probes recognizing sequences fust downstream of the éREC gene segment {TCRDRED), just

upstream of the yJo gene segment {TCRAPJU|, and in the coding region of the RAG genes (RAG-1 and
RAG-2) were obtained by cloning the purified PCR amplification products of granulocyte DNA from a healthy
volunteer using specific oligonucleotide primer sets and pUC19 as cloning vector {19), The oligonuclectide
primer sets are given in Table 1 and were synthesized accarding to published sequence data {9,20-22) on a
392 DNA synthesizer {Applied Biosystems, Forster City, CA} with the solid-phase phosphotriester method and
used without further purification.

Southern blot analysis

DNA was isolated from fresh or frozen cells as described previously (2). Fifteen pg DNA samples were
digested with the restriction enzymas: BamHl, BgAl, £coRI, HindIIl and/or Kpnl {Pharmacia), size fractionated
in 0.7% agarose gels, and transferred to Nytran-13N nylon membranes {Schleicher and Schuell, Dassel,
Germany} as described {2}. TcR-8 gane rearrangemsnts were studied using 32p random oligonucleotide-fabeled
TcR-6 gene DNA probes: TCRDV1 (V§1), TCRDV2 {Vé2), TCRDV3 (V43), TCRDRE {#rec), TCRDRED (dREC
downstream}, TCRDDT (D41}, TCRDD2 {Ds2), TCRDD3I (D63}, TCRDJ1 (J81}, TCRDC4 (Cdexond), TCRAPJU
{¥Jor upstream), and TCRAPJ {Ja) (Figure 1} {23). Other TcR genes were analyzed with the TcR-y gene
probes: Jy1.2, Jy1.3, and Jy2.1 {2} and TcR-8 gene DNA probes: TCR8J1 {231}, TCRBJ2 {Jg2), and TCRBC
{CB) {Breit et al., unpublished results).

TABLE 1. Oligonucleotide primers uwsed in PCR and sequencing analysis of SRec-fJo raatrangements or in the
construction of DNA probes.

Namea Size  Cloning Code Position® Sequence® Reference®
sites
DNA probes §° 3’
TCRDRED 2B3I bp Hindlll SRECDpS ™ +b2bp TCOAaagCETGCCTAAACCCTGCAGCTGGCAC 3
EcoRl IRECDP3”  +286bp cacagaatTCGCGATCTCCACACARAGTCCTT 9
TCRAPJU 865bp  £coRl $Jallps —861 bp GTTCTAGAATTCTCTCTARAATCATARAC 22
Hindill ydalp3” —-40bp TGGEaAqCTTTACAAAAACCAGRGGTGTCAGC ]
RAG1 §071bp  BamHI RAG1p5 +36 bp? GCCTggaTCCCACCCACCTTGGGACTCAG 20
Hindlil RAG1p3'  +1058 bp? TTGCaagCTTTTGCTGGACATTTCACCATCAGG 20
RAG?Z 1632bp  LooR RAG2p5 ” - 26 bp? AGTCATTTTATTITAGARTTCTTTCAGACA 21
Hindiil RAG2p3 " +1688 bp? ACACCTGAATCTGAAARGCTTTIGCA 21
SREC-PJde rearrangement
EcoRl EREC-5'E =204 bp CTAAGAATEcGATCCTCAAGGETCEAGACTGTC 9
HindHl wa-3'H + EGB bp CCTGaageTTAAGCCACATTAGAATCTCTCACTG 9
Bghl SRECs{3’ +213 bp AGGCAGATCTTGTCTGACATTIGCTCOG 9
Hindtil ylasj’ —§27 bp TaaGCTELTGAAAGGCAGAAAGAGGGCA 9
SREC polymorphism
- SRECseq -G8 bp ATGAAATTTATGAACACATGCTGAGG 9
Hinditl $RECH3 * -22 bp CCGTaaGCT L CTCACACGAGAGGATGE 9
SREC S
signal joint probe
- EREC--tas] AS5® CACTCCTGTG CACGGTGATGC a

. The pasition of the 3’ side of the ofigonucfeotide primer is indicated upstream {-) or downstream {+) relative to the RSS.

. The sequences In lowes case characters represent the aspecific nucleotides, which generate resteiction sites.

. Sequence nformation used to design the oligonucleotide primears was derived from the indicated fiterature references.

. The position of the 3’ side of the oligonucleotide primer is indicated upstream {—) or downstream {+) relative to the ATG codon.
. The SREC-{Je signal joint probe contains the head te head fused heptamers (undertined) of the $REC and {.Ju gene segments.

oo oW
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Northern blot analysis
Total RNA was isolatad using the method as described by Chramzynski and Sacchi [24). Approximately

15 pg of total RNA was size-fractionated in 1,0% agarose gels and transferred to Nytran-13N nylon
membranes (Schleicher and Schuell) as described (2}, RNA expression was studied using the 32p random
oligonucleotide-labeled probes for the RAG genes {RAG-1 and RAG-2 probes), and for the GAPDH gene

{GAPDH probe)} {25).

PCR amplification analysis

PCR was essentially performed as described previously {13). A 1.0 pg sample of DNA, 12 pmol of the
5 and the 3" oligonucleotide primers and 1 unit of AmpliTag DNA polymerase {Perkin-Eimer Cetus, Norwalk,
CT} were used in sach PCR of 100 pl. The oligonucleotide primers are listed in Table t, The PCR reaction
mixture was incubated at 94°C for 3 minutes, at 60°C for 1 minute, and at 72°C for 3 minutes in a thermal
cycler {Perkin-Elmer Cetus). Following this initial cycle, denaturing, annealing, and extension steps were
performed for another 29-34 cycles at 94°C for 1 minute, at 80°C for 1 minute, and at 72°C for 2.5
minutes, respectively. After the last cycle an additional extension step of 72°C for 7.5 minutes was executed,

Sequencing analysis

The drec-¢Jo PCR products were cloned into a pUC 19 vector as described previously {12). For the
direct sequencing analysis one ul of the original PCR product, 12 pmo!l of the fimiting primer, 600 pmol of the
opposite primer and 5 units of AmpliTag DNA polymerase were used in each asymmetric PCR of 500 gb. The
reaction mixture was incubated for a totasl of 25-30 cycles with the above-described regular temperature
cycles. After asymmetric amplification, the PCR products were precipitated twice in 50% sthanof plus 0.1
volume of 2 M NaAc, pH 5.6 [13). The dried pellet was resolved in 22 pl H,0, half of which was used in the
sequence reaction. Twenty to fifty pmol sequence primer was used in each reaction; the sequence primers
SREC seq and yJo-3 “H are listed in Table 1. All sequence reactions were performed with tha T7-sequencing
kit {Pharmacia) following the manufactor’s instructions using *%8 radiclabeling, and run in normal, denaturing

8% polyacrylamide sequence gels.

RESULTS

SREC-YJer coding joint analysis by PCR amplification

To identify clonal T-celf populations in which the TcR-§ gene deletion mechanism via
SRec-YJo rearrangement is active, we analyzed various ceil samplss for the presence of this
particular rearrangement. The primary approach was a PCR reaction with the primers REC-
5 'E and ¥Ja-3 “H, which amplify the coding joint of the 8REC-Ja rearrangement (Figure 1).
The reactions were performed on DNA from thymic cell samples, PBMNC, T-ALL, and cell
fines {Figure 2). Hybridization of the PCR products with the SRec-3° oligonucleotide probe
confirmed their identity (Figure 2). All thymic cell samples as well as the PBMNC and the
majority of 139 tested T-ALL were strongly positive {Table 2}. Of all 21 cell lines tested
only one T-cell line {TCL1} was strongly positive, because one allele contains a dREC-YJu
rearrangement {Table 2} (7). However, a second T-cell line {TCL2} appeared to be weakly
positive {Table 2}. This is remarkable, because this cel! line contains a functional V§1-J51
rearrangement on one allele and an unidentified rearrangement to the Jé1 gene segment on

the other allele (Table 2).
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e L T ' Figure 2. PCR analysis of coding joints (top} and signal
joints {bottom) of dREC-Ja rearrangements. Indicated
are the PCR products analyzed by electrophoresis in
ethidium-bromide-stained agarose gels and subsequent
blotting and Identification by oligonucleotide probe
SREC-yJus) hybridization.

SRec-y-Jor rearrangement analysis by Southern blot

To confirm the results of the PCR analysis, DNA of the cell samples was analyzed by
Southern blotting. The advantage of the Southern blot over the PCR technigue is that it
does not amplify the DNA and will therefore allow a realistic estimation of the frequency
of the daec-yJa rearrangement. However, the disadvantage is the low sensitivity, l.e, a
detection limit of 5%. By using the 6ReC probe {TCRDRE} and the yJu probe {TCRAPJ)
{Figure 1}, a clear drec-Ja rearranged band was detected in each thymic cell sample with
SRec-yJu as preferential, poiyclonal rearrangement, and the T-ALL and the cell line with
SREC-¥Jua as monoclonal rearrangement on one allele {e.g. patient TO78 and cell line TCL1}
(Figure 3 and Table 2}. Weak bands were also visible in PBMNC of all healthy volunteers,
as well as in some T-ALL. All tested cell lines other than TCL1 were negative, including
TCL2. Because of the presence of the éreC-YJa rearrangements in PBMNC, it was difficult
to determine whether the observed rearrangementsin T-ALL were caused by "background”
rearrangements in normal PBMNC or whether these rearrangements originated from the
T-ALL celis.

dRec-YJ signal joint analysis by PCR amplification

To determine the origin of the SRec-yJo rearrangements we investigated the circular
excision products that are formed as by-product of this particular rearrangement (Figure 1},
PCR amplification using the dRecsj-3 " and YJasj-B " primers gave SREC-YJa signal joint PCR
products, which identity was confirmed by hybridization with the daec-JJas] oligonucleotide



TABLE 2. Characteristics of T-cells with and without ongoing SREC-yJa rearringements™

SREC-y e roarrangomonyg

PCR Southern blot Diract sequencing
Rearrangement RNA oxpression
ch3 CD4/CD8  SREC gormiina® coding signal rearran-  excision  junctional SREC poly-
phenatype polymorphism  TeR-a/5  framo® TeR-y trame® TeR-f  RAG-1  RAG-2 joint joint gemoent  products region " morphism?

Patients

TO19 co2” 4%8% c V51-481 - Vy2-Jv1.3 + Jp2 + + + + + + polyclanal T
T V§2-451 - Vy2-dv1.3 - JB2

7001 co3™ 4%8% c VE1-JBT - VoB-Jy2.3 Mo B2 ND ND + + = + polycional T
T Va2-Jé1 - G o} G

TC82 €03~ ND ND V§1-J81 - Vay3-442.3 NE Jg1 + + + + + + pelyclonal T
T Vi2-J31 - Vy8-4y2.3 MDD  JB2

TOOS cost atig- ND V§1-J81 + Vy2edy1. + Jg B =+ B £ - = ND T
T V52-J51 - Vy2-Jv1.3 + G

TOS co3™ atmg* ND vE3-Js2 - Vy3~0v1.2 W Jg1 + EY + Y +° P monockenal [of
C SREC-Pe o V42/i4—~Jv2.3 ND G

T-cell line

TCL1 cp3” 4%~ np V§i-Js1 + Vy5-Jv2,3 - Jg1 + + + = - - polyclonal T
T R ND VyB-Jv2.3 - Jgz2 )

TCL2 cD3”™ 47(B= T srcc-dda Q@ Vy9-J42.3 ND Jg1 - - + - +° - monocianal T
ND SmEc-Ja? O VylOndy2.3 = 281

controts'

Thymus CD3™/CD3* o] o] Vé-Jb + Vry=doyl + Jgi + + + + + + pelyclenal ol
o VorJa ES Voy-Jy2 + Jgz

PBMNC cost C e} VibeJor = Vop-doy * Jpt = - + + * + polyclonal o
o] VoeJer E Vomdvy2 E Jgz

HELA cD3™ 47/87 ND G o] G 8] G - - - - - - o} o]
ND G e} G e} G

a. Abbreviations usod; ND, not determined: O, not applicabla.

b. This polymarphism is present in the SREC germline sequence ot position — 84 relative to tho RSS.

c. Framo; —, rearrangomont is out of frame; +, rearrangement is in frame,

d. For these SREC polymorphisms of Figures 5 and 6.

¢. Theso bands are 50% of the Southern blot signal, representing 2 moncclonal SREC-YJu rearrangoment on ong allole.

f

. The rearrangemaents indicated in Thymus and PBMNC represent the most frequently occurring rearrangements.

syas-4 i spuswabueriesl vpf—o34¢ Buroliug

evl
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TO19 PB
TO19 BM
TO19 E-U
Thymus
PEMNC
Control

©
=
&
c
a
O

TOg2
TOO
TO78
TCL1
TCL2

— SREC- e

: Figure 3, Southern blot analysis of
m SREC-¥Ja rearrangements. A
R Southern blot filter with Hindlll
digests of DNA from various cell
samples hybridized with the 32p
labefled TCRDRE {$REC) prebe. The
sizes of the germline (G} band and
preferential SREC-{-Jarearrangement

are indicated {23},

Srec; Hindll

probe (Figure 2}, All thymic cell samples were strongly positive, whereas the tested T-ALL
varied from strongly positive tc absolute negative resuits {Figure 2 and Table 2).
Surprisingly, the control PBMNC were also positive, meaning that SrREC-dJo excision
products do occur in normal PBMNC. Therefore, it was impossible to distinguish
background signal joints from T-ALt cells derived signal joints, and thus still impossible to
determine the origin of the dREC-YJo rearrangement in the T-ALL samples. The tested cell
lines were all negative, except for cell fine TCL2, in which a weakly positive signal proved
- by lack of background - that this T-cell line actively rearranges dReC to YJo.

dReC-YJe circular DNA analysis by Southern hlot

If the érec-yJo excision products found by PCR in normal peripheral T-lymphocytes
originate from an early thymocyte differentiation stage, we assumed that the frequency of
this circular DNA will decrease dramatically due to degradation and dilution, caused by cell
proliferation, To analyze the §REC-{Jo circular DNA without amplification, we developed two
new probes, TCRDRED (6rRec downstream) and TCRAPJU {¥Jo upsiream), which are able
to detect dREC-YJa excision products in Southern blot analysis {Figure 1}. The thymic cell
samples showed a clear band representing the §REC-JJa excision product, whereas some
of the analyzed T-ALL showed a wesak band {Figure 4 and Table 2). Also, a very faint band
was visible in control PBMNC, whereas no-excision product could be detected in all cell
lines tested. Because T-ALL cell samples generally contain < 10% background PBMNC,
these data showed that the analyzed T-ALL in which a (weak) band was visible, actively
rearrange SREC to yJa.

Based on positive and negative results we selected at this point five T-ALL and two
T-cell lines which we analyzed further for their ability to form SREc-YJa rearrangements
{Table 2). The mostimportant phenotypic and genotypic characteristics of these T-ALL and
T-cell lines are summarized in Table 2.
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TO19 PB

Control
" Thymus
“ TO19 PB

énec-vr
< signa joint

G -
| SREC-Ydor > Figure 4. Southern blot analysis of
signal joint SREC-yYJa circular excision products.

A Southern blot filter with FcoRlI or
Hindllf digests of DNA from thymus
and patient TO19 hybridized with
the TCRAPJU {yJo upstream) probe.
The sizes of the germline (G} band
and @REC-YJo signal joint are
indicated.

EcoRl Hindllt

YJa upstream

SREC-JJu junctional regions

To further prove that the SREC-YJa rearrangements in the salected T-ALL originate from
leukemic cells and thus define a polycional subpopulation within the clonal malignancy, we
investigated the junctional regions of these rearrangemsents.

Direct sequencing analysis of PCR products from the érec-yJa coding joint can
ascertain the clonality status, because in a monoclonal situation the sequence can be read
from the SREC gene segment through the junctional region into the JJoa gene segment,
whereas in a polyclonal situation the random junctional region will make the sequence
unreadable just after the dREC gene segment. An example is presented in Figure 5. Ali
tested samples were polyclonal except for patient TO78 and T-cell line TCL1, both of which
contain a monoclonal drec-y-Jo rearrangement on one allele (Table 2}.

Cloning and sequencing of the PCR products revealed the actual junctional regions of

patient 078 patient TO19 thymus
{monoglena! controd) P8 diagnosts {poiyclonal contren

AL

i junctional reglons + yJor
{ Junctlonal regisns + dda

Junctionai
region
,

Figure b, Direct sequencing analysis of
SREC-{Ja rearrangement PCR products.
Fhe SReG-J rearrangements of patient
TO19 are compared with a monoclonal
contro! {patient TO78) and a polyclonal
control {thymus),

SREC

SREC
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the §REC-YJo rearrangements present in these T-ALL patients and T-call lines {Figure 6). The
sequences show no significant differences with those present in normal thymocytes or
T-lymphocytes (Table 3) {12). This was most obvious in patient TO18 in which the dREC-¥Ja
junctional regions derived from T-ALL celis of PB or BM at diagnosis were similar to those
derived from normal MNC cells of BM at the time this patient was in complete rernission
{Figure 6 and Table 3).

TABLE 3. Junctional region diversity of human éRec-yJu rearrangements.

No. of inserted nucleotides No. of deleted nucleotides

N-region D& P-region Total SREC LA T Total
TO19 PB/BM {n =236} 33 1.4 0.4 5.1 3.1 4.6 7.6
TOOT BM n=12} 6.0 1.4 8.3 7.7 1.4 5.b 6.9
TOO1 PB in=12} 2.9 1.5 0.2 4.6 5.8 5.1 10.9
TCLZ2 n=12) 2.1 2.5 0.5 5.2 2.2 4.4 6.6
TO19 BM follow-up (n=12) 3.3 1.3 0.6 6.3 4,2 3.2 7.3
Fetal thymus {n=50) 1.7 0.8 0.3 2.7 2.8 3.3 5.9
Post-patal thymus  (n=50) 3.2 1.8 0.4 5.4 3.3 5.4 8.7
PBMNC (n=42) 4.6 1.8 0.3 6.4 3.3 5.3 8.6

Allele specific 6REC rearrangement

If the drRec-YJo rearrangements originate from T-ALL cells, they can only use the dREC
gene segments that are still present in these celfls. Four of the five tested T-ALL had
V61-461 and V62-J61 rearrangements, whereas the fifth contained a V§3-J62 and a
SREC-Yox rearrangement, Because the V§1-J41 rearrangement deletes the intermediate REC
gene segment, the only available éREC gene segment is present on the allele with the
V§2-J81 rearrangement. In some individuais it is possible to distinguish dREC gene segments
of different alleles on basis of a polymorphism present at position —87 {relative to the
heptamer} in this gene segment, which contains either a T or a C nucleotide {Figure 7 and
Table 2). in patient TO19 we were able to prove that only one SREC allele was used in the
polycional drec-yJa rearrangements in BM and PB diagnosis, bacause this patient contained
on one allele a C and on the other a T nuclectide at this position {Figure 7}: All éreC-YJu
rearrangements in the T-ALL cell samples at diagnosis contained the SREC gene segment
with the T nucleotide, whereas in the normal cells of this patient during follow-up, exactly
half of the éREC-YJa rearrangements contained a T and half a C nucleotide (Figure 6 and
Tabie 2). Sequencing of the SREC gerimline DNA sequence in the leukemic cells revealed a
T nucleotide, whereas in the SRec germline DNA sequence of normal cells both nucleotides

Figure 6. Junctional region sequences of SREC-YJu rearrangements in various human cell samples. Sequences
of the SREC-\J junectional regions are aligned with the known {double underlined} dREC and ¥Jo germline
sequences. Single underlined sequences represent putative Dé-gene derived nucteotides. Lower case
characters represent P-reglon nucleotides and sll other junctional region nucleotides represent N-reglon
nucleotides. The P} indicates the configuration of the polymorphism in the involved SREC gene segment at
position -87 bp upstream of the RSS.
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patient TO19 {PB diagnosis)

p 6REC junctional reglon [UA 1Y

| GTGTGAGGAGCC GOTACCGGGTTA
T GTIG ca ~15
T GTGTGAGGA c GTACCGGGTTA
T GTGTGAGGA CCCTCT TACCGGGTTA
T GTGTGAGUAGCC TACCCGRGC TACCGGGTTA
T GTGTGAGGAGCE TTGTGECATCCCTACT GGTACCGGGTT
T GTGTGAGGAGCC TCCTTGEGARRCG CGGGETTA
T GTGTGAGGAGC ~ TCTACCGIGE CGGGTTA
T GTGTGAGGAG AGGGAC GGTACCGGGTTA
T GTGTGAGGAGCC GGTACCGEGTTA
T GTGTGAGGR CT GTACCGGGTTA
T GTG cTC GTACCGGGTTA
T GIGTGAGGAGCC [ole] CCGGGTTA
T GTGTGAGEAGC GGACGGGCARG ACCGGGTTA
T GTGTG GGGC CCGGGTTA
T GTGTGAGGAGCC T -13
T GTGTGAGGAGCE ggTTGGCGT CGGGTTA
T GTGIGAGGAGCC qrGG TTA
T GTGTGAGGAGCS ETTT GTACCGGGTTA
T GTGLGRGGAGCC gYGARA TACCGGGTTA
T GTGTGAGGAGCC gchc TACCGAGTTA
T GTGTGAGGAGCC gga CGGGTTA
T GTGTGAGGA ARATCG CCGGGTTA
T GTGTGAGGAGCC qgT CCGGGTTA
T GTGTGAGGAGCC farale] ACCGGGTTA
pationt TO19 (BM diagnosis)

p &REC junctional region o

1 GTGTGAGGAGCC GATACCGGGTTA
T GTGTGAGGAGCC  GAAGAGGAGGT -24
T GTGTGAGEAGCC T GTACCGGGTTA
T GTGTGAGGAGC GTC TACCGGGTT?
T -38 -1
T GTGTGAGGAG GGC TACCGGGTTA
T GTGTGAGGAGCC CTICT TACCGGGTTA
T GIG COTGATGTGG CCGGGTTA
T GIG TCCCT -15
T GTQ <] CCGGGTTA
T GTGTGAGGAGCC TACA GTACCGGGTTA
T GTGTCAGGAGC TAATAAG ACCGGGTTA
T GTGTGAGGAGCC gAGG CGGGTTA
patient TO19 {BM follow up)

o dREC junclional segion Lty

1 GIGTGAGBAGCC GGTACCGGGTTA
C GTGTGAGGAGCC g ACCGGGTTA
C GT TIC TACCGGGTTA
T GTGTG GGAC ACCCGGTTA
¢ GTGTGAGGRG ACGACTCGACCT TACCGGGTTA
T ~13 TCT TACCGGGTTA
CG TGTGAGGAGCC ggGG CCGGGTTA
C GTGIGAGE ATAGAGGT CGGGTTA
T GTG'I‘GAGGAGCC G CCGGGTTA
T GIGIG CGGGTTA
T GTGTOAGGAGCC TTGACGR CGGGTTA
T GTGTGAGGAGCC gaGGTTIC GTACCGEGTTA
¢ GTGT BARGGCGC TACCGGGTTA

patient TO78 and colf line TCL1 {monoclonal gontrols}

p OREC
i GTGTGAGCGAGCC

C GTGTGAGG
GIGTG

junctional region

GG
CCACCTAGG

control PBMNC {polyclional control}

SREC
GTOTEAGGAGCC

GTGTGAGGA
GTGTGAGCAGC
GTGTGAGGAG
GTGTGAGGAGCC
GTGTGAGGA
GTGTGAGGAGC
GTGTGAGGAGCC
GIGTGAGGRGCC
GTGTGAGG
GTGTGAGGAGCC
GTGTGAGGA
GTGTGAGGAGC

HHEHBHEAAEAHEAR -0

junctional region

c
CGEGATAGS
TTETTACT

TTTTAG
CCOCGTICTCCGE
TAGA
CCGAGece
GGCGAT
AGCCGGTGOAGE
AGGCG
GG

(ALY
GGTACCGGGTTA

ACCGGOTTA
CGGGTTA

WJo
GGTACCGEGTTA

GTACCGGGTTA

COGGGTTA

GTRCCGGGTT%
2

patient TOO1 {BM diagnosis)

147

p  SREC junctional region VAT

{ GIGTGAGQAGCC GGTACCGGGTTA
T GTGTGAGGAGCC ggc -1z
T GTGTG}\GGAGCCGG%}QATCCAT‘ITTAA GGTT*
T GTGTGAG AATGATGGET TACCGGGTTA
T GTGTGAGGAGCC Ct[% CGGGTTA
T GTGIGAGG TCTCTCTCCCT CGGGTTA
T GIGTGAGGAGC T TTA
T GTGTGAGG TACTCTGA TACOGGGTTA
T GTGTGAGGAGCC CGGGTT.

T GTGTGAGGAGCC CGTTGRAACCGTTT TACCGGGTTA
T GTGTGAGGAGCC CCCAGGG -13
T GTGTIAGG CCCAC GTACCGGGTTA
T GTGTGAGGAGCC TCCTTITACCATC TACCGGGTTA
patlant TO01 {PB diagnoesls)

p SREC junctional region Yo

4 GTGTGAGGAGCC GGTAC TTA
C GTGTGAGGAGCC T TACCGGGTTA
T GTGTGAGGAGC TAGATT CCGGETTA
T —14 CGA TACCGGGTTA
T GTGIG GTACC -17
€ GTGTGAGGAGCC JgAGGEGGA CGGGTTA
T -i8 AGACA ACCGGGTTA
T GTGTGAG CT GTRCCGGGTTA
T GTGTGAGGAGCC CCC GTACCGGGTTA
C GT GTACCGGGTTA
< GTGTGAGGAGCCQQAGAM ﬁTCCGG ~-15
T GTGTGAGGAGCC GGGTTA
T -15 CCGGGTTA
patient TO82 (PB diagnosls)

p  dneC junctional eegion $la

1 GTGTQAGGAGCC GOTACCGEETTA
T GTGTGACGAG TC GTACCGGGITA
T GIGTGAGGAGCC gCGGEGCTA CGGGTTA
T GTGTGAGGAGC GGTACCGGGTTA
T GTGTGAGGAG TACCGGGTTA
T GTGT CACGTGGGE -1
T GTGTGAGGAGCC GCG CGGGTTA
T GTGTGAGGAGCC TTCG CCGGGETTA
T GTGTGAGGAG TCc GTACCGGGTTA
T GIGTGAGGAGCC GGTACCGGGTTA
T GIGTGAGGAG GTGARG 'GGGTTA
T GTGIGAGGAGCC CACTTTCTARC GGTACCGGGTTA
T GTGTGAGGA CCTAGGGTAGTC CCGGGTTA
patient TOO5 (PB diagnosis]

P OREC junctiona! region o

} GIGTOnGEAGCE @OTACCGEGTTA
T GIGTGAGGAGCC ACCTAGG CGGGTTA
T GTGTGAGG TTAC ACCGGGTTA
T GTGTGAGAAGCC ggTGSTEGCTGTC CGGETTA
T GTGTGAGGOAG GITA
T GTGTGAGGAGCC g9TCGCTEAG -22
T GTGTGAGG TTA! TACCGGGTTA
T GTGTEAGGAGCBYTGGTCCGCTGTGCGA GTTA
T GIGTGAGGAGCC gg CGGGTTA
T CTGTGAGGAGCCCCTATTTAATTGGACA CCGGGTTA
T GTGTGAGGAGCC g dq’TGG CCGGGTTA
T GTGTEAGGAGCC TECeCe CEGGGITA
cell line TCL2

p  4REC jonctional region wa

| GIGTGAGGAGCC GGTRCCG&%TTA
T GTGTGAGGAGCC AARTAGS CGGGITA
T GTGTGAGGAGCC QCSGIiGAfJ‘ CGGGTTA
T GTGTGAGGA GITTC GEGTTA
T GTGTGAGGAGC TCTA GTACCGGGTTA
T GTGTGAGGAGCC CTCTTTACA CGGGTTA
T GTGTGAGGAGCC GGGAT GEGTT*
T GTG ARGGARR CGGGTTA
T GTGTG CGGGTTA
T GTGTGAGGAGCC ggh ACCGGGTTA
T GTGTGAGGAGCC Ca GTACCGGGTTA
T GTGTGA CTA ACCGGGTTA
T GTGTGAGGAGCC ggARGAAA GTTA
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c/ic

Figure 7. The palymorphism in the SREC gene segment
at position -87 bp from the RSS. This nucleotide is
either a T or a C and there are therafore thres possible
configurations: C/C, C/T, and T/T.

GATC G A

were present. Therefore, by using this polymorphism we were able to prove that the
SREC-YJu rearrangements observed in the polyclenal subpopulation of patient TO19 all used
the same dReC, present on the allele with the V§2-J81 rearrangement, Thus, the ALL cells
were aclively deleting the V§2-J51 rearrangement by éRec-JJo recombination {Figure 1}.
This was also the case in the T-ALL cell samples derived from BM of patient TOO1 {Figure
6 and Table 2). However, in leukemic cells derived from PB of patient TO01 a mixture of
T and C nucleoctides was observed in the REC-$Ju rearrangaments, This difference is in line
with the high tumor load in the BM sample (8B8%)] versus the low tumor load in the PB
sample {45%]). Taken together, it can be concluded that in the BM sample of patient T001,
the 68EC-yJo rearrangements came from T-ALL cells, whereas in the PB sample a part
originated from "background” PBMNC. In patient TO82 no normal cells were present to
determine the presence of this polymorphism, and although only T nucleotides were
observed in the §Rec-fJo rearrangements (Figure 8) this does not exclude background
rearrangements.

Expression of RAG genes

The products of the RAG genes are essential for V{D)J recombination and are therefore
also involved in the recombinase complex that mediates T¢cR-6 gene delstion. To prove RAG
expression in the T-ALL and T-cell line with ongoing 6REC-{Jo rearrangement, we designhed
RAG-1 and RAG-2 probes for Northern blot analysis. Although not quantitated, it appeared
that all T-ALL tested and T-cell line TCL2 express both RAG genes as is the case in thymic
cell samples {Figure 8 and Table 2). Control PBMNC, cell line HELA and cell line TCL1 did

not express these genes {Figure 8 and Table 2}.

g “ -
5 )
z £
s 32883352 ¢
3 ERERREEES

- RAG1

Figure 8. Morthern blot analysis of the RAG-1 gene
ORI transcription in several cell samples. A Northern blot
T i i - aaron filter was successively hybridized with the RAG1 and
GAPDH probes.
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DISCUSSION

The rearrangement of the human TcR-6 gene deleting elements, 6rRec and YJq, to each
other represents a decisive step in the y§ versus the of lineage commitment of
differentiating thymocytes (4,8,9,11), because the &Rec-¥Ja rearrangement is an
intermediate rearrangement between TcR-§ and TcR-« gene rearrangement {4,8), The only
reason for this non-functional rearrangement appears to be the deletion of the T¢R-8 gene
in order to prepare the allele for subsequent TcR-« gene rearrangement, The high frequency
of this particular rearrangement in thymic cell samples strongly suggests that a major
fraction of thymocytes will use the énec-JJuo rearrangement to delete their TcR-6 genss
during differentiation {7,9,11,26-28).

There are several indications that the SREC-YJa rearrangement is caused by a V(D}J
recombinase complex which contains at least some components that are different from
those used in TcR-6 and TcR-or gene rearrangement. For instance, it is noticeable that the
SREC gene segment rearranges with such a high preference to the JYJu gene segment,
although the whole Ja region {61 gene segments) is assumed to be opened by transcription
from the T early alpha (TEA} element (4,7,21,27,28}. Also other gene segments can
rearrange to the yJo gene segment, but it most frequently rearranges to the 6Rec gene
segment, and not to the proximally located V62 gene segment. In addition, rearrangement
of 6Rec to YJa occurs at a later stage of thymic differentiation than TcR-6 gene
rearrangement {Blom et al., unpublished results}, meaning that different factors play a role
in {the regulation of} this unique rearrangement. Furthermore, our studies on the tal1
deletions on chromosome band 1p32 in T-ALL, and especially their occurrence in
combination with TcR-8 gene delstion, strongly suggest the existence of a unique TcR-8
defeting recombinase complex {13,16,17}.

To identify the specific components of this particular recombinase complex, an
experimentat model is needed in which this recombinase compiex is active. The first idea
was to select thymocytes that were actively deleting their TcR-6 genes. But there are two
main obstacles to do that: firstly it is unknown in which differentiation stage the
thymocytes delete their TcR-6 genes and whether there exist specific markers that define
this differentiation stage, which can also be applied as selection markers. Secondly, from
the fact that SrRec-yJu rearrangements are rarely found in T-ALL, in contrast to TeR-6 and
TcR-« gene rearrangements, we concluded that the differentiation stage in which the TcR-8
gene deleting recombination occurs is a short transient stage. Because these facts would
greatly hamper our ability to obtain by cell-sorting sufficient cells for our experimental
purposes, we decided to look for a monoclenal cell population with an active TcR-6 gene
deleting recombinase. _

By screening a farge number of T-ALL and cell lines by PCR, Southern blot and direct
sequencing analysis, we were able to identifyiseveral T-ALL and one T-cell line with small
subpopulations containing the §REC-YJa rearrangement. To investigate whether these cells
represented just leukemic subclones or rearrangements from “background” MNC, not only
the coding joints, but also the excision products of the drec-yJo rearrangements were
analyzed. An unexpected problem we encouniered was the presence of circular excision
products of the §rec-Ja rearrangements in normal PBMINC. To distinguish betwesen normal
"background" and ALL derived rearrangements, we applied several Southern blotting and
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PCR-sequencing methods. Frequently occurring circular excision products in ALL cells and
polyclonal érRec-Jo junctional region sequences provided the evidence that several T-ALL
and T-cell line TCL1 contain small polycional subclones. A polymorphism in the SREC gene
segment provided the most convincing evidence that these colls were actively rearranging
SREC to YJuo on one allele, thereby generating a polyclonal subpopulation. This is a
remarkable observation, because subpopulations in ALL tend to be monocional or
oligoclonal {29,30}.

Itis especially surprising to find such a polyclonal subpopulation in a cell line, because
this means that although continuous rearrangement occurs, none of these cells was able
to grow out to a substantial subclone. This is basically the same for the T-ALL, It becomes
even more surprising in cell line TCL1, because the drec-yJo rearrangement deletes the
TcR-§ allele that is not expressed. Therefore, it is hard 1o imagine that the SREC-YJor
rearrangement will influence the cell growth. What might occur is that this TcR-6 gene
deleting rearrangement is immedijately followed by a TcR-« rearrangement, which in turn
deletes the $Rec-yJor rearrangement and may lead to an expression of a new TcR-aft.
These cells may have lower grow capacity and therefore never become a substantial
subclone,

In fact this may also be the case for the T-ALL, because for instance in patient TG19
witha TcR~/CD3 ™ T-ALL, double immuncfluorescence stainings revealed that a minor TcR-
afT/CD3 ™ subpopulation {14%) was present {unpublished results}. This confirmed the
continuous rearrangement capacity of the T-ALL cells. Because the rearrangements occur
in T-ALL cells that are outside the thymus, or in an /n vitro cultured cell line, this suggests
that SREC-yJex rearrangements do not explicitly require the thymic environment and ali other
specific extraceliular signals,

It was remarkable that all T-ALL that showed the most intense ongoing SREC-YJor
rearrangement, were CD3~ and contained a Vé1-J61 and a V§2-J81 rearrangement.
Moreover, two of three T-ALL were tested for their CD4/CD8 phenotype and both were
double positive {Table 2}, which is in line with the phenotype of a CD4 ¥ /CD8* thymocyte
population in which the TcR-8 gene deleting rearrangement is believed to occur (Blom et a/,,
unpublished results}). However, the characteristics of T-cell line TCL1 were different
compared to these T-ALL, because this cell line was CD3", and contains a V§1-J31 and
an unknown TcR-§ gene rearrangement.

We can conclude that there are T-ALL and cell lines that contain an active TcR-6 gene
defeting recombinase complex. But although it is stili a long way to the identification of
regulating elements involved in the deletion of the TcR-6 gene, at least we now have the
{monocional) experimental model to start these studies.
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TAL-1, A bHLH PROTEIN IMPLICATED IN T-ALL

Timo M. Breit, Ingrid L.M, Wolvers-Tettero, Ellen J. van Gastel-Mol,
and Jacques J.M, van Dongen

Department of Immunelogy, University Hospital Dijkzigt/Erasmus University, Rotterdam, The Netherlands.

Introduction

it is generally assumed that the oncogenic events in many B- and T-cell
malignancies are mediated by "illegitimate” activity of the V(D)J recombinase complex in
early stages of lympheid differentiation (1-7). This assumption is based on the findings
that many oncogenic translocations in these malignancies involve one of the lg/TcR
genes (1-3,6). Another type of chromosome aberrations result in chimeric oncoproteins
{4-6,8). For instance, in null ALL with t{4;11}{q21;q23} chimeric HRX-FEL proteins are
formed; pre-B-ALL with t{1;19){q23;p13.3} preduces a E2A-PBX1 fusion protein; in AML
the chimeric AML1-ETO oncoprotein occurs due to a t{8;21){q22;22) {4,8). The most
frequently involved site in reciprocal translocations with fusion proteins is chromosome
band 1123 on which the gene HRX {also called MLL, ALL-1 or HTRX-1) is disrupted by
translocation to several chromosomes; t{4;11), t{6;11), £(9;11) and t{11;19)} (8). So far,
in T-ALL no chromosome aberrations which result in fusion protein are observed.

Members of the gene family that encode DNA-binding proteins with a bHLH
domain, are frequently affected by chromosome aberrations in AlLL {4-6,8,9). At least
five bHLH genes are suspected to play a role in the oncogenesis of B-ALL (£2A4)} or
T-ALL {iyl-1, mye, tal-1, and tal-2) (4-6,8).

Here we want to summarize some data concerming the role of V{D}J racombination
in the development of chromosome aberrations present in T-ALL and the information this
provides about oncogenic transformation processes and normal T-cell differentiation. We
will illustrate this with aberrations that involve the gene for the TAL-1 bHLH protein {10-
12). The tal-1 gene is the target for several aberrations, which are non-randomly
distributed in T-ALL (13,14}). The implications of the observed restriction of these tal-1
aberrations to T-ALL with a particular immunophenotype and immunogenotype will be
discussed.

V(D}J recombinase and chromosome aberrations in T-ALL

It is not surprising that translocations involving the lg and TcR genes are restricted
to ALL, because these genes and the V{D}J recombination activating genes, RAG-1 and
RAG-2, normally are only active in lymphoid cells (7). In fact, the majority of the Ig gene
translocations occur in B-cell leukemias, whereas those involving TcR genes occur in
T-cell leukemias (1,4-6). Because the Ig/TcR and RAG genes are inactive in myeloid
cells, other recombination processes and other translgecated genes are found in AML
(4,6,8).
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The chromosome aberrations that occur in T-ALL are summarized in Table 1. The
TcR genes that are affected are TcR-8 {chromosome band 7q35) and ToR-of6
{chromosome band 14q11) on the one hand, and genes that code for DNA binding
proteins involved in gene activation, on the other hand (2-8}). These translocations
probably activate the involved non-TcR gene via the enhancer/promoter of the
transtocated TcR gene (2-6,8). It is noticeable that up to date, no translocations to the
TcR-y gene are reported in ALL, although inversions of this gene to the TcR-8 locus do
occur in ataxia telangiectasia patients (15). As suggested in the literature, reason for
this may be the fact, that if a T-cell is committed to the of lineage, the TcR-y gene
becomes inactivated and therefore also the translocated putative oncogene ({16).
Without an active Tc¢R-y enhancer/promoter the oncogenic transformation will stop (16},

Involvement of TcR genes in {ranslocations may be an indication that V(D)J
recombinase plays a significant role in these recombination processes, but there is other
and more convincing evidence., Most of the genes that translocate to a TcR gene have
at their breakpoint region, sequences that are homologous to the heptamer-nonamer
RSS sequences of Ig/TcR genes {1-7}. These translocation RSS often exist of a sole
heptamer, but still it is a strong indication for V(D}J recombinase involvement, The RSS

TABLE 1. Characteristies of chromosome aberrations in T-ALL?,

Involved Othert Protein Recombination

Aberration TcR gene gene domain Effect signal sequence
tal-1 deletion — sit - -~90 kb deletion heptamer

tal-1 hHLH overexprassion RSS
t]1;3){p32;p21) - tal-1 bHLH overexprassion heptamer

? - ? puripyr
t{1;7H{p32;q35} B tal-1 bHLH overexpression -
t{1;14}{p32;q11) & tal-1 bHLH overexpression RSS
1{1;7)(p34;q35) B lck SRC overexpression —
t{8:14)(q24;011)} ald c-myc bHLH overexpression RSS
t(8;14){g24;911) & pvi-1 ? ? heptamer
H7:9){q35;q32} 8 tal-2 bHLH ovarexpression heptamer
t{7;9){q35,q34.3} B tan-1 — truncationfoverexpr.  {heptamer}
t{7;10){q36;024) B HOX11 homeobox overexpression RSS
t{10;14Hq24;q911) afb HOX11 homeobox overexpression (heptamer}
t{7;11)(q35;p13) 8 RBTNZ2 LIM overexpression RSS
tit1;14)p13;q11} old RBTNZ Liv overexpression {heptamer)
t{11;14}{p15;q11} 5 RBTN? LM overexpression heptamer
17;14){q35;q32.1) B {tcl-1) ? ? heptamer
inv{144q11;932.1) o {tel-1}) ? 7 heptamer
t{14;14Hq11;432.1) o {tci-1) ? ? heptamer
H7;12(gq35;p13) B8 i1 bHLH overexpression -

a. Data derived from referencas 1-6,12,64,65,115-120,
b. Other names for the involved genes are: tal-1 = SCLor TCLS; tan-1 = TCL3; RBTNT = TTGI; RBINZ = TTG2,
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sequences are also found in a submicroscopic deletion in chromosome band 1p32, the
so-called fal-1 deletion, in which two closely located genes {sif and fal-1} show site-
specific recombination to each other {12,14}. The unique breakpoint in the si# gene
contains a single heptamer, whereas the several breakpoints in the ta/-1 gene contain a
complete RSS (Figure 1A} {12,14). From this site-specific deletion further evidence for
"Hlegitimate" V{D)J recombination emerges, in the form of randomly-inserted N-region
nucleotides at the fusion site of the breakpoints {7,17). In translocations to TcR genes
one cannot exclude that the N-region nuclectides were already present in a preexisting
rearrangement of the TcR gene, instead of that they were included in the translocation
fusion region during the recombination processes. However, in the breakpoint fusion
regions of tal-1 deletion, N-regiocn nucleotides, P-region nucleotides, as well as deletion
of nucleotides by exonucleic nibbling from the flanking sequences were found, all of
which are hallmarks of V(D}J recombination (7,12,14,17). In fact these fusion regions of
tal-1 deletion were extremely comparable to junctional regions of TcR gene
rearrangements, This strongly supports the assumption that the chromosome aberrations
in T-ALL are caused by "illegitimate" V{D)J recombinase activity {1-7).

Besides the RSS, there must be other sequences involved in these recombination
processes. For instance, it is hard to believe that in tal1 deletions a poorly conserved,

A 5" ASS 3 RS8S B IgH 544 --B------1:~-AGGG-A---G
RSS TcR-REC - —wweeo TA-G--A-CTCG-CC
heplamer nONamEr {spacerd heplamer RSS TcR-va2 o C+-CTA-TICTCGAG
1grfeR consénsus  CACAGTG  GGTITTTIGT {12/23) CACIGTG RSS TeR-VS3 TOATGCAGS - TGCCCAGGAAGT
11;14)ip32q11) DA/JS AR-G----C  (13) -T----- intron 3 t18; 14} ta24&;q1 t) ~C-msms-AWAC----0--C--
CC---n- [ale] (23) -GG---- exon 3
u7%8) 1935;q34.3)  ~------ A-C---TA-CC-G-
1241 defetion ---TQ-- €C-——-CC- {24} GG----- P2 1 SEC- - G--GG----C-TG
A-===-G-C  {12) T~ typs 2 1140 (332 coce
cee-Co--C (28)  -AA--- type 3 1014} p32:9110 . ""ﬁc":;:};;gﬁg
~T--CC--G  (12) TGA---- typa 4 AT AR CTT---C-GCA
GIC-----C..Q--G--A---C
hort geneg deletion -=--T--A  T--A----- {12) GTG---- class | ACGE- - -~ ~TGCTGAT- -CGC- -
CT----AT- (23) -T----- class fl GC-AA--TTARC- -~~~ CG-AC
T---==G~~ (23)  TTTA--- ¢lass [l
e F:3) ip32;p2h) ---G----TGCARATG-ATTC-

CAG----ARA. - -GATTCITG-G

t11;14) {p13:qt1)  C-C----A- . G-TGA~ - -CTCC

4F4:18} (g32;921)  GAA-----T-G-TG-TTACGC-
118:22) (a21;911) PR . ce
—~G-ARGH--- === ce

Figure 1. Signal sequences in V{D}J recombination. A} Recombination signal sequences {RSS) used in
rearrangement processes mediated by V(D) recombinase, The RS8S used in the various types of
translocations t{1;14){p32;q11) {10,11,46,58,60,62}, tal-1 deletions {12,14,45,66,68)}, and hprt deletions
{101) are aligned with the consensus heptamer-nonamer RSS of TcR genes (75,76). ---, nucleotides
homologous to the RSS consensus sequence. B} Sequence homology in the t{1;14}{p32;q911) and
t{8;14){q24;q11) breakpoint regions. A signal-like sequence motif {underlinaed) has been observed that
represents a recognition sequence for the DNA binding proteins ReHF-1 and ReHF-2 (18,18}, The
sequences are aligned with the spacer sequence of the V63 RSS of the human TcR-5 gene which also
binds the ReHF proteins (19). Seguence data are derived from references
10,11,18,45,61,64,65,82,83,117,119,124, and 1256. ---, nucleotides homologous to the human V43
RSS; -+-, spacing for sequence alignment,
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single heptamer sequence in the s/ gene is the sole sequence that causes the strict
location of this aberration which occurs relatively frequently in T-ALL (Figure 1A)
(12,14). if indeed other sequences are involved in the "illegitimate™ V(D)J recombination
processes, than it is likely that they will also be involved in the "normal” V(D}J
recombination processes and could therefore lead to new insight in these extremely
complex processes. In fact, this idea was persuaded in the t{1;14}(p32;q11) and
#{8;14)(g24;q11), which share a signal-like sequence motif at their breakpoints in
addition to the RSS (Figure 1B} {18). Recent studies showed that this sequence motif
represents a recognition sequence for DNA binding proteins (ReHF-1 and ReHF-2) {19).
But even more interesting was the finding that this signal-like sequence motif was also
present in the spacer of the V43 RSS. Together with the expression of the ReHF genes
in early T-cell lines, this is a remarkable way to find new proteins involved in V{D)J

recombination (Figure 1B) (19).

bHLH proteins involved in chromosome aberrations

As already mentioned, the members of the gene family coding for bHLH proteins
are frequently affected by chromosome aberrations in ALL (4-6,8,9). The bHLH proteins
normally play a role in the control of cell proliferation or differentiation (9,20-22),

The HLH motif is a structural domain of about 40-B0 amino acids that mediates
protein dimerization (Figure 2). This domain has the potential to form two amphipathic o
helices separated by an intervening loop (9,20,23,24)., Most HLH proteins contain a
stretch of basic residues at the amino-terminus of the first helix that mediates sequence-

TAL-1 protein

1 188 240 331

- GOOH

NHz -

. badic reglon helx 1 loap hefix

I i

++ o+ H o+ A4+ & + F 4+ o+ 4+ o+
TAL-1 RRIFTHSRERWROQNYNGAFAELRKLIPTHPPDRKLS -KHETLRLAMKYTHFLA

TAL-2 K- -Te---mm=sr§mKeemrmm oo oo Re-o oy
R R S L--- - R--wve- Yorneeo-- G-V
12 --VAH-A---L-VRDI-E--K--GRUCOL- LHSE-POT-LL--HQ-VSY-LG-E
E47  --VAN-A---V-VRDI-E--R--GRHMCQM-LKSD-AQT-LL- -00-VAV-LG-E
c-MYC K-RTH-VL--Q-RHELKRS-FA--DQ- - ELENNE-AP. -V~ -KK-TA--LSVQ
Id e YDM- -CYSR-KE-V--L-QNR-V- - -V---OQHVID- -RG-Q

Figure 2. Schematic representation of the TAL-1 protein. Indicated are the position and amino acid
sequence of the bHLH domain in the TAL-1 protein (43,44}, The TAL-1 protein bHLH domain is compared
with that of other bHLH proteins {9,41,115,117,118). +, strongly conserved amino acid residues; +,
less conserved amine acid residues; ---, amino acid residues homologous to the TAL-1 amino acid
seqguence; ---, spacing for sequence alignment.
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specific DNA binding {Figure 2} (25-27}. DNA recognition by the bHLH domain is
dependent on protein dimerization {9,20,23,28,29), Thus, bHLH proteins may form
homodimers by self-association, or may form heterodimers with other bHLH proteins.
The dimeric bHLH complexes specifically recognize DNA sequences containing the so
called consensus ‘E-box’ motif (CANNTG) (23,30-36}, a cis-acting regulatory element
found in many euvkaryotic transcription enhancers {30,31). bHLH proteins contain
transcription regulation domains and have besen shown to activate transcription of a
gene upon binding to E-box elements of an associated enhancer {21,28,34,40). It is
therefore assumed that regulation of transcription is the primary function of most bHLH
proteins {21).

Several bHLH proteins are expressed in a wide variety of tissues, where they can
function as homodimers but are also able to form functional heterodimers with other
bHLH proteins, which exhibit tissue-specific expression patterns {20). Some HLH
proteins do not have a basic domain and are therefore unable to bind to DNA. These
proteins act as inhibitors, because they form non-functional heterodimers with bHLH
proteins {21,41,42}. Since dimer formation is essential for DNA binding activity, the
function of bHLH proteins is largely dependent on the pattern of dimerization
(9,20,23,24), The family of {b}HLH proteins can therefore be divided in at least six
classes, which are indicated in Table 2.

TABLE 2. Classification of bHLH proteins®.

Class | bHLH proteins, which are broadly expressed and able to form homodimers as well as
heterodimers {examples: E2A, E2-2, and HEB).

Class i bHLH proteins, which are tissue-specific and can only form heterodimers with class i proteins
{axamples: MyoD, Myogenin, TAL-1, TAL-2, and LYL-1},

Class Il bHLH-zip proteins, which are related to MYC and are involved in cell growth control (examples:
C-MYC, N-MYC, L-MYC, and TFE3).

Class |V bHLH-zip proteins, which are able to form heterodimers with class ll proteins {examples: MAX,
and MAD).

Class V. HLH proteins, which lack a basic domain, but are able to dimerize with class | proteins. In this
way they inhibit DNA binding of class [ proteins {examples: 1d1, 1d2, 1d3, and kd4).

Class VI bHLH proteins characterized by the presence of a proline residue in their basic region.
{examples: Hairy, E-(spl}, HES1, HES3, and HESH),

a. Classification according to Murre et al, {121}

bHLH protein TAL-1

Within the bHLH gene family, the fa/-1 gene {(also called TCL5 or SCL) that codes
for the bHLH protein TAL-1, is most recurrently affected in T-ALL. The ta/1 gene is a
transcriptionally complex locus consisting of eight exons, in which the 5° non-coding
region has at least three distinct transcription initiation sites and a variable pattern of
alternative exon utilization (Figure 3) {43-46), At least six different forms of mRNA are
expressed, predominantly in early hematopoietic cells (44,45,47-49}. The TAL-1 protsin
contains a bHLH DNA binding motif, which is highly homologous to those present in the
TAL-2 protein and LYL-1 protein (Figure 2) {9,20,43,44,47,50,61). TAL-1 proteins
dimerize with bHLH class I proteins and it has been shown that the TAL-1 protein is able
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Figure 3. Restriction map of the tal-1 locus (right side} and the 5 ° part of the sif gene {left side) involved
in the ~90 kb fa/-1 deletion {14). The various types of ta/-1 deletion breakpoints are indicated with closed
arrows {12,14,45,66,70): sildb, breakpoint in the s/ gene; db1-5, the five breakpaints in the ta/-1 gene.
Translocation breakpoints are indicated with open arrows: t3, t{1;3) {65, Breit unpublished resuits); t14,
t{1;14}(p32;q11} {10,11,46,67,58,60,62,63); t?, a yet unknown translocation, Non-coding exons are
indicated as dotted hoxes; solid boxes represent protein-coding exons. The CpG island in the ta/-1 gene
promotor region is indicated (44,122,123), as well as the HLH motif in ta/-1 exon 8 (43,44). The relevant
restriction sites are indicated: B, BamHl; Bg, Bgll; E, EcoRl; H, HindIll; S, Sacl; X, Xbal; *, pelymorphic
restriction site. Open boxes below the restriction map represent the probes which can be used for
Southern and Northern blot analysis {14),

to form a stable heterodimer with E2A proteins that is able to bind DNA (36,52-54).

Recently, the DNA binding site for the TAL-1/E2A complex has besn identified:
AACAGATGGT {36). This site contains the E-box motif and can be divided in two half-
sites of recognition: AACAG, to which the E2A protein binds; and ATGGT, to which the
TAL-1 protein binds. Although several TAL-1 DNA binding sites are proposed (36}, still
limited information is available about the normal or malignant functions of the TAL-1
protein, other than that there are indications that it might work as a transcription
reguiator (51).

To illustrate the complexity of the mechanisms in which this protein is involved,
recent studies describe that the TAL-1 protein can repress transcription by recruiting
EA7 into bHLH complexes {i.e. TAL-1/E47 heterodimers} with less transcriptionally
activity than E47/E47 homodimers {55}, Howaever, in other settings, the TAL-1 protein
can activate transcription because TAL-1/E47 heterodimers are more resistant to
negative regulation by Id proteins {i.e. E47/id heterodimers)(55,66). Hence, the TAL-1
protein can potentially regulate transcription in either a positive or negative fashion,
depending on the intraceltular environment {55).

Chromosome aberrations affecting the tal-1 gene

The tal-1 gene on human chromosome 1p32 is frequently affected in T-ALL. In
t{1:;14Hp32;911), as well as in the rarely occurring t(1;7)(p32;935}, and t(1;3}p32;p21)
the tal-1 gene is recombined to the TcR-6 gene complex {10,11,46,567-63), the TcR-#
gene complex (64}, and a yet unidentified transcriptional unit on chromosome 3p21
{65), respectively (Table 1 and Figure 3). In addition, 15-25% of T-ALL contain a site-
specific, so-called tal-1 delstion (12-14,66-73}, in which ali coding exons of the ta’1
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gene {43,44) are juxtaposed to the first non-coding exons of the sif gene (74} (Figure 3).
As a result of this ~380 kb deletion, the s# coding exons are deleted and the expressed
sil-tal-1 fusion mRNA in principle codes for an intact TAL-1 protein, which is
transcriptionally controlled by the sif gene promoter {45,66). In the above mentioned
transiocations, the fal1 gene is placed under the control of either a promoter or
enhancer of the other gene involved in the translocation {10,11,46,60-63). Here aiso
the ra/-1 mRNA in principfe codes for an intact TAL-1 protein.

The site-specificity of the breakpoints in t{1;14) and #a/-1 deletions is most
probably caused by the fact that both aberrations are mediated via RSS, which are
homologous to the consensus heptamer-nonamer sequences in Ig/T¢R genes {Figure 1A}
{10,12,14,45,60,68,75,76). In most t{1;14} the breakpoints cluster at two RSS around
fal-1 exon 2a and 3 {Figures 1A and 3} (10,11,60,82), However, five types of tal1
deletions are described, which all use the same 5 RSS consisting of a sole heptamer
located In the first s intron, but different 3° RSS consisting of heptamer-nonamer
sequences located in the 5° region of the tal-1 locus (Figures 1A and 3)
{12,14,45,66,68,70}. The fal-t deletions type 1 and type 2 occur most frequently,
whereas the three other types thus far have each been observed only once
{12,14,45,68,70}.

Both t{1;14) and ta/-1 delstions appear to resuli in ‘ectopic’ {over)expression of
intact TAL-1 protsins, i.e. expression in T-cell differentiation stages where TAL-1
proteins are normally not observed (12,45,64-66,68). Additionally, we and others were
unable to detect any fal1 deletions in normal tissues, including cortical thymocytes,
which represent the normal counterparts of T-ALL celis {67,73). These findings support
the assumption that ta/-1 deletions are involved in the oncogenesis of the affected
T-ALL. However, we observed a few T-ALL with a ta/-1 deletion, but without detectable
tal-1 gene transcription, suggesting that {overjexpression of TAL-1 protein might not be
necessary for preserving the malignant capacity of T-ALL cells, However, the precise
role of TAL-1 proteins in the oncogenic transformation of differentiating cortical
thymocytes into T-ALL is still unknown (77).

tfal-1 deletions correlate with T-cell differentiation stages

tal-1 deletions appear to be restricted to malignancies of the T-cell lineage, because
they have not been observed in other hematopoietic malignancies {71,73,78). However,
they occur in different frequencies in various T-ALL subgroups, We and others showed
that tal-1 deletions are correlated with CD3 phenotype, because no ta/-1 deletions were
found in TcR-yd8T T-ALL (n=29), whereas 11% of the CD3™ T-ALL (n=73) and 31%
{(n=42) of the TcR-w# " T-ALL contained such a deletion {13,14).

The normal counterparts of T-ALL {i.e. the cortical thymocytes) differentiate from
CD3~ stages to CD3" stages with either TcR-yé or TcR-aff expression. The TcR-a/d
gene complex plays a pivotal role in the y8 versus off lineage commitment of thymocytes
(78-81). TeR gene rearrangement starts with rearrangement of the TcR-§ alleles,
followed by TcR-y gene rearrangement {86}, If no TcR-vd expression occurs due to
nonfunctional rearrangements of TcR-& and/or TcR-y genes, the rearranged TcR-6 genes
will be deleted via a special deietion mechanism invoivinfg the so-called érec and Yo
TcR-6 deleting elements (81-84). This TcR-6 gene deletion prepares the allele for
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subsequent rearrangement of the TcR-o gene segments, thereby forcing the T-cell to

differentiate into the of lineage.

Based on these consecutive recombination processes, we used the TcR-§
configuration to subdivide the T-ALL into several subgroups {14,73,85). This revealed
that tal-1 deletions exclusively occurred in CD3™ or CD3¥ T-ALL of the of lineage with
a frequency of 20% in T-ALL with one deleted TcR-§ allele, and 36% in T-ALL with
TcR-8 gene deletions on both alleles (14). Because tal-1 deletions were almost
exclusively observed in T-AlLL with at least one deleted TcR-6 allele, combined with the
fact that biallelic TcR-56 gene deletions coincide with a doubling of the tal-1 deletion
frequeney, we inftially proposed two possible mechanisms for this phenomenon:

- Differential accessibility of the ta/-1 deletion breakpoint regions for recombination
depends on differentiation-stage-related transcription and/or {delmethylation;

- The existence of a specific TcR-6 gene dsletion recombinase complex {containing at
least one unique component} with the capacity not only to delete TcR-6 genes by
rearranging the 8rRec and YJa gene segments, but also to possibly cause tal1
deletions,

Effect of transcription and {delmethylation on fal-1 deletions

Because rearrangement of Ig and TcR genes is preceded or accompanied by
germline transcription of parts of these genass, it has been proposed that transcription is
essential to ‘open up’ the DNA for VID} recombination (86,87). To investigate this
principle for tal-1 deletions, we analyzed the expression of the involved genes, The sif
gene is ubiguitously expressed, and therefore we detected s# mBNA in all tested T-ALL,
T-cell lines, thymic cell samples, and PBMNC cell samples. The normal expression profile
of the TAL-1 protein shows predominant transcription in early hematopoistic cells
(44,47,48}. In postnatal thymic cell samples, tal-1 gene expression can not be detected
(43,48}, but we observed a relatively abundant expression of ta/-1 mRNA in a fetal
thymic cell sample of 17 weeks. It might be that fal-1 gene expression is only present
during early phases of thymic differentiation, and that such celis are limited in postnatal
thymus, but abundant in fetal thymus. However, only a few T-ALL and T-csll lines
contained tal-1 mRNA. Almost all T-ALL samples with ta/-1 gene transcripts contained
an aberrant tal-1 gene, except for two T-cell lines with apparently normal #a/-1 genes.
On the other hand, as menticned before, not all T-ALL with an affected 7a/-1 gene
contained transcripts. These data indicate that expression of the sif gene cannot cause
the off lineage restriction of fal-1 deletions, and suggest that the observed ta/1 gene
expression most likely is the reswit and not the cause of the aberration.

Besides transcription of the involved genes, demethylation of the rearranging gene
segments has been recently recognized as an even more important factor in the
reguiation of V(D)J recombination processes (88-98). We therefore studied the DNA
{de)methylation (i.e. DNA accessibility} of the fal-1 deletion breakpoints to find an
explanation for the differences in the tal/-1 deletion frequencies between the various
T-ALL subgroups (99}, The deletion breakpoint in the s/f gene (sildb} was demethylated
in all cell samples tested. This was in contrast to the deletion breakpeint of fa/-1 deletion
type 1 (taldbt), which showed three demethylation configurations {complete, partial,
and absent}). As for now, it appears that in relatively immature T-ALL with still
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unrearranged TcR-§ genes, all stages of taldb1 methylation ¢an occur, whereas TcR-é
gene rearrangement is correlated with methylation in the #a/-1 gene {which might be
caused by the mechanism of so-cailled protective methylation {100}), and TcR-§ gene
deletion is correlated with tal-1 gene demethylation (99).

Because the frequencies of demethylated taldb1 in the various T-ALL subgroups
parallel the observed frequencies of ta/-1 deletions, they neutralize the initially observed
difference in a1 dsletion frequency between CD3~ and TcR-af™ T-ALL. it can be
concluded that differential taldb1 demethylation causes the difference in ta/-1 deletion
frequency in these CD3 subgroups. The same situation occurred in the T-ALL subgroups
defined by the TcR-& configuration, and we conclude that the initial doubling of ta/-1
deletion frequency in T-ALL with both TcR-6 alleles deleted versus T-ALL with one TcR-6
allele deleted is caused by differential demethylation of taldb1 {99). However, between
the completely demethylated subgroups with TcR-8 gene rearrangement and TcR-§ gene
deletion, still a noticeable difference in frequency of fa/-1 deletions remains {0% versus
39%). This finding is indirect evidence for the existence of a special recombinase
complex for TcR-6 gene deletion, which is exclusively present in immature thymocytes
committed to the «f lineage (99). Whether this specific recombinase complex seizes at
the TcR-6 gene deleting elements (6REC and YJo) or represents just a specific Va-Ja
recombinase complex has to be elucidated.

tal-1 deletion versus t{1;14) in TcR-o8+ T-ALL

Despite several homologies between fal1 deletions and £(1;14), the

translocations do not seem 1o be associated directly with TcR-6 gene deletions. ht
appears that t{1; 14} occur at an earlier stage in T-cell differentiation than tal-1 deletions,
because all reported translocations involved either D& or J6 gene segments, implying
that they occurred during the stage of rearrangements in the TcR-¢ gene (10,11,46,60-
62). However, most T-ALL with ti1;14) express TcR-aff (13). This suggests that the
oncogenic event occurred in an earlier stage of T-cell differentiation (during TcR-86 gene
rearrangement) than the differentiation stage expressed by the T-ALL {during TcR-§ gene
deletion}. Because this mechanism of ongoing maturation in T-ALL with £{1;14} might
also occur in T-ALL with a tal-1 deletion, we propose two additional mechanisms that
could play a role in the restriction of ta/-1 deletions te T-ALL of the of lineage:

- 'Ectopic’ {overlexpression of the TAL-1 protein (due to ta/-1 gene aberrations) forces
the leukemic T-cells into the of lineage;

- Because the TAL-1 protein is only functional as a heterodimer, it might be that the
TAL-1 partner {necessary for oncogenesis) is exclusively present in T-cells of the af
lineage.

There is some support for these last hypothesized mechanisms. Although it has bean

shown that TAL-1 proteins in T-cell lines with or without a fal-1 deletion dimerize with

the ubiquitously-expressed E2A proteins {36}, inhibition experiments with anti-E2A

monoclonal antibodies, which prevent dimerization of the E2A proteins, revealed that a

minor part of the TAL-1 proteins is able to dimerize to other, yet unidentified proteins

{36}). This might imply that in addition to the ubiquitously expressed E2A protein, an

ofi-lineage specific/inducing TAL-1 partner exists, If such a heterodimer is oncogenic,

than this might explain the ap-lineage restriction of T-ALL with tal-1 gene aberrations.
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Deletion in Apré gene mimics ta/-1 deletion

In normal T-cells, an intriguing deleting phenomenon has been discovered
involving the housckeeping gene hprt on chromosome Xg28, that seems extremely
homologous to the fa/-1 deletions. In the Aprt gene, three types of site-specific deletions
can occur, which all damage coding exons of the gene (101,102}, These three types of
hprt deletions use a 5 RSS in intron 1 consisting of a sole heptamer, but different 3°
RS8S, which are located in intron 3 and consist of heptamer-nonamer sequences
{Figure 1A) {101), The fusion regions of these Aprf deletions also show N-regions, P-
region nucleotide insertion and deletion of nucleotides and are therefore homologous to
the ig/TcR junctional regions and tal-1 breakpoint fusion regions {101,102). The hprt
deletions occur at a low frequency of ~1077 in T-lymphocytes and are not oncogenic
{(103,104). These data suggest that oncogenic fai1 deletions and non-oncogenic Aprt
deletions may be caused by a similar deletionally rearrangement process. Thus, this
aberration in the hpri gene might be a useful read-out system in the search of a
recombinase complex that is involved in TeR-6 deletion/tal-1 deletion.

Recently we identified a cell line in which Aprt deletions occurred in vitro, which
may indicate that this read-out system is valid. Furthermore, recently a hprt gene was
found that was disrupted by a V-J exon of the TeR-« gene {105), Becausa the insertion
was in the same region as the 5" RSS of the Aprt deletions, this aberration represents a
direct link between TcR rearrangement and Aprf deletion (105},

Conclusion
Recently, a lot of interesting data were published concerning the function of the

TAL-1 protein {565,56,106-114}. in normal cells this bHLH protein may, depending on
the bHLH protein balance, repress or activate transcription {55). To date, still no
decisive information is available about the role of the TAL-1 protein in the oncogenesis
of differentiating thymocytes to T-ALL {77).

But, based on the data described above, we can conclude that the aberrations of
the tal-1 gene in T-ALL li.e. tal1 deletions and t{1;14}) exhibit several intriguing
differences and similarities, which may be related to the malignant transformation
processes. On the one hand, the breakpoints in faf-1 deletions and t(1;14} occur at
different sites in the ta/i-1 gene via different RSS and the two types of genetic
aberrations might be caused by different recombinase complexes at different stages of
T-cell differentiation. On the other hand, both aberrations result in 'ectopic’
{overjexpression of intact TAL-1 proteins and both are present in T-ALL of the TcR-of
differentiation lineage {13).

However, further studies have to elucidate which of the proposed mechanisms
cause the off lineage restriction of the tal1 gene aberrations. Those studies on the
TAL-1 protein will also expose its role in the oncogenesis of T-ALL, and may reveal its
function in early T-celi differentiation.

REFERENGCES

1. Finger LR, Harvey RC, Moore RCA, Showe LC, Croce CM. A cormmon mechanism of chremosomal Yranslocation
in T- and B-cell neopfasia. Science 1986;234:982-985,



© @ Neoo & w N

-
b

i2.
13,
14,

18,
17.
18,

19.

20.

21,
22,
23.
24,
25,

26.
27.
28,

29,
30.
31.
a2,
33.
34.

TAL-1 a bHLH protein implicated in T-ALL 1656

Boehm T, Rabbitts TH. The human T cell receptor genes are targets for chromosomal abnormalities in T cell
tumors, Faseb J 1989;3:2344.2359,

Tycka B, Sklar J, Chromosomal translecations in lymphoid neoplasia: a reappraisal of the recombinase model,
Cancer Cells 1990;2:1-8,

Rabbitts TH, Transfocations, master genes, and differences between tha origins of acute and chronic leukemias.
Cell 1991;67:641-644.

Nichals J, Nimer SD. Transcription factors, translocations, and leukemia. Blood 1992;80:2963-2963.

Yunis JJ, Tanzer J. Molecular mechanisms of hematologic matignancies. Crit Rev Oncogen 1993;4:161-190.
Schatz DG, QOettinger MA, Schlissel MS. VIDIJ recombination: molecular biology and regulfation. Annu Rev
Immunel 1992;10:3569-383.

Hunger SP, Cleary ML. Chimasric oncoproteins resulting from chromosomal trenslocations in acute [ymphoblas-
tic leukaemia. Sem Cancer Biol 1993;4:387-399.

Murre C, Schonleber McCaw P, Baltimore D. A new DNA binding and dimerization motif in immunoglobutin
enhancer binding, daughterfess, MyoD, and mye proteins. Cell 1989:66:777-783.

Bernard ©, Guglielmi P, Jonveaux P, Charif D, Gisselbrecht S, Mauchauffe M, Berger R, Larsen C-J, Mathieu-
Mahul D, Two distinct mechanisms for the SCL gene activation in the t{1;14) translocation of T-cell leukemias.
Genes Chrom Cancer 1990;1:194-208,

Chen Q, Cheng J-T, Tsai L-H, Schneider N, Buchanan G, Carrofl A, Crist W, Ozanne B, Siciliano MJ, Baer R.
The taf gene undergoes chromosceme translocation in T cell leukemia and potentially encodes a helix-loop-helix
protein, EMBO J 1990;9:415-424,

Brown L, Cheng J-T, Chen Q, Siciliano MJ, Crist W, Buchanan G, Baer R, Site-specific recombination of the
tal-1 gene is a common occurrence in human T cell lsukemnia, EMBO J 1990,;9:3343-3351.

Mazgintyre EA, Smit 1, Ritz J, Kirsch IR, Strominger JL. Disruption of the SCL locus in T-lymphoid matignancies
correlates with commitment to the T-cell receptor of lineage. Blood 1992;80:1611-1620,

Breit TM, Mal EJ, Wolvers-Tettero ILM, Ludwig W-D, Van Wering ER, Van Dongen JJM. Site-spacific deletions
involving the faf-1 and s/ genss are festricted to cells of the T-cell receptor off lineage: T-cell recepter 8 gene
deletion mechanism affects multiple genes. J Exp Med 19893;177:965-277.

Stern M-H, Lipkowitz S, Awurias A, Griscelli C, Thomas G, Kirsch IR. Inversion of chromosome 7 in ataxia
telangiectasia is genserated by a rearrangement between T-cell receptor § and T-cell recaptor v ganes, Blood
1989;74:2076-2080.

Rabbitts TH, Boehm T, Structural and functional chimerism resuits from chromosomal translocation in lymphoid
tumers. Ady Immuncl 1991;60:119-1486,

Blackwell TK, Alt FW, Molecular characterization of the lymphold V(D) recembination activity, J Biol Chem
1989:;264:10327-10330.

Kasai 8, Maziarz AT, Aoki K, Macintyre £, Strominger JL. Molecular involvement of the pve-f locus in a /b
T-cell laukemia bearing a variant t(8;14}[q24:q1 1} translocation. Mal Cell Biol 1992;12:4751-4767,

Kasai M, Aokl K, Matsuo Y, Minowada J, Maziarz RT, Strominger JL, Recombination hotspot associated factors
specifically recognize novel target sequences at the site of interchromosomal rearrangements in T-ALL patients
with t{8:14){g24:q11} and t(1;14){p32:q11}. Int Immunsl 1994:,6:1017-1025.

Murre C, Schonleber McCaw P, Vaessin H, Caudy M, Jan LY, Jan YN, Cabrera CV, Buskin JN, Hauschka SD,
Lassar AB, Weintraub H, Baltimore D. Interactions between heterologous helix-loop-helix proteins generate
complexes that bind spacifically to a cemmon DNA sequence, Cell 1989;58:537-044,

Kadesch T. Helix-Joop-helix proteins in the regulation of immunoglobulin gene transcription. Immunol Foday
1992;13:31-36.

Visvader J, Begley CG. Helix-loop-helix genes translocated in lympheid leukemia. Trends Biol Sciences
1991;16:330-333,

Farré-D'Amaré AR, Prendergast GC, Ziff EB, Burley SK. Recognition by tax of its cognate DNA through a
dimeric b/HLH/Z domain. Nature 1993;363:38-45.

Kadesch T. Consequences of heteromeric interactions among helix-loop-helix proteins, Cefl Growth Diff
1993;4:49-55.

Lasser AB, Buskin JN, Lockshon D, Davis RL, Apone 8, Hauschka SD, Weintraub H. MyoD is a sequence-
specific DNA binding protein requiding a region of myc homolegy to biad 4o the muscla creatine kinase
enhancer. Cell 1989;68:823-831,

Davis RL, Cheng PF, Lasser AB, Weintraub H. The MyoD DNA binding domain contains a recognition code for
muscle-specific gene activation. Cell 1990;60:733-748,

Voroniova A, Baltimose D, Mutations that disrupt DNA binding and dimer formation in the E47 helix-loop-helix
protein map to distinct domains. Proc Natl Acad Sci USA 1990;87:4722-4726,

Lassar AB, David RL, Wright WE, Kadesch T, Murre C, Voronova A, Baltimere D, Weintraub H. Functional
activity of myogenic HLH proteins requires heterc-oligomerization with E12/E47-like proteins in vive. Celi
1991:66:306-315.

Neuhold 1A, Wold B, HLH forced dimers: tethering MyoD to E47 generates a dominant positive myogenic factor
insulated from negative regufation by Id, Cefl 1993;74:1033-1042,

Lenardo M, Pierce JW, Baltimore B, Protein-binding sites in Ig gene enhancers determing transcriptional activity
and inducibility. Science 1987;236:1573-1677,

Kiledjian M, Su LK, Kadesch T. Identification and characterization of two functional domains within tha murine
heavy-chain enhancer. Mol Cell Bio! 1988:8:145-149,

Blackwell TK, Kretzner L, Blackwood EM, Eisenman RN, Weintraub H. Sequence-specific DNA binding by the
c-Myc protein. Science 1980;250:1149-1151.

Halazonetis TD, Kandit AN, Dstermination of the ¢-MYC DNA-binding site. Proc Natl Acad Sci USA
1991;88:6162-6166.

Murre €, Voronova A, Baltimore D. B-cell- and monocyte-specific £2-box-binding factors contain £12/E47-like
subunits, Mol Cell Biol 1991;11:1158-1160.



166

36,
36.
37.
38.
39.

40,
41.
42,

43.

44,
45,

46,
47.
48.
49,

50.
61,
52,
63.
54.
55,
66.

b7.

58.

69,

60,
81,

62,

63,

64,
65.

CHAFTER 4.1

Dang CV, Dolde C, Gillison ML, Jato GJ. Discrimination between relatad DNA sites by a single amino acid
residue of Myc-related basic-helix-lcop-helix proteins. Prec Natl Acad Sci USA 1892;89:589-602,

Hsu H-L, Huang L, Tsan JT, Funk W, Wright WE, Hu J-5, Kingston RE, Baer R. Preferred sequances for DNA
recognition by the TAL1 helix-loop-helix proteins. Mol Cell Biol 1994;14:1266-1265,

Buskin JN, Hauschka SD. Identification of a myocyte nuclear factor which binds to the muscle-specific
enhancer of the mouse muscle creatine kinase gene. Mol Cell Biol 1989;9:2627-2640,

Brennan TJ, Olsen EN. Myogenin resides in the nucleus and acquires high affinily for a conserved enhancer
elemant on heterodimerization. Genes Dev 1980;4:582.596,

Whetan J, Cordie SR, Henderson E, Weil PA, Stein R. ldentification of a pancreatic f-cell insutin gena
transcription factor that binds to and appears to activate cell-type-specific gens expression: its possible
relationship to other cellular factors that bind to a common insulin gene sequence, Mol Cell Biol 1990;10:1664-
1672,

Cuong MW, Massari ME, Zwart R, Murre C. A new transcriptional-activation motif restricted to a class of halix-
{oop-helix proteins is functienally censerved in both yeast and mammalian cells, Mol Cell Biol 1993;13:792-800.
Benerra R, Davis RL, Lockshon D, Turner DL, Weintraub H. The protein Id: a negative regulator of helix-loop-
helix DNA binding proteins. Cell 1980;61:49-59.

Wilson KB, Kiledjian M, Shen C-P, Benezra R, Zwollo P, Dymecki SM, Desiderio SV, Kadesch T. Repression of
immunoglabulin enhancers by the helix-loop-helix protein Id: implications for Bdymphoid-cell development. Mol
Cell Biol 1981;11:8186-6191.

Begley CG, Aplan PD, Denning SM, Haynes BF, Waldmann TA, Kirsch iR. The gene SCL is expressed during
early hematopoiesis and encodes a differentiation-related DMNA-binding motif. Proc Natl Acad Sci USA
1989;86:10128-10132.

Aplan PD, Begley €G, Bertness V, Nussmeler M, Ezquerra A, Celigan J, Kiesch I8, The SCL gene is formed from
a transcriptionally complex Jocus, Mol Cell Biol 1990;10:6426-6435.

Bernard O, Lecointe N, Jonwveaux P, Souyri M, Mauchauffé M, Berger R, Larsen C.J, Mathieu-Mahu] D, Two
site-specific deletions and t{1;14} translocation restricted to human T-cefl acute leukemias disrupt tha 5 part of
the fal-1 gene. Oncegene 1991;6:1477-1488,

Bernard O, Azogul O, Lecointe N, Mugneret F, Berger R, Larsen CJ, Mathieu-Mahul D. A third ta/-1 promoter is
specifically used in human T cell fsukemias. J Exp Med 1892;176:919-925,

Visvader J, Begley CG, Adams JM. Differential expression of the LYL, SCL and £2A4 helix-loop-helix genes
within the hemopoietic system. Oncogene 1991;6:187-194.

Green AR, Salvaris E, Beglay CG. Erythroid expression of the ‘helix-loop-helix® gene, SCL. Oncogene
1991;6:475-479.

Tanigawa ¥, Elwood NG, Metcalf D, Cary D, Deluca E, Nicola NA, Begley CG. The SCL gene product is
regulated by and differentially regulates cytokine responses during myeloid leukemic cell differentiation. Proc
Natl Acad Sci USA 1993;90:7864-7868.

Kamps MP, Murre C, Sun X, Baltimere D. A new homeohox gene contributes the DNA binding domain of the
t{1:19) translecation protein in pra-B ALL. Cell 1990;60:547-555.

Baer R, TAL1, TAL2 and LYL1: a family of basic hefix-loop-helix proteins implicated in T cell acute leukemia.
Sem Cancer Biol 1993;4:341-347,

Hsu H-1, Cheng J-T, Chen Q, Baer R. Enhancer-binding activity of the ta/-1 onceprotein in association with the
E47/E12 helix-loop-helix proteins, Mol Cell Biol 1991;11:3037-3042.

Hsu H-l, Wadman |, Baer H. Formation of /7 vive complexes between the TAL1 and E2A polypeptides of
leukemic T cefls. Proc Natl Acad Sci USA 1994;91:3181-2185.

Voronova AF, Lee F. The E2A and tal-1 helix-loop-halix proteins associate /n vive and are modulated by Id
proteins during interfeukin 6-induced myeleid differentiation, Proc Natt Acad Sci USA 1994:;91:6952-6956.
Hsu H-L, Wadman |, Tsan JT, Baer R. Positive and negative transcriptionaf control by the TALJ helix-loop-helix
protein, Proc Natl Acad Sci USA 1994;91:5947-56951.

Doyls K, Zhang Y, Baer R, Bina M. Distinguishable patterns of protein-DNA interactions imvolving complexes of
hasic helix-Joop-halix proteins. J Biol Chem 1994;16:12099-12105,

Begley CG, Aplan PD, Davey MP, Nakahara K, Tchorz K, Kurtzberg J, Hershfield M3, Haynes BF, Cohen DI,
Waldmann TA, Kirsch IR. Chromosomal translocation in a human leukemic stem-cell line disrupts the T-cell
antigen recepter §-chain diversity region and results in a previously unreported fusion transcript. Proc Natl Acad
Soi USA 1989:86:2031-20356.

Finger LR, Kagan J, Christopher G, Kurtzberg J, Hershfield MS, Nowell PC, Croce CM. Involvement of the TCLS
gene on human chremosome 1 in T-cell leukemia and melanoma, Proc Nail Acad Sci USA 1989;86:5039-6043,
Carrolt AJ, Crist WM, Link MP, Amylon MD, Pullen DJ, Ragab AH, Buchanan GR, Wimmer RS, Vietti TJ, The
t{1;14Hp34;q1 1} is nonrandom and restricted to T-cell acute lympheblastic leukemia: a pediatric oncology group
study. Blood 1990;76:1220-1224,

Chen Q, Yang Y-C, Tsan JT, Xia Y, Ragab AH, Peiper SC, Carrolt A, Baer R. Cading sequences of the fa/-1
gene are dissupted by chromosome translocation in human T cell leukemia. J Exp Med 1990;172:1403-1408.
Xia ¥, Brown L, Tsan JT, Yang CY-C, Siciiano MJ, Crist WM, Caroll AJ, Baer RJ, The translocation
{1;44)(p34:q11} In human T-cell laukernia: chromosomal breakage 25 kilobase pairs downstream of the 7ALY
protooncogene, Genes Chrom Cancer 1992;4:211-216.

Bernard O, Barin C, Charrin C, Mathieu-Mahul I}, Berger R. Characterization of translocation t{1;14}p32;q11) in
a T and in a B acute leukemia, Leukemia 1883;7:1509-1513,

Bernard O, Greettrup M, Mugneret F, Berger R, Azogui O. Molecular analysis of T-cell receptor transcripts in a
human T-cell leukemnia bearing a t{1:14) and an inv(7); cell surface expression of a TCR-g chain in the absence
of « chain. Leukemia 1993;7:1645-16563,

Fitzgerald TJ, Neale GAM, Raimondi SC, Goorha RM. c-ta/, a helix-loop-helix protein, is juxtaposed to the T-cell
receptor-§ chain gene by a reciprocal chromosornal translacation: t(1;7) {(p32;q36). Blood 1991,78:2686-2695.
Aplan PD, Raimondi SC, Krisch IR. Disruption of the SCL gene by a t{1;3} transfocation in a patient with T cell
acute lymphoblastic leukemia, J Exp Med 1992;176:1303-1310,



66.

&87.

68,

69,
70,

71,

72,
73,

74.

75.
76.
77.
78.
79.

80.
81.
82.

83.

84.
85,

886,
87.
88,
89.
20,

a1,
92.
a3.
94.
95,
98,

a7.

TAL-1 a bHLH protein implicated in T-ALL 167

Aplan PD, Lombardi DP, Ginsberg AM, Cossman J, Bertness VL, Kirsch IR. Disruption of the human SCL tocus
by ‘illegitimate’ V-{D}-J recombinase activity, Science 1990;250:1426-1428,

Jonsson QG, Kitchens RL, Baer R4, Buchanan GR, Smith RG. Rearrangements of the tal1 locus as clonal
markers for T cell acute lymphoblastic leukemia. J Clin Invest 1981;87:2029-2035,

Aplan PD, Lombardi DP, Reaman GH, Sather HN, Hammond GD, Kirsch IR. Invelvement of the putative
hematopofetic transcription factor SCL in T-celf acute lymphoblastic leukemia. Blood 1992:79:1327-.1333.
Bhatia K, Sprangler G, Advani 5, Kamel A, Hamdy N, lyer RS, Aplan P, Magrath IT, Molecular ¢characterization
of SCL rearranggements in T-cell ALL from india and Egypt. Int J Gnecol 1993:2;725-730,

Bash RO, Crist WM, Shuster JJ, Link MP, Amylon M, Pullen J, Carrell AJ, Buchanan GR, Smith RG, Baer R,
Clinlcal features and outcome of T-cell acute lymphoblastic leukemia in childhood with respect to alterations at
tha TALT7 locus: a pediatric oncology group study. Blood 1993;81:2110-2117,

Kikuehi A, Hayashi Y, Kobayashi 5, Hanada R, Moriwaki K, Yamamote K, Fujimoto J, Kaneko Y, Yamarmori S.
Clinical sigaificance of TALT gene alteration in childhood T-cell acute lymphoblastic leukemia and [ymphoma.
Leukemia 1993;7:933-938.

Janssen JWG, Ludwig W-D, Sterry W, Bartram CR, SIL-TALT deletion in T-cell acute lymphoblastic laukemia.
Leukemnia 1993;7:1204-1210,

Breit TM, Beishuizen A, Ludwig W-D, Mel EJ, Adriaansen HJ, Van Wering ER, Van Dongen JJM. fal-1 deletions
in T-cell acute lymphobfastic leukemia as PCR target for detection of minimal residual disease, Leukemia
1993;7:2004-2011,

Aplan PD, Lembardi DP, Kirsch IR, Structural characterization of S/, a gene frequently disrupted in T-cell acute
lymphoblastic leukemia. Mol Cell Bicl 1991;11:5462-6469,

Akira A, Okazaki K, Sakano H, Two pairs of recombination signals are sufficient te cause immunoglobulin
V-{D)-J joining. Science 1987;238:1134-1138.

Hesse JE, Lieber MR, Mizuuchi K, Gellert M. V{D)J recombination: a functional definition of the jvining signals.
Genes Dev 1989;3:1052-1061.

Goldfarb AN, Greenberg JM. T-cell acute lymphoblastic leukemia and the associated basic helix-loop-helix gene
SCIL/tal, Leuk Lymph 1984:;12:157-166.

Rockman S, Begley CG, Kannourakis G, Mann GJ, Dobrovic AN, Kefford RF, McGrath K. SCL gene in human
tumors. Leukemia 1992;6:623-625.

isobe M, Russo G, Haluska FG, Croce CM. Cloning of the gene encoding the & subunit of the human T-cell
receptor reveals its physical organization within the a-subunit locus and its involvement in chromosome
translocations in T-cell malignancy. Proc Natl Acad Sci USA 1988;85:3933-3937.

Satyanarayana K, Hata S, Devlin P, Rencarols MG, De Vries JE, Spits H, Strominger J1, Krangel MS, Genomic
organization of the human T-cell antigen-receptor «/f locus. Proc Natl Acad Sci USA 1988;85:8166-8170,
Van Dongen JJM, Comans-Bitter WM, Wolvers-Tettero ILM, Borst J. Davelopment of human T lymphacytes and
their thymus-dependency. Thymus 1990;16:207-234,

De Villartay J-P, Hockett RD, Coran D, Korsmeyer SJ, Cohen DI, Deletion of the human T-cell receptor §-gene
by a site-specific recombination. Nature 1988;335:170-174,

Hockett RD, De Villartay J-P, Pollock K, Poplack DG, Cohen DI, Kersmeyer S.J. Homan T-cell antigen receptor
{TCR) é-chain locus and elements responsible for its deletion are within the TCR «-chain locus, Proc Nall Acad
Sci USA 1988;85:9694-9698,

Breit TM, Wolvers-Tettero ILi, Bogers AJJC, Da Krijger RR, Wiadimiroff JW, Van Pongsn JJM. Rearrange-
ments of the human TCRO-deleting elements. Immunogenetics 1994;40:70-75.

Breit TM, Wolvers-Tettero ILM, Beishuizen A, Verhoeven M-AJ, Van Wering ER, Van Dongen JJM. Southern
blot patterns, frequencies and junctional diversity of T-cell receptor & gene rearrangements in acute lymphob!as-
tic leukemia. Blood 1993;82:3036-3074.

Martin D, Huang R, LeBien T, Van Ness B. Induced rearrangement of x genes in the BLIN-1 human pre-B cell
line correlates with germline J-Cx and Ve« transcription. J Exp Med 1991;173:639-645.

Schlissel M$S, Corcoran LM, Baltimora D. Virus-transformed pre-B cells show ordered activation but not
inactivation of immunoglobulin gene rearrangement and transcription. J Exp Med 1981;173:711-720.

Engler P, Haasch D, Pinkert CA, Doglio |, Glymour M, Brinster R, Storb . A strain-specific modifier on mousa
chromosome 4 controls the methyfation of independent transgene loci. Cell 1991;66:939-847,

Engler P, Roth P, Kim JY, Storb U, Factors affecting the rearrangement efficiency of an Ig test gene. J Immunol
1991;146:2826-2835,

Tauchi T, Chyashiki JH, Ohyashiki K, Saito M, Nakazawa S, Kimura N, Toyama K. Methylation status of T-cell
receptor B-chain gene in B precursor acule lymphoblastic leukemia: correlation with hypomethylation and gene
rearrangement, Cancer Res 1981;51:2917-2921.

Hsieh C-1, Lieber MR. CpG methylated minichrornosomes become inaccessible for VID}J recombination alter
undergoing replication, EMBO J 1992;11:315-325,

Hsieh C-L, McCloskey R.P, Lisber MR, VIDLJ recombination on minichromesoemes is not atfected by transcripti-
on. J Biol Chern 1992;267:15613-16619,

Litz CE, McClure JS, Coad JE, Goldfarb AN, Brunning RD. Methylation status of the major breakpoint cluster
region in Philadelphfa chromosome negative leukernias. Leukemia 1992;6:36-41,

Tsukamoto N, Morita K, Karasawa M, Omine M. Methylation status of ¢-myc oncogene in levkemic cells:
hypomethylaton in acute leukemia derived from myelodysplastic syndromes. Exp Hematol 1992;20:1061-1064.
Bird A. The essentials of DNA methylation, Cell 1992;70:5-8.

Ohyashiki JH, Ohyashiki K, Kawakubo K, Tauchi T, Nakezawa S, Kimura N, Toyama K. T-cell receptor g chain
gene rearrangement in acute myelcid leukemia always occurs at tha allele that coptaing the undermethylated
JB1 region, Cancer Res 1992;52:6598-6602,

Ohyashiki JH, Ohyashiki K, Kawakubo K, Tauchi T, Shimamoto T, Toyama K. The methylation status of the
major breakpoint cluster reglon in human leukemnta cells, including Philadelphia chromosome-positive cells, is
linked to the lineage of hematopoietic cells, Leukemia 1893;7:801-807.



168

a8,

99,
100.
101.
102,

103.
104,
106.
108,
107.
108.
108,

110,

112,
113.
114,

116.
117,

118.
119.
120,

121,

122,
123.

124,
125.

CHAPTER 4.1

Engler P, Weng A, Sterb U, Influence of CpG methylation and target spacing on V{D)J recombination in a
transgenic substrate, Mol Cell Biol 1993;13:571-677,

Breit TM, Wolvers-Tettero ILM, Van Dongen JJM. Linsage specific demethylation of ta/1 gene breakpaint
region determines the frequency of tal-1 deletions in af lineage T-cells, Oncogena 1994;9:1847-18563.

Burger C, Radbruch A, Protective methylation of immunoglobulin and T cell receptor {TcR} gene loci peior to
induction of class switch and TcR recombination. Eur J Immunol 1990;20:2285-2291,

Fuscoe JC, Zimmerman LJ, Lippert MJ, Nicklas JA, O'Neill JP, Albertini RJ, VIDWJ recombinase-like activity
mediates Aprt gene deletion in human fetal T-lymphocytes, Cancer Res 1991;51:6001-6005.

Fuscoe JC, Zimmerman LJ, Harrington-Brock X, Burnette L, Moore MM, Nicklas JA, O‘Neill JP, Albertini RJ.
VD) recombinase-mediated deletion of the Aprf gene in T-lymphocytes from adult humans. Mutat Res
1992;283:13-20.

McGinniss MJ, Nicklas JA, Albertini RJ. Molecular analysis of in vivo Agrt mutations in human T-lymphocytes:
IV, studies in newborns, Environ Mol Mutagen 1989;14:229-237.

McGinniss MJ, Falta MT, Sullivan LM, Atbertinl RJ, In vivo Aprt mutant frequencies in T-cells of normal human
newborns, Mutat Res 1980;240:117-126.

Hou $S-M. Novel typas of mutation identified at the hprt locus of human T-lymphooytes. Mutat Res
1994;308:23-31.

Green AR, Lints T, Visvader J, Harvey R, Begley CG. SCL is coexpressed with GATA-1 in hemopoietic cells but
is also expressed in developing brain, Oncegene 1992;7:653-660.

Aplan PD, Nakahara K, Orkin §H, Kirsch IR. Tha SGL gene product: a positive regufator of erythroid differentiati-
on. EMBO J 1992;11:4073-4081,

Cheng J-T, Cobb MH, Baer R. Phosphorylation of the TAL1 encaprotein by the extracellular-signal-regulated
protein kinase ERK1. Mol Cell Biol 1993;13:801-808.

Cheng J-T, Hsu H-L, Hwang L-Y, Baer R. Products of the TALf oncogene: basie helix-loop-helix proteins
phosphorylated at serine residuss. Oncogene 1993;8:677-683.

Hwang LY, Siegatman M, Davis L, Oppenheimer-Marks N, Basr R. Expression of the TAL7 proto-oncogene in
cultured endothelial cells and blood vessels of the spleen. Cncogene 1893;8:3043-3046.

. Ewood NJ, Cook WD, Metcalf I}, Begley CG, SCL, the gene implicated in human T-cell leukaemia, is encogenic

in a murina T-lymphocyta cell line. Oncogene 1993;8:3093-3101.

Chiba T, Nagata Y, Kishi A, Sakamaki K, Miyajima A, Yamamoto M, Enge! JD, Todokcro K. Induction of
erythrold-specific gene expression in flymphoid cells. Proc Natl Acad Sci USA 1993;90:115983-11597.

Elwood MJ, Green AR, Melder A, Begley CG, Nicola N. The SCL protein displays cell-specific haterogeneity in
size, Leukemia 1994;8:106-114,

Mouthon M-A, Bernard O, Mitjavita M-T, Romeo P-H, Vainchanker W, Mathieu-Mahvl B. Expression of tal-1 and
GATA-binding proteins during human hematopoiesis. Blood 1993;3:647-665.

. Mellentin JD, Smith SD, Cleary ML, Ly/-1, a novel gena altered by chromosomal translocation in T cell [eukemia,

codes for a protein with a helix-loop-helix DNA binding motif, Cell 1989;58:77-83,

Green AR, Beglsy CG. SCL and related hemopoietic helix-loop-helix transciiption factors. Int J Cell Cloning
1992,10:269-276,

Xia Y, Brown L, Yang CY-C, Tsan JT, Siciliano MJ, Espinosa IH R, Le Beau MM, Baer RJ, TALZ, a helix-foop-
helix gene activated by the (7:;9}{a34;q32] translocation in human T-cell leukemia, Proc Natl Acad Sci USA
1991;88:11416-11420,

Spences CA, Groudine M. Contro! of ¢-myc regulation in normal and neoplastic cells. Adv Cancer Res
1891;566:1-48,

Kasai M, Maziarz RT, Acoki K, Macintyre E, Strominger JL. Molecular involvement of pvt-f locus in a /s T-cell
leukemia bearing a variant t{8;14)(q24;q11) translocation. Mol Cell Biol 1992;12:4761-4767.

Ellisen LW, Bird J, West DC, Soreng AL, Reynolds TC, Smith SD, Sklar J. TAN-7, the human homolog of the
Drosophila Moteh gene, is broken by chromosomal translocations in T lymphoblastic neoplasms. Cell
1991;66:649-861.

Mutre C, Bain G, Van Dijx MA, Engel |, Fumari BA, Massari ME, Matthews JR, Quong MW, Rivera RR, Stuiver
MH. Structure and function of helix-loop-helix proteins. Biochim Biophys Acta 1984;in press.,

Bird AP. CpG-rich islands and the function of DNA methylation. Nature 1986;321:209-212.

Antequera F, Boyes J, Bird A, High levels of do novo mathylation and altered chrematin structure at CpG
islands in cell lines, Cell 1990;62:503-514.

Sdité P, Hillion J, Leroux D, Berger R, Larsen C-J. Common sequence in chromosome translocations affecting B-
and T-cell malignancies: a novel recombination site? Genes Chrom Cancer 1993;6:253-2564.

Meerabux JM. Cotter FE, Kearney L, Nizetic [, Dhut S, Gibbens B, Lister TA, Young BD. Mo!ecular cloning of a
novel 11923 breakpoint associated with nen-Hodgkin’s lymphoma. Oncogene 1994:9:893-898.



CHAPTER 4.2

SITE-SPECIFIC DELETIONS INVOLVING THE fa/-1 AND sif GENES
ARE RESTRICTED TO CELLS OF THE T-CELL RECEPTOR o3 LINEAGE:
T-cell receptor 8 gene deletion mechanism affects multipie genes”

Timo M. Breit®, Ellen J. Mol’, Ingrid L.M. Wolvers-Tettero?, Wolf-Dieter Ludwigz,
Elisabeth R. van Wering3, and Jacques J.M. van Dongen1

1. Department of Immunology, University Hospital Dijkzigi/Erasmus University, Rotterdam, The Netherlands;
2. Department of Hematology/Oncology, Universititsklinikum Steglitz, Berlin, Germany;
3. Dutch Childhood Leukemia Study Group, The Hague, The Netherlands,

SUMMARY

Site-specific deletions in the tal-1 gene are reported to occur in 12%-26% of T-ALL,
So far two main types of ta/-1 deletions have been described. Upon analysis of 134 T-ALL
we hava found two new types of ta/-1 deletions. These four types of deletions juxtapose
the 5 part of the tal-1 gene to the sif gene promoter, thereby deleting all coding sif exons
but leaving the coding fai-1 exons undamaged. The RSS and fusion regions of the ta/1
deletion breakpoints strongly resemble the RSS and junctional regions of Ig/TeR gene
rearrangements, which implies that they are probably caused by the same V(D}J
recombinase complex. Analysis of the 134 T-ALL suggested that the occurrence of tal-1
deletions is associated with the CD3 phenotype, because no tal-1 deletions were found in
25 TcR-y6™ T-ALL, whereas eight of the 69 CD3™ T-ALL and 11 of the 40 TeR-of8 T T-ALL
contained such a defetion. Careful examination of all TcR genes revealed that ral-1 deletions
exclusively occurred in CD3™ or CD371 T-ALL of the of lineage with a frequency of 18%
in T-ALL with one deleted TcR-6 allele, and a frequency of 34% in T-ALL with TcR-6 gene
deletions on both ailleles. Therefore, we conclude that off lineage commitment of the T-ALL
and especially the extent of TeR-8 gene deletions determines the chance of a ta/-1 deletion.
This suggests that ta/-1 deletions are mediated via the same deletion mechanism as TcR-§
gene delstions.

INTRODUCTION

Recurrent chromosomal aberrations, such as translocations and inversions involving
the Ig and TcR loci, are non-randomly assoctated with lymphoid malignancies. Itis generally
assumed that these chromosome aberrations are caused through "illegitimate" VI(D)J
recombinase activity by the enzyme system, which normally provides for the rearrangement
processes in Ig and TcR gene complexes {1-56).

The reciprocal t{1;14){p32;q11} is an example of a chromosome aberration that is

" Published in: J Exp Med 1993;177:965-977.
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probably caused by "illegitimate" V{D}J recombination. This translocation is exclusively
found in T-ALL and involves both the so-called ta/-1 gene (also known as SCL or TCL-5}
and the TcR-6 gene complex {6-10). Approximately 3% of pediatric T-ALL have a t{1;14}
{11}, and six of the seven translocation breakpoints analyzed to date cluster in the D§-Jé§
region of the TcR-4 locus on chromosome 14 and in a one kb region of the 5° part of the

tal-1 locus on chromosome 1 {8-10}.
The tal-1 gene is a transcriptionally complex locus in which the 5 “ non-coding region

has two distinct transcription initiation sites and a variable pattern of alternative exon
utilization {12-14). At least six different forms of mRNA are expressed, predominantly in
early hematopoietic cells (13-15}). The TAL-1 protein contains a so-called helix-loop-helix
DNA binding motif {HLH motif} {12,13,16,17), which is also found in several other protsins
involved in control of cell proliferation or differentiation (18-21). Therefore, disregulation
of the ta/-1 gene expression by chromosomal aberrations may contribute to the leukemic
transformation in T-ALL.

The b° part of the fal-1 locus can also be affected by a site-specific, submicroscopic
deletion {tal-1 deletion) of ~90 kb, which occurs. at high frequency in T-ALL only
(14,22,23). As a result of this ~90 kb deletion the coding exons of the tal-1 gene are

A
sifgene fal-1 gene
sildb ———— taldb ———
4 3 2 1
' Fob o
¥ 1 2 i, laib2b 2a3
i [ 1// [
I [ a1 ] o] I ITT 1 11
H SERg E  XBE* 8 XBg X ES XBgB E £ S
0 B
siLoa TALDB2 TALDE)
I' {Hgﬂkb ] W
B

AAACCTTOAATGCTCOCTCTTGCATTCCTCACAATTICTGBCTCACACTCTGCTACGTAGTAAGGGATCAGT TAATGTTTGAAGTTC

5' ASS reglon sildb

3' ASS reglon taldb type 1 TTCCCCLTTTICCTTAGGCAATATACABAAATGCGOGAGGCTGTGATTEETTT FCATTTCTTCTICATGETTGIGTGCATGCGETGE

3' ASS region taldb type 2 TCCTITGGAT TACTGTAAGT TITGGOTAAGTCACATCTICTCTGTGTCTTAATTICTTTCTCTATGATGATAACCAGAACTCCCATGC
3" A55 region faldb type 3

3' RSS region taldb typs 4

CATTAGGTTCTTGCAAGCATTAACTCAATTAATACTTACAAAGTGECTACBACAGTACT TRTCACACAGTAACTGCAGTGTAGATTT

AGTATTGATCAGAAAAGGT TTCCTGGACAACATAAGAT TBATGTGGGGCCACAAAGAACGTTTATAGTCAATTTT T TGAGECATAAT

Figure 1. Restriction map and germline sequences of fa’-1 delstion breakpoint regions. {A) Restriction map
of the ta/-1 Jocus and the 5 part of the sif gene involved in the —80 kb fal-1 deletion, The various types of
tal-1 deletion breakpoints are indicated with arrows: sitdb, breakpoint in s# gene; taldb, breakpoints in tal-1
gene. Non-coding exons are indicated as dotted boxes; solid boxes represent protein-coding exons. The HLH
motif is indicated in fal-1 exon 8 (12,13}, The relevant restriction sites are indicated: B, BamHl; Bg, Bglll; E,
EcoBIL; H, Hindlll; S, Sack X, Xbal; *, polymorphic restriction site. Open boxes below the restriction map
represent the probes used for Southern blot hybridization. (B} Germiine sequences surrounding the breakpoints
of the various types of tal-1 deletions. The heptamer sequence of the 5 "RSS in the s/ gene and heptamer-
nonamer sequences of the 37 RSS in the tal-1 gens are underlined. The arrow indicates the location of the

breakpoints,
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juxtaposed to the first non-coding exon of the recently described sif gene (24), which is
therefore almost completely deleted (Figure 1A}. The expressed si-tal-1 fusion mRNA
produces a normal TAL-1 protein, but is transcriptionally controlled by the sif gene promoter
{14,25).

Also tal-1 deletions are assumed to be caused by the V{D}J recombinase system,
because the breakpoinis seem to cluster at heptamer-nonamer RSS {14,25), which are
homologous to those used in the Ig and TeR rearrangement processes (4,5,26-28).
Moreover, the fusion regions of the ta/-1 deletion breakpoints show non-tempilated
nucleotide addition {N-region), P-region nucleotides, and deletion of nucleotides by
exonucleic nibbling from the flanking sequences, all of which are hallmarks of V{D}J
recombination processes in Ig and TcR genes {5,26,29).

So far three types of tal-1 deletions are described. The two main types of tat1
deletion use the same 5 * heptamer RSS, located betwean the first and second sif exon, but
different 3~ heptamer-nonamer RSS in the 57 part of the ta/-1 locus, 1.7 kb apart of each
other (14,25}, whereas the third type {type C) has only been found in one patient and does
not use any RSS (25). In our attempt to determine the occurrence of the fa/-1 deletions in
a series of 134 T-ALL, we identified two new types of tal-1 deletions that use the same 57
heptamer RSS as type 1 and 2, but different 3 ' heptamer-nonamer RSS.

In contrast fo suggestions in other publications (14,25}, the fa/-1 deletions exclusively
occurred in T-ALL of the off T-cell lineage and were especially correfated with TcR-§ gene
deletions, which are characteristic for the aff lineage,

MATERIALS AND METHODS

Cell samples
Cell samples were obtained from a non-random group of 134 T-ALL patients at initial diagnosis. To

ohtain sufficient numbers of CD3% T-ALL {especially TeB-y51 T-ALL), we have selected T-ALL cell samples
tased on their CD3/TeR immunophenctype, resulting in 88 CD3™ T-ALL {51% of the total series), 40 TeR-of
T-ALL (30%]), and 25 TeR-y61 T-ALL {19%). In random series of T-ALL, this immunophenotype distribution
probably is ~70%, ~20%, and ~10%, respectively (30). MNC were isolated from peripheral blood, bone
marrow, or pleural exudate by Ficoll-Paque {density, 1.077 g/ml: Pharmacia, Uppsala, Sweden) density
centrifugation. The cell samples were frozen and stored in liquid nitrogen. Twelve T-cell lines were included
as positiva or negative controls (CEM, HPB-ALL, MOLT 16, JURKAT, HS, HUT78, DND41, PEER, RPMI-8402,

MOLT4, H5B-2, GH1} {31},

Immunologic marker analysis

The MNC of the T-ALL patients were analyzed for nuclear expression of TdT, for cytoplasmic exprassion
of TeR-8 {BF 1}, for cell mambrane expression of T-celt rnarkers CD1 {661IC7}, CD2 {Leu-5b}, CD3 {Leu-4}, CD4
(Leu-3a), CD5 {Leu-1}, CO6 {OKT17), CD7 {3A1), and CD8 {Leu-24a), for HLA-DR antigan and for reactivity
with the McAbs, BMAQ31 (anti-TcR-of8), 11F2 (anti-TeR-v48), and TCRS§1 (anti-TcR-8}. The rabbit anti-TdT
antiserum was purchased from Supertechs {Bethesda, MD}; the McAbs of the Leu series, anti-HLA-DR and
11F2, were obtained from Becton Dickinson (San Jose, CA); the CD1 antibody was obtained from
Monosan/Sanbio {Nistelrode, The Netherlands}; OKT17 from Ortho Diagnostic Systems (Raritan, NJ); the 3A1
hybridoma was from the American Type Culture Coltection {(Rockville, MD); TCRS1 and gF1 were obtained
from T Cell Diagnostics {Cambridge, MA}, The McAb BMAO31 was kindly provided by Dr. R, Kurila {Behring,
Marburg, Germany). Immunofiuorescence stainings were evaluated with fluorescence microscopes (Carl Zeiss,
Oberkochen, Germany) and/or a FACScan floweytomaster {Becton Dickinson}.
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Isolation of the ta/-1 locus from a genomic library

Screaning with the B2EE-2.0 probe {9) and TALDB2 probe of the CML-O genomic library, constructed
of Mbol partial digested DNA from a CML patient cloned in the EMBL3 lambda replacement vector {32},
yielded several phage inserts, which covered the whole fa/-1 locus, The phage inserts were digested for
restriction enzyme analysis and some genomic restriction fragments were subcloned in the pUC18 cloning

vector,

Isolation of sif and tal-1 gene DNA probes

DMA probes were obtained by cloning the purified PCR amplification products of granulocyte DNA from
a healthy donor using specific oligonucleotide primer sets. pUC19 was used as cloning vector {32}, Ths
oligonucleotide primer sets for the SILDB and TALDB2 probes, including the artificial tails containing restriction
sites for cloning, are given in Table 1. All oligonucleotides wara synthesized according to published fa/-1 gene
seguences {13,14,22} on a 392 DNA synthesizer (Applied Biosystems, Forster City, CA} with the solid-phase
phosphotriester method and used without further purification. Prokbe TALDB1 was isolated by cloning a ~800
bp Mspl-Mspl fragment, containing the 37 side of the #ai1 deletion type 1 {Figure 1A}, from the CML-0
genomic library (33).

TABLE 1. Primers used in PCR and sequencing analysis of fal-1 deletions or isofation of DNA probes.

Code Position/Size? Sequence® Reference®
tal-1 delation 5° 3°
67 all types sildb -155 bp GGGGACGCTCGTGGGAGAAATTAAG 22
sildb-seq -111 bp GATATCATCTGAGCTAAGGTATGTG 22
37 type 1 taltdb1 +155 bp GCCTCGAAGGGTCCACATCTAC 14
taltdbt-seq +111 bp CACACTCGGACACAGAGCCTG 14
tattdb1-5° +28 bp TCACAATCCCACCGCATGCACA 14
37 type 2 tal1db2 +162 bp TTGTAAAATGGGGAGATAATGTCGAC This paper
talldb2-seq +110 bp AACTTATATGACCTTTARAAGG  This paper
37 type 3 tal1db3 +58 bp TGCATGCACTCTGATGAGCAGCC This paper
talidb3-seq +1b bp ATCTACACTGCAGTTACTGTGTGAC This paper
3" type 4 talldbd +450 bp GGATTATAGGTGCCTGTCACCAL This paper
talidbd-seq  +34 bp TACATCTTATAGTATGTAAATTATGCC This paper
DNA probes
SILDB sildphb * 330 bp CACAGGATCCTTGATCCTGGAGCGC 22
sildp3 " CCGAAGCTTCCGCGGAGCTGAGGTCTG 22
TALDB2 taltd2pb” ~575 bp TETAAGCTTTGGCTAAGTCACATCTCTC 14
taltd2p3” CCTGTCAATAGGGACATAAATGCC 13

a, Tha position of the oligonucieotide primar Is indicated upstream (-} or downstream {+) relative 10 the heptemer RSS. The sizes of
the DNA probas are given. Tha position of the DNA probes are indicated in Figura 1A,

b. Tha underlined sequences represent the aspecific nucleotides, which generate restriction sites,

¢. Sequence information used to design tha oligonucigotide primers was derived from the indicated literature references or from cur own

sgquence data.

Southern blot analysis

DNA was isolated from frozen MNC as described previously {32,34}. A 15 ng sample was digested with
the appropriate restriction enzymes (Pharmacia}, size-fractionated in 0,7 % agarose gels, and transferred to
Nytran-13N nylon membranes (Schleicher and Schuell, Dassel, Germany} as described (32,34). tal-1 deletions
were studied using 2P random oligonucleotide-labeled B2EE-2,0 (9), TALDB1, TALDB2Z, and SILDB probes
in £coRl, HindIll, and Bgfll digests. TcR-2 gene rearrangements were detected with the JB1, Jg2, and C8
probes (34,36) in FcoRl, and Hindlll digests. The configuration of the TcR-y genes was analyzed by use of
the Jy1.2, J¥1.3, J¥2.1, and Cv probes {34,36) in £coRl and Kpnl digests. The configuration of the TcR-§
genes was analyzed by use of the V&1, V&3, Jd1, Jb62, C8, SREC, and ¥Jo probes (34,37-40) in EcoRI, HindHl,
and Bg/i digests,
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PCR amplification analysis

PCR was essentially performed as described previously (32,41}, A 0.1 pg sample of DNA, 12 pmol of
the 6" and the 3’ oligonucleotide primer, and 1 unit of AmpliTag DNA polymerase {Perkin-Elmer Cetus,
Norwalk, CT) were used in each PCR reaction of 100 pl. The oligonucleotide primers are listed in Table 1.
These oligonucleotides ware designed according fo our own sequence data and published tal-1 gene
sequences {14) and s# gene sequences (22}, The PCR reaction mixture was incubated at 34°C for 3 min, at
60°C for 2 min, and at 72°C for 3 min In a thermal cycler (Perkin-Elmer Cetus), After this initial cycle,
denataring, annealing, and extension steps were performed for another 39 cycles at 94°C for 1 min, at 60°C
for 1 min, and at 72°C for 3 min, respectively. After the last cycle an additional extension step of 72°9C for
7 min was executed. The PCR products of {al-1 deleticn type 1 and type 2 ware size-fractionated by 10%
polyacrylamide gel-electrophoresis and visuatized by ethidium bromide staining to demonstrate differences
in size.
Sequence analysls

One ul of the ariginal PCR preduct, 12 pmol of the limiting primer, 600 pmol of the opposite primer, and
5 units of Amp/iTaq DNA polymerase {Perkin-Elmer Cetus) were used in each asymmetric PCR reaction of 500

ul. The reaction mixture was incubated for a total of 25 to 30 cycles with the above-described regular
temperature eycles., After the asymmetric amplification, the PCR product was precipitated twice in 50%
ethanol plus 0.1 volume of 2 M NaAc, pH 5.8 (41). The dried pellet was resolved in 22 ul H,0, half of which
was used in the sequence reaction. Fifty pmol sequence primer was used in each reaction {sequence primers
are indicated In Table 1). All sequence reactions were performed with the T7-sequencing kit {Pharmacia)
following the manufacturer’s instructions using dbg radiolabeling, and run on a pormal, denaturating 8%
polyaceylamide sequence gel. All germline sequences and fuston regions of tal-1 deletions were sequenced
in both directions.

RESULTS

Two new types of tal-1 deletions
Screening of 134 T-ALL by Southern blot analysis revealed two new types of ta/-1
deletions in addition to the already described type 1 {type A}, type 2 {type B}, and type C

{al-1 deletion tal-1 deletion
6 - o w < D T -~ o m w D
E @ (1] et Q@ E “‘:' <o fal o @ ’é‘
S5 a o & o § § & & 2 o §
6 & & & & o kb g & &2 &2 2 o
. ren o -G
[ p— e G i s 4B -

—121—
~10.5~

Figure 2. Southern blot analysis
of the various types of tal-1
deletions. Hindlll digests of DNA
frorn patients with different
types of tal-1 deletion: type 1,
patient SL; type 2, patient PV;
type 3, patient MB; type 4,
patient BD. The Southern blot
filter was successively hybridized
with the SHL.DB and TALDB1
probes (Figure 1A). The sizes of
the rearranged bands are

Hindll st Hindlll; 1i1d1 indicated. G, germline band.
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{14, 25). We designated these new fa/-1 deletions type 3 and type 4 (Figures 1A and 2},
Based on the Southern blot data, it was concluded that the 37 breakpoints of these two
new fal-1 deletions were located upstream of the ta/-1 locus, whereas the 5 breakpoints
were apparently identical to the 5 * breakpoints of ta/-1 deletions type 1 and type 2 {Figures
1A and 2). To determine the exact location and the germline sequences of the new tal-1
deletion breakpoints, DNA of patient MB with tal-1 deietion type 3 was amplified by PCR
using the sildb and tal1dh2 oligonucleotide primers (Table 1}, which resuited in an ~3 kb
PCR product, After cloning and sequencing of this PCR product, a fal-1 deletion type 3
sequence primer was made (Table 1). A 4.3 kb Xbal-Xbal fragment isolated from a genomic
library was sequenced by use of the tal1db3-seq primer, which provided the germline
sequence of the tal-1 deletion type 3 breakpoint region (Figure 1B}. Based on the
sequencing data of the 3" side of a 1.9 kb Sall-Xbal subclone, the taildb4 primer was
made {Table 1}. This primer in combination with the sildb primer resulted in an ~0.8 kb
PCR product when DNA from patient BD with ta/-1 deletion type 4 was amplified. Based
on the direct sequencing data of this PCR product, a fal-1 deletion type 4 sequence primer
was made {Table 1). Sequencing with this primer of the 1.9 kb Sa/l-Xbal subclone provided
the germline sequence of the tal-1 delstion type 4 breakpoint region (Figure 1B).

The sequence analysis showed that the fal-1 deletion type 3 and type 4 both used the
same B° heptamer RSS as type 1 and type 2, but different 3" heptamer-nonamer RSS
{Figure 1B}, The heptamer-nonamer RSS for fa/-1 deletion type 2 is located ~1.7 kb
upstream of the type 1 RSS (14,25}, whereas the RSS of type 3 and type 4 are located
~4,6 kb and ~7.7 kb upstream of the type 1 RSS, respectively (Figure 1A}, The RSS of
all tal-1 deletions display a strong homology with the heptamer-nonamer RSS sequences

of lg and TeR genes.

Fusion regions of ta/-1 deletion breakpoints

In total, 19 tal-1 deletions were found in the 134 T-ALL analyzed: 14 type 1, three
type 2, one type 3, and one type 4 (Table 2). In addition, four T-cell lines (RPMI 8402,
HSB-2, CEM, MOLT 16} contained a type 1 tal-1 deletion. PCR products containing the
fusion regions of the tal-1 deletion breakpoints were obtained by amplification of the

TABLE 2. Frequency of tal/-1 deletions in T-ALL,

tal-1 deletions

number of type 1 type 2 type 3 type 4 Total
patients {n) {n} (n) {n} {n}

CD3™ T-ALL 69 8.7% 2.9% 0% 0% 11.6%
6 (2) {o} {0} 18}

TeR-y8 % T-ALL 25 0% 0% 0% 0% 0%
) ©} {0 6] ]

TeR-aft T-ALL 40 20.0% 2.5% 2.5% 2.5% 27.5%
(8} M i 0} It

Total 134 10.4% 2.2% 0.7% 0. 7% 14,2%

114

13}

m

n

{19}
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different ta/-1 deletions from the 19 T-ALL and four T-celi lines (Figure 3A}. Subsequent
sequencing of the tal-1 deletion PCR products revealed the sequences of the breakpoint
fusion regions (Figure 3B). All fusion regions contained randomly inserted nucleotides
{N-reglon} except for patient MD, who had a fusion region consisting of two P-region
nucleotides only. The average N-region insertion was 6.4 nucleotides, and a total of 14
P-region nucleotides were observed in the 23 fusion regions analyzed (19 T-ALL and four
T-cell lines). Trimming occurred in the far majority of the tal-1 deletions. Thus, the fusion
regions are highly homologous to the junctional regions of rearranged g and TcR genes.

Occurrence of tal-1 deletions is related to CD3 phenotype and T¢R gene configuration

The overall percentage of tal-1 deletions in our series of T-ALL was 14.2% {19/134),
but these ta/-1 deletions appeared to be restricted to CD3~ T-ALL ({8/69} and TcR-af ™
F-ALL (11/40), whereas no tal-1 deletions were found in TcR-ys8* T-ALL {0/25) (Table 2).
The presence or absence of tal1 deletions was not associated with other
immunophenotypic characteristics (Table 3).

Since CD3~ T-ALL theoretically represent precursor stages of both TcR-y6*1 and
TcR-af™ T-ALL, we tried to use the configuration of the TeR-6 genes as an additional
marker to determine wheather the CD3™ T-ALL group could be divided into 44 lineage or af
lineage committed subgroups, and whether such a subdivision corresponded with the
occurrence of fal-1 deletions, The configuration of the TcR-6 gene on each allele can
potentially pass three consecutive stages: germline, rearranged, and deleted. Analysis of
the TcR-& gene configuration of the 19 T-ALL and four T-cell lines with fa/-1 delstions
revealed that all but one contained at least one deleted TcR-§ allele {Table 3): only one
T-ALL {1/19} with a ta/-1 deletion had no deletion of the TcR-6 gene, 31.6% {6/19) had one
deleted TcR-§ allele with a rearrangement on the other allele, and 63.2% {12/19) had
deletions of both TcR-é allefes. Also in the four T-cell lines with a ta/-1 deletion, a high
frequency of TcR-& gene deletions was found: seven of eight TcR-6 alleles were deleted
{Table 3).

Further analysis of the sight TcR-8 gene rearrangements in the T-ALL with a ta/-1
deletion showed that seven were compiete V§-J6 rearrangements, and one TeR-o8 + T-ALL
{patient MG) contained a Va-Jé1 rearrangement {Table 4). Sequence analysis of the seven
Vi-Jd junctional regions revealed that all these TcR-6 rearrangements in both CD3™ T-ALL
and TcR-eft T-ALL were out of frame and therefore non-functional {Figure 4). The
rearranged TcR-6 gene in cell line RPMI 8402 is caused by a t{11;14){p15:q11} and
therefore represents a non-functional TcR-& gene as weli {39). This implies that all T-ALL
and T-cell lines with a tal-1 deletion have deleted their TcR-6 genes {37/46 alleles) and/or
contain non-functional TcR-8 gene rearrangements (9/46 alleles).

TcR-y gene analysis of the T-ALL and T-cell lines with a ¢a/-1 deletion revealed that
21.7% (10/46) and 78.3% {36/46} of the rearranged TcR-y alleles involved the TcR-y1 and
TeR-v2 locus, respectively (Table 3}, which represents a normal rearrangement pattern, as
found in the total group of 134 analyzed T-ALL. Analysis of the TcR-2 configuration of the
19 T-ALL and four T-cell lines revealed rearrangements in all cases, but without any
preferential pattern.

tal-1 deletions coincide with TcR-§ gene deletions
Based on the above described results, we decided to determine the incidence of TeR-§
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5" tal-1 deletion fusion region 37 tal-1 deletion type 1
TCCTCACARTTTCTGGCTCA GTTGETTTTCATTTCTTCTE
Patients
TCCTCACAATETC CGGCEGCCe GTTGETTTTCATTTCTTCTT
DR TCCTCACAATTTCTGGCTCA CACGGGGEEE TGETTTTCATTTCTTCTT
MvG TCCTCACARTTTCTGOCTCA tgGAAGACARA GTTGGTTTTCATTTCTTCTT
JN TCCTCACAATTTCTEGCTCA GGCGATTGATTGCAATe GTTGETTTTCATTTCTTCTT
MV TCCT ACCC GETTTTCATTTCTTCTT
TH TCCTCACAATTTCTGECTC GAGCCCCET TTEGTTTTCATTTCTTCTT
YB TCCTCACAATTT [eleie e} GTTGGTTTTCATTTCTTCTT
AG TCCTCACAATTTCTGGCT ACc GTTGGTTTTCATTTCTTCTT
PM TCCTCACAATTTCTGEC ce PTEETTTTCATTTCTTCTT
RS TCCTCACAATTTCTGGEC CCARGTG TGGTTTTCATTTCTTCTT
MD TCCTCACAATTTCTGGCTCA ac GTTGETTTTCATTTCTTCTT
MG TCCTCACAATTTC CGCAGAGGATACAGTe GTTGGTTTTCATTTCTTCET
JO TCCTCACARTTTCTGECTCA CTCGGTS GOTPTTCATTTCTTCTT
RK TCCTCACAATTTCTGGC CTTCCCCe GTTGGTTTTCATTTCTTCTT
Coell lines
APMI 8402 TCCTCACAATTTC CGGATCARA TCATTTCTTCTT
HSB-2 TCCTCACARTTTCTGGCTCA ter GTPEETTTTCATTTCTTCTT
CEM TCCTCACAATTTCTGGC AMGTGGEA TTESTTTTCATETCTTCTT
Molt16 TCCTCACARTTECTGGCTCA tTAGEGGTTC GETTTTCATTTCTECTT
37 tal-1 deletion type 2
Patients TCTTAATTCTTCTCTATG
PV TCCTCACARTTTCTEGET [¢]ofe ATTICTTTCTCTATG
CwW TCCTCACAATTTCTGGCTC GTA CTTAATTTCTTTCTCTATS
Jw TCCTCACAATTTCTGGCTCA LCTTGGGTA CTTARTTTCTTTCTCTATG
37 tal-1 deletion type 3
CCTAGGACAGTACTTGETCAC
MB TCCTCACAATTTCTGGCT GATCCTTg CCTAGGACAGTACTTGTCAC
37 tal-1 deletion type 4
GGGCCACABRAGAACGTTTAT
BD TCCTCACARTTTCTGGCTCA ETA GEGCCACAAAGAACGTTTAT

Figure 3, PCR and sequence analysis of ta/-1 deletion fusion regions. (Al PCR products obtained via amplification
of the DNA from patients with a fa/-1 deletion type 1 or type 2 were size fractionated in a ethidlum bromide-
stained 10% polyacryl amide gel. The PCR reaction was performed using the sildb primer and either the tal1db1
primer ({type 1} or tal 1db2 primer {type 2. {B) Sequences of the fusion ragions of all tal-1 delations are atigned
with the known {underlined} s#f and fa/ germline sequences. Lower case characters at the end of a fusion region
represent P-region nucleotides (29}. All other nuclectides of the fusion region represent N-region nucisotides.



TABLE 3. Characteristics of 19 T-ALL and four T cell lines with a faf1 deletion.

12/-1 deletion type 1

type 2 wpe3 typed
SL DR MvG JN MY TH YB AG PM RS MD MG JO° RK Telit To2® Teld® Toa® PV CW  Jw M8 8D
Immunologic markers®
TaT + + + + 0% 32% 71% + ©67% + 59% <+ 59% + + - - + 45% + + + +
HLA-DR  (L243) - - - - - - NT - NT - - - NT - - - - - - NT NT - -
[ols)] 6B1CT) 65% - - - - 55% - - - 21% - - + - - - - - 21% - - - 50%
cp2 {Lou-5b} + + + + + + + + + + + + + + - - - 20% + + + + +
co3 {Lou-4) - - - - - - 35% 45% 4B% 64% 2% + + + - - - + - - 5%% + +
cpa {Leu-3a) + - - - 73% 68% - - +  34% 18% - ® - - + - 39% + 24% 48% 37%
jonl {Leu-1) + + + + + 1%+ + + + -+ + + + + + B4% + + -+ + + -+
£D8 {GKT17) T3% NT + 7% - 63% + 43% + NT 28% 35% * NT 25% 72% 20% + + + 36% NT 35%
cD7 (3A1} + + + + +  T4%  + + + + + + + + + + + + + + + + +
CcD8 (Lou-2a) 73% - - -~ 73% 61% - 34% + B3% 17% - - - - - - - 71% 42% 36% 32% +
TeR-of {BMAD31) - - - - - - 23% 49% 23% NT 58% + + B1% - - - + - ~ A2% NT 35%
ToR-yd (11F2) NT - - - - - - NT - NT - - - - - - - - - - - NT -
CyR {BF1} NT + + NT + 6B80% <+ NT + NT  + + + NT + 20% 73% + 2% + + NT +
Southorn blet analysisd
TeR-5 gonas D/R /R O DD B/R DO D/ DB D/ DD DR DR D DD BT DI DI DID R/R DR D/D B/ [#Fis}
TeR-yi genes B/D b/o o/ D/ D/R D/ D/R DD DB/ D/ B/ DR ODD DD DD D/ DI DD D/R R/R R/R oo R/R
TcR-+2  genes RFPR RR AR RR A/ RR RG RR RAR RR RR ARG RR AR RR RR RA FR/MR R/G GIG G/G R/R G/6
TcR-81 gones G5 RR DR RR RR DD DR DR DR RR DR DG DD RG IR RR DR DR R/G D/R R/R bR B/D
TcR-2 genas R/R R/G R/G R/G G/5 R/R RR R/G RR RG RG R/G RR RG RG GG RR PRG R/R R/IG R/G RIG R/R

. Immunofluorescence data of patient JO were difficult to interpret duo 1o high background. +, percentages positivity botwean 15 and 75%,
. T-cell lines; Tcl1 = RPMI 8402; Tcl2 = HSB-2; Tel3 = CEM; Tcl4 = MOLT 16 (31).

Immunologic marker analysis: +, 275% of the cells are positive; ~, =15% of the cells aro positive; positivity betweon 15 and 75% is indicated. NT, not tested.

. Southern blot analysis: interprotation of the results using the doscribed TeR proboes. 8, allele in gormline configuration; R, rearrangemont of the involved allele: T, translocation of involved aliele;

D, deletion of the invelved allole.
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TABLE 4, TcR-5 rearrangements and configuration of deleting elements in 19 T-ALL and four T-cell fines with
a tal-1 delation®.

deleting elements

T-ALL patients cD3 TcR-6
and cell lines? phenotype rearrangements SREC UNTY
PV cb3- VET1-J51/V81-J81 D/D G/G
MV cD3- SREC~bJa/V63-62 R/G R/G
DR cb3- DAVB3-J51 D/G D/G
sL cD3- DAVE1-J51 DiD D/G
cw CD3~ D/VE1-J51 D/D D/G
HSB-2 cb3- D/SREC—YJar R/R D/R
RPMI 8402 cD3- D/t{11;14) D/G DID
MvG cDa- D/D DID o/D
JN CcD3" D/D D/D B/D
TH CcD3~ D/D D/D D/D
CEM o3k DID D/ID b/D
MD af? DAE1-J51 D/D D/G
MG af™ DV e-J81 D/D D/D
RK aft DiREC- e D/R D/R
BD ot D/D/REC-{Ja® D/D/R® D/D/R®
YB gt D/D D/D D/D
AG : opt D/D D/D D/D
PM . af?t DID DIG D/D
RS aft D/D DIG D/D
JO afft D/D o/ D/D
Jw aft DD o/ D/D
M8 afit D/D D/ D/D
Molt 186 afft D/iD b/D D/D

a. Gene configuration; G, allele in germline configuration; R, rearranged allele; D, delsted allele.

b. The T-ALL and T-ceil lines are ordered according to thelr immunophenotypa [first CD3", folfowed by TcR-af*) and the configuration
af their TcR-8 genes {i.e. fram V§-J5 rearrangement and §ReC-y-Ju rearrangement to defatien).

¢, éReC—yJu rearrangement present in a small subpopulation.

gene rearrangements and deletions in the total group of 134 T-ALL. The results allowed us
to divide the 134 T-ALL in subgroups on the basis of their TcR-6 gene configuration in
addition to their CD3 phenotype, as presented in Table 5, It became clear that in the CD3~
T-ALL group almost all tal-1 deletions (7/8) cluster in a small subgroup (38% of all CD3™
T-ALL}, which is defined by containing at least one deleted TcR-§ allele. Since TeR-af ™
T-ALL also contain at least one deleted TcR-35 allele, virtually all ta/-1 deletions coincide with
TcR-8 gene deletions. In addition, it is remarkable that the far majority of tal-1 deletions in
TeR-aft T-ALL (9/11) cluster in the major subgroup, which is defined by deletion of both
TcR-§ alfeles (63% of all TeR-af* T-ALL). Only two ToR-y#* T-ALL {2/25) had one deleted
TeR-6 gene, and no tal-1 deletions were found in this CD3% subgroup. The overall results
show that the frequency of ta/-1 defetions in T-ALL with both TcR-§ alieles deleted {34.3%)
is about twice that of tal-1 deletions in T-ALL with one TcR-6é allele deleted {17.6%) {Table
5). This suggests that not the CD3 immunophenotype, but the extend of TcR-§ gene
deletion determines the chance of having a ta/-1 deletion. This is further supported by the
finding that only one tal-1 deletion was found in the 65 T-ALL without a TcR-6 gene
deletion, in contrast to 18 of the 69 T-ALL with one or two deleted TcR-6 genes.
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V#l Junctional regien Jé1
CTCTTGGGGAACT ACACCGATAARCT
Patients
SL CTCTTGGGGA CCCCCGBAAATAGTaGGACGGA ACCGATAAACT
MD CTCTTGG CTTTCTCTCCGEgLACTGEGEGATTTYL ACACCGATAAACT
PV CTCTTGGG CAATTTGGTTCAGTCATTTATGACCCCARGGGGATAATT CACCGATARMACT
PV CTC GACGCCGC ACACCGATAAARCT
Ccw CTCTTGGGGA GCTOAGATCCCCGTCCTCCCAGCEAGCACEGGGACCTAL ACACCGATARACT
Vi3
ACTGTGCCTTTAG
DR ACTGTGCCTTTA AGGACTEGGCCGGGOCGGEATGEEGEG T
J62
CTTTGACAGCACH
MV ACTGTACCTTT CTTACTGCCGGGACTTAGGAGEEGAG GACAGCACA

Figure 4, Junctional region sequences of non-functional TeR-6 rearrangements in T-ALL with a #a/-1 desletion.
Sequences of the junctional regions of the TcR-6 rearrangements are aligned with the known {underlined) Vi
and J§ germiine sequences (37}, All rearrangements are out of frame. Underlined sequences in the junctional
ragions represent D4 nucleotides. Lower case characiers represent P-region nucleotides, and all other
junctional region nucleotides represent N-region nucleotides, Overlined sequences are stopcodons when read
in the correct reading frame.

Configuration of 8rec and JJa gene segments in T-ALL with a ta/-1 deletion

The TcR-§ deletion mechanism, which is responsible for the deletion of non-functional
TcR-6 rearrangements, is assumed 1o use two so-called deleting elements éReC and YJa
{40,42}. The specific drREC-YJa rearrangement was found in three T-ALL and one T-cell line
with a fal-1 deletion {Table 4}. In one T-ALL {patient BD} this rearrangement was present
only in a small subpopuiation of the leukemic cells {Table 4}. 80.4% (37/46} of the rec
alleles and 78.3% {36/46) of the y.Ju alleles were deleted in the T-ALL and T-cell lines with
a tal-1 deletion. Only two TcR-o/d loci were left with both deleting elements in germiine
configuration on the same allele (Table 4). it is noteworthy that both these two TcR-of6 loci
contained a TcR-8 gene rearrangement of the V43 gene segment, which can only be
obtained via inversion of the TcR-6 locus {Table 4). This inversion might inhibit SRec-yJor
rearrangements. This would imply that further TcR-§ gene deletions by specific $REC-YJa
rearrangements are impossible in the T-ALL with a ta/-1 deletion.

DISCUSSION

Five types of ta/-1 deletions

So far two main types of tal-1 deletions have been reported, type 1 and type 2
{14,25). Here we describe two new types of fa/-1 deletions, designated type 3 and type
4. Whereas type 1 and 2 were found in relatively high frequencies {10.4% and 2.29%,
respectively} in our series of T-ALL, type 3 and 4 were each observed only once {0.7%]).
The rare type C fa/l-1 deletion described by Aplan et al. (25) is an unusual deletion because
it does not use any RSS {Aplan’s type A and type B are type 1 and type 2, respectivealy).
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TABLE 6. Fraguency of fa/-1 deletions in T-ALL subgroups defined by CD3
phenctype and TcR-§ gene configuration.

TcR-§ gene configuration®

G/G R/G R/R D/R /D
tal-1 deletions in
CD3™ T-ALL 0% 0% 3.3% 23.5% 30.0%
{B/6D) (0/7) C/6) (1130} 4117) (311Q)
TcR-ya+ T-ALL - - 0% 0% -
{GI2B) {00} {0/0) {0/23) {042) {010)
TeR-of T T-ALL - - - 13.3% 36.0%
£11/40) (0/0) {0/0) (00} {2115} {926}
Total T-ALL 0% 0% 1.9% 17.6% 34.3%
{19/134) {0/7} {0/5) {1753} {6/34) {12/35)

a. TcR-§ configuration: G, allels in germline configuration; R, rearranged allste; D,
deleted aliela,

All types of fa/-1 deletions result in a complete delstion of the coding exons of the sif
locus, but leave the fal-1 coding exons undamaged. Thus, the oncogenic effect of the fal-1
deletions is not the result of an alteration of the TAL-1 protein, but an aberrant expression
of the normal TAL-1 protein, which may contribute to the leukemic transformation of

immature T-cells into T-ALL.

RSS used in tal-1 deletions

The tal-1 deletions type 1, type 2, type 3, and type 4 use the same 5° RSS, which
consists of a heptamer sequence only and is located between the first and second non-
coding sif exons. The 3° RSS used in these tal-1 deletions consists of different heptamer-
nonamer sequences, with spacers of 24 nucleotides {type 1 and type 3} or 12 nucleotides
{type 2 and type 4). All four 3° RSS are located in the non-coding 5° part of the tal1
locus. These 3° RSS are highly homologous to the consensus RSS used in regular lg and
TcR gene rearrangement processes {Figure b} (27,28).

Based on several remarkable observations, there has been a lot of speculation on the
exact mechanism causing the tal-1 deletions: for instance, the fact that the 37 RS8S
consists of a heptamer-nonamer sequence, whereas the 5° RSS consists only of a
heptamer with homology to the consensus heptamer of ~70% (5/7 nuclectides). It can be
anticipated that such a small heptamer sequence with no demand for absolute homology
will be present at various locations in the & * region of the s/ locus. Nevertheless only one
"specific” heptamer is used in all types of tal-1 deletions. In addition, the 3" RSS of the
tal-1 deletion type 2 displays the highest homology with the consensus RSS of Ig and TcR
genes, but this type of tal-1 deletion represents only a minority of the total number of 7a/-1
deletions. Hence, there are other {sequence} factors that contribute to the development of
a tal-1 recombination event.
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heptamer nonamer (spacer) heptamer Figure 5. RSS used in

[g/TcR consensus CACAGTG GGTTTTEGT (12/23) CACTIGTS rearrangement processes of
lg, TcR, tai-1, and hprt

tal-1 deletion -=-TC-= CC----CC- {24) GG----- typa 1 genes. The RSS used in the
Bemmm - G-C {12} -T----- type 2 various types of tal-1

RPN C e (24} --AB--- type 3 deletions or hprt dolstions

are aligned with the

-T--CC--G {12) TGA---- type 4
consensus  heptamor-nona-
s . o mer sequance of Ig and TcR
bprt gene deletion  ---T--A T--A-----  (12) GTG classl o genes (25,27,43). -,
CT----AT- (23) -T----- class 1 pucleotide hamologous to the
Tenmomn G-- (23} TTTA--- classlll R3S consensus ssquance,

Sequences homologous to the RSS of Ig and TeR genes do not only occur in the s/
and tal-1 genes, but also in other genes, and may lead to recombination and thereby
deletion. An example of such site-specific deletions is observed in blood T-lymphocytes and
involves the housekeeping gene Aprt on chromosome Xq26 (43). Three types of deletions
have been observed in the Aprt gene, designated classes |-, and all three damage the
gene. The three types of Aprt deletions use the same 5 ° RSS, which is focated in intron 1
and consists of a sofe heptamer, but different 3" RSS, which are located in intron 3 and
consist of heptamer-nonamer sequences with spacers of different sizes (Figure 5). The
fusion regions of these Aprt deletions show N-regions, P-region nucleotide insertion, and
deletion of nucleotides by trimming of the flanking sequences, and are therefore
homologous to the Ig and TcR junctional regions and tal-1 breakpoint fusion regions {43).
The hprt deletions occur at a low frequency of ~1077 and are not oncogenic {44,45),

Fusion regions of fa/-1 deletion breakpoints

Because fusion regions of tal1 deletions and hAprt deletions strongly resemble
junctional regions of normal Ig and TcR gene rearrangerments, the fusion region nucleotida
insertion and deletion of all ta/-1 and hprt delstions described to date were comparad to the
junctional regions of TcR-6 and TcR-y gene rearrangements (Table 6). Remarkably, the
average insertion observed in the tal-1 breakpoint fusion regions (7.2 nucleotides) and the
hprt breakpoint fusion regions {5.7 nucleotides} were comparable to the average insertion
of the TeR-y gene rearrangement (7.3 nucleotides}, buf lower than that of the TcR-8 gene
rearrangements (28.3 nucleotides), due to the use of D§ gene segments in the latter
rearrangement {Table 6) {46). However, average nucleotide deletion of the ta/-1 deletions
{6.4 nucleotides} and the Aprt deletions (5.8 nucleotides) wers less extensive than in TcR-y
gene rearrangements (2. 1 nucleotides}, but were comparable to TcR-§ gene rearrangements
(5.0 nucleotides} {Table 6} {46). Afthough the average nucleotide deletion of tal-1 deletion
itype 1 and type 2 were identical (5.6 nucleotides}, the nucleotide deletion at the 6°
flanking side and 3~ flanking side differed markedly between the two types of tal-1
deletions. In tal-1 deletion type 1, the average nucleotide deletion of the 5 flanking side
{3.8 nucleotides} was more than twice that of the 3° flanking side (1.8 nucleotides),
whereas In tal-1 deletion type 2 the reversed situation was observed with the average
nucleotide deletion at the 5 flanking side (2.0 nucleotides), being approximately half of
that at the 37 flanking side {3.8 nucleotides). This difference is most probably related to
the different sizes of the spacers in the 3° RSS of these two types of tal-1 deletions, The
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TABLE 6. Junctional diversity of TcR-§ and TcR-y gene rearrangements and fusion region diversity of ta/-1
and Aprt deletions,

Rearrangement/deletion No. of inserted nucleotides No. of deleted nucleotides
{no. of alleles analyzed) mean range mean range

TcR-3 gene rearrangements?

V§-Jd {n=45b} 28.3 5-47 5.0 0-20
TcR-y gene rearrangements®
Vy-dy  {in=30) 7.3 0-256 9.1 1-27
tal-1 deletion fusion regions?
type 1 (n=48) 7.2 17 5.6 4
type 2 (n=10) 7.5 —15 5.6 1-14
type 3 n=1} 8 2
type 4 {n=1) 3 0
hprt deletion fusion regions®
Class1 (n=186) 5.3 0-10 5.2 0-27
Class Il (n=2} 10.0 8-12 9.5 3-186
Class HF (n=1} 3 8

a, Data from Refarence 48,
b, Combined results of this paper eand References 14,22, and 25.
¢. Data from Reference 43.

type 1 heptamer-nonamer contains a 24 bp spacer and therefore resembles the RSS of a
TcR V gene segment, whereas the type 2 heptamer-nonamer with a 12 bp spacer
resembles the RSS of a TcR J gene segment {4,27}. So the "J gene-like" side is trimmead
twice as much as the "V gene-like" side in both types of ta/-1 deletions. This resembles the
TcR-y rearrangements where deletion by trimming of the Jy gene segments is about twice
that of the Vv gene segments (48), Also, in Aprf deletions this heptamer-spacer-nonamer-
related nucleotide deletion is observed, where the "J gene-like" side of the Aprt deletion
class | is trimmed over twice as much as the other side. These combined data suggest that
the size of the spacer induces direction to the activity of the recombination enzyme

compiex.

fal-1 deletions are restricted to the TeR-«f lineage

tal-1 deletions are restricted to malignancies of the T-cell lineage since they have not
been discovered in any other hematopoietic malignancy tested (8,22,25}. However, the
frequencies of the tal-1 deletions in T-ALL differ markedly between the reported studies,
from 12% {14} to 26% (22). This difference may be caused by the compilation of the
analyzed series of T-ALL. The high frequency of 26% t{al-1 deletions may be an
overestimation caused by an over-representation of TeR-of* T-ALL {22), because in our
series such a high frequency of tal-1 deletions {27.5%) was only found in the group of
TcR-af* T-ALL, However, in the study by Aplan et al. {25), almost all fal-1 deletions
{10/11) were found in CD3~ T-ALL, whereas only half of our fal-1 deletions {8/19) were
found in CD3™ T-ALL.

In our study, tal-1 deletions were detected only in TeR-aft (27.5%) and CD3™ T-ALL
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{11.6%}, but not in TcR-y6* T-ALL. This suggested that the occurrence of tal-1 deletions
is restricted to T-ALL of the af differentiation lineage. Therefore, we wished to investigate
whether the CD3~ T-ALL with a ta/-1 deletion represented precursors of TcR-af* T-ALL or
precursors of TeR-y8T T-ALL. One of the present theories concerning the separation of the
aff and 6 differentiation pathways assumaes that all T-cells that do not productively
rearrange their TcR-y andf/or TcR-6 genes are capable of differentiation into TcR-off
committed T-cells by deletion of the T¢R-6 locus, which is embedded in the TcR-« locus
(30,40,42). If so, the configuration of the Tc¢R-& genes in CD3™ T-ALL can be used
cautiously as an «f/v§ lineage marker. Therefore, we divided the CD3™ T-ALL into two
subgroups on basis of their TcR-6 gene configuration. The first subgroup consisted of CD3™
T-ALL {n=42) without deletion of the TcR-4 locus but with TcR-6 gene rearrangement in
most of them, and therefore resembled T-ALL of the 44 lineage (Table 5). The other CD3™
T-ALL subgroup (n=27) had one or both TcR-4 alleles deleted and therefore may represent
an early stage of the af lineage. Almost all ta/-1 deletions in CD3™ T-ALL {7/8}, were found
in this putative off lineage CD3™ subgroup, and only one was found in the putative 4é
lineage CD3™ subgroup. However, sequencing of the junctional regions revealed that all
TeR-6 rearrangements in CD3™ T-ALL with a ta/-1 deletion were non-functional. Therefore
these T-ALL could never express a TcR-6 chain and consequently belonged to the off
lineage. Thus, all ta/-1 delstions appeared to be restricted to T-ALL of the of lineage.
interestingly, the reported hprt deletions, which are comparable to the ta/-1 deletions, were
found in T-cell clones derived from mature blood T-lymphocytes (45). Although the precise
TcR-a8/TcR-yé phenotype of these T-cell clones was not reported, their CD4/CD8
phenotype strongly suggests that they belonged to the of lineage {45). This would be in
line with the restriction of ta/-1 deletions to the aff lineage.

The finding that all ta/-1 deletions were detected in the TeR-aff* T-ALL or CD3~ T-ALL
of the of lineage may be caused by a combination of two mechanisms. The first mechanism
is based on the theory that in Ig or TcR gene recombination both recombining elements
must be transcriptionally active {2,4). If tal-1 deletions are indeed caused by "illegitimate"
V{D}J recombination, the simultaneous expression of the s/ gene and ta/-1 gene may be
a prerequisite for recombination and thus deletion. This is supported by the findings that
tal-1 expression in the few cases tested was restricted to TcR-a8 ™ T-ALL and CD3™ T-ALL
of o lineage, whereas sif expression was not restricted to a particular subgroup of T-ALL
{24; Breit et al., unpublished results). The second mechanism is based on the theory that
once both TcR-é alleles are rearranged, but no TcR-yd expression occurs due to non-
functional rearrangements of TcR-y and/or TcR-§ genes, the rearranged TcR-é genes will
be deleted via a special deletion mechanism involving the §Rec and YJa recombination
efements {40,42}. TcR-6 gene deletion prepares the allele for subsequent rearrangement of
TcR-« gene segments and thereby forces the T-cells to differentiate into the «f lineage {30).
One might spaculate that a special TcR-6 gene deleting recombinase complex is present
only in T-cells of the «f lineage and is also responsible for the fal-1 deletions and hprt
defetions, This is supported by the finding that the frequency of ta/-1 deletions increases
with the number of deleted TcR-§ alleles. Where in T-ALL without TcR-§ gene deletions the
frequency of tal-1 deletions was just 1.5% (1/65), in T-ALL with one deleted TeR-4 allele
this frequency was 17.6% (6/34) and in T-ALL with TeR-6 gene deletions on both alleles
the frequency of tal-1 deletions was substantially higher, 34.3% (12/35). Interestingly,
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further deletion of the remaining (non-functional} TcR-§ genes in the T-ALL with a fa/-1
deletion was not possible via dREC-¥Ja rearrangements in most of them because of deletion
of the drec and/or YJo gene segments {Table 4). Additional support for our speculation is
found in the observation that the Aprt deletions probably exclusively occur in TcR-o8 7T
T-lymphocytes, which generally have TcR-§ gene deletions on both allelss.

Rearrangement studies in which Iymphoid cell lines of diffsrent lineages are
transvected with extrachromosomal vectors containing the TcR-§ gene deleting elements
and/or sil-tal-1 gene constructs might prove whether indeed a special TcR-§ gene deleting
recombinase complex exists and whether this enzyme complexis involved in ta/-1 deletions,

Based on our data, we hypothesize that the multiple enzymes of the lg/TcR gene
recombinase complex are differentially expressed, related to the differentiation lineage and
differantiation stage of the lymphoid cells. The machanisms regulating such putative
differential expression could also determine the occurrence of oncogenic and non-oncogenic
rearrangements and deletions in other genes with RSS homologous to the Ig and TcR
genes. This would explain the restricticn of particular chromosome aberrations to specific
types of lymphoid leukemias, such as fal-1 deletions in T-ALL of the «f lineage.

After submission of this manuscript, Macintyre et al. (47} published a study on 39
T-ALL patients and concluded also that the occurrence of tal-1 deletions correlated with
commitment to the off lineage.
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LINEAGE SPECIFIC DEMETHYLATION OF fa/-1 GENE BREAKPOINT
REGION DETERMINES THE FREQUENCY OF #a/-1 DELETIONS
IN o8 LINEAGE T-CELLS"
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ABSTRACT

tal-1 deletions are caused by a site specific recombination, which exclusively occurs
in 12-26% of T-ALL. In a previous study on a large series of T-ALL we demonstrated an
apparent preferential occurrence of fa/-1 deletions in CD3™ and CD3 ™1 offlineage T-ALL with
TcR-6 gene deletions on one or both alleles, In the present study we investigated whether
accessibility of the fa/-1 deletion breakpoint regions influences the preferential occurrence
in specific T-ALL subgroups. Because DNA methytation is assumed to determine
accessibility of DNA for recombination, the methylation status of the fal-1 deletion type 1
breakpeint regions (siidb and taldb1) was studied. Although the sildb were completsly
demethylated in all T-ALL, preferential {de}methylation configurations of the taldb1 were
observed in the analyzed 119 T-ALL. Most TeR-of8t T-ALL contained completely
demethylated taldb1 (77%), whereas in most TcR-yéT T-ALL partial or complete
methylation oceurred {42% and 47 % respectively). In T-ALL subgroups defined by different
TcR-6 gene configurations also preferential taidb1 {delmethylation patterns were seen,
which was most prominent in T-ALL with both TcR-6 genes deleted (84% complete
demethylation}. The previously observed preferential occurrence of ta/l-1 deletion type 1 in
TeR-aft versus CD3” T-ALL and in T-ALL with both versus one TcR-§ genes deleted,
disappeared when we restricted to T-ALL with completely demethylated taldb1. Moreover,
all T-ALL with a tal-1 deletion type 1 {n =15} contained completely demethylated taldb1.
We therefore conclude that complete demethylation of taldb1 is a prerequisite for tal-1
deletions type 1 and that the differences in tal-1 deletion frequencies observed in the
various T-ALL subgroups are caused by differences in the {de)Jmethylation status of taldb1
in these subgroups.

INTRODUCTION
The tal-1 gene on human chromosome 1p32 is frequently affected in T-ALL.

Transiocations t{1;14}{p32;q11), t{1;7}{p32;p35), and t{1;3{p34;p21) recombine the fa/-1
gene to the TcR-8 gene complex {1-5), the TcR-f gene complex {6}, and a yet unidentified

" Published in: Oncogene 1994;9:1847-1863,
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transcriptional unit on chromosome 3p21 {7}, respectively, In addition, 12-26% of T-ALL
contain a site-specific, so-called tal-1 delstion {8-13), in which the coding exons of the ta/-1
gene {14,15) are juxtaposed to the first non-coding exons of the s#f gens (16). As a resuit
of this ~ 90 kb deletion, the s# coding exons are deleted and the expressed sil-ta/-1 fusion
mRNA in principle produces a normal TAL-1 protein, which is transcriptionally controlled
by the s/ gene promoter.

The site-specificity of fa/-1 deletions is caused by the fact that they are mediated via
RSS, which are homologous to the consensus heptamer-nonamer sequences in Ig and TeR
genes {17,18). To date, six types of tal-1 deletions are dascribed, five of which use the
same 5" RSS consisting of a sole heptamer located in the first s/ intron, and different 3°
RSS consisting of heptamer-nonamer sequences located in the 5 region of the fa/-1 locus
{8-12) (Figure 1). The two main types, type 1 and type 2 (also called type A and B,
respectively} occur most frequently, whereas the four other types thus far have each been
observed only once (8,10-13}.

In an earlier study we showed that tal-1 deletions wers correlated with CD3
phenotype, because no fal-1 deletions were found in TcR-y6t T-ALL, whereas 12% of the
CD3~ T-ALL and 28% of the TcR-a8 " T-ALL contained such a deletion {12, 19). The normal
counterparts of T-ALL, i.e. the cortical thymocytes, differentiate from CD3~ stages to
CD37 stages with sither TcR-y8 or TcR-af expression. The TcR-8 gene plays a pivotal role
in the y6 versus «f lineage commitment of thymocytes, because it is located within the
TecR-a locus {20,21). Functionally rearranged TcR-6 genes coincides with germline TeR-or
genes, but functional rearrangement of TcR-o genes needs deletion of the TcR-§ genes.
Therefore deletion of the TeR-§ genes either by the specific rearrangement of the TcR-é
deleting elements SRec and YJo {22,23), or by a Va-Jo rearrangement, commits the
thymocyte to the af lineage. Based on this fact, we used the TcR-§ configuration to
subdivide the T-ALL {12,24). This revealed that tal- 1 deletions exclusively occurred in CD3™
or CD3% T-ALL of the o lineage with a frequency of 18% in T-ALL with one deleted TcR-6
allele, and 349% in T-ALL with TcR-§ gene deletions on both alleles {12,19).

tal-1 deletions are assumed to be caused by "illegitimate" V(D)J recombination,
because they strongly resemble |g and TcR rearrangements {25, 26). The deletions not only
use heptamer-nonamer RSS, their breakpoint fusion regions also show non-templated
nucleotide addition (N-region), P-region nucleotides, and deletion of nucleotides by

sifgene fal-1 gene
sildb — ey
4 3 2 1 5
v by v
v 12 a 1atb2b a3 4 s H".‘ ¥
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Figure 1. Schematic representation of the tal-1 deletion breakpoint regions in the s/ gene and #af-1 gene, sildb
and taldb, respactively (8,9). The various types of fal-1 deletion breakpoints are indicated with arrows {10-
13). tal-1 deletion type 6 is described by Bash et al, (13} as 1af1%, The CpG island is located according to
Aplan et al. (15}, Open boxes helow the bar represent the probes used for Southern blot hybridization {12},
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exonucteic nibbling from the flanking sequences (25-28}. V(D)J recombination in general
has at least three basic requirements: the availability of appropriate RSS {17,18), the
presence of a functional recombinase enzyme complex (29), and the accessibility of the
rearranging DNA sequences {30}. RSS are present in the deletion breakpoint regions of the
sif and tal-1 genes {sildb and taldb} {Figure 1} and mRNA transcripts of the recombinase
activating genes RAG1 and RAG2 are found in T-ALL {31). We therefore investigated
whether the accessibility of either the sildb and/or taldb influences the frequency of ta/-1
deletions in the T-ALL subgroups as defined by CD3 phenotype and TcR-6 gene
configuration.

Although early studies assurmned that transcription of the rearranging gene segments
is essential for VID)J recombination (32,33}, increasing evidence shows that only
demethylation of these gene segments is required {34-38). Moreaover, it has been proven
with artificial extrachromosomal substrates as well as in leukemias that hypomethylated
DNA sequences rearrange more frequently than methylated sequences (34-40). Also,
breakpoint regions involved in transifocations exhibit specific demethylation patterns (41-
43). Therefore, we wished to determine whether the DNA {de}methyiation status (i.e. DNA
accessibility} of the fal-1 deletion breakpoint regions can explain the differences in the
frequencies of tal-1 deletion between the various T-ALL subgroups and the absence of tal-1
deletions in precursor B-ALL and acute myeloid leukemia {AML)} {12,44}. For this purpose
we analyzed 119 T-ALL {including 20 T-ALL with a ta/-1 deletion), 16 precursor B-ALL, and
51 AML by Southern blot analysis with the isoschizomeric restriction enzymes Msp! and
Hpall, which are insensitive and sensitive to DNA methylation, respectively {45). By
hybridizing DNA probes to the fa/-1 deletion breakpoint regions, we could study lineage
specific {de)methylation of these breakpoint regions and its effect on the frequency of tal-1
deletions in T-ALL subgroups of the «f lineage.

MATERIALS AND METHODS

Cell samples
Leukemia cell samples were obtained from 119 T-ALL patients, 16 precursor B-ALL, and 51 AML at

initial diagnosis. Of almost all acute leukemias the CD3 phenotype, TcR-6 gene configuration and the faf-1
deletions (15 type 1, 3 type 2, 1 type 3, and 1 type 4} were described previously, as well as the relationship
between these characteristics (12,24,44,46}, Thymocyte cell samples were obtained as described before from
thymi of seven children { < 18 years) undergeing cardiac surgery {44,47). Four T-cell lines containing a ta/-1
deletion type 1 were also analyzed: CEM, HSB-2, Molt 16, and RPMI-8402 (48},

Analysis of demethylation status
The demethylation status of the tal-1 deletiony breakpoint regions, sildb and taldb was determined by

parallel digestions with the isoschizomeric restriction enzymes Msp!l and Hpall [Pharmacia, Uppsala, Swedon)
{46}, 16 pg of high molecular weight DNA was digested with Mspl, Mspl/EcoRl, Hpall or Hpall/EcoRl, using
25 Units of each restriction enzyme in a one hour incubation at 37°C. Digested DNA was size-fractionated
in 0.7% agarose gels and transferred to Nytran-13N nylon membranes (Schleicher & Schuell Inc., Dassel,
Germanyl as described {47). The DNA methylation status was analyzed by hybridization with the 2P random-
labaled 0.8 kb TALDB1 probe {12}, and the 0.5 kb SILEX probe (Figure 1}, The SILEX1 probe is a Mspl-Mspl
subclone of the BamHl cloned PCR product { ~0.6 kb) obtained by amplification of control DNA using the
sitdpb " {12}andsitex1p3 " (cacagGATCCCTTATACTACGTAGCAGAGTG)oligonucleotide primers asdescribed
{12).

We defined three possible configurations for the demethylation status: complete { +), partial { +}, and
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absent {—) demethylation. Examples of the various demethylation configurations are presented in Figure 2.
Complete demathylation results in a single Apall band of the same size as seen in the Mspl digest of the same
patient. Absence of demethylation (i.e. complete methylation} results in Hpalt bands which all are larger than
the Mspl band. Partial demsethylation represents all banding patterns in between complete and absent
demethylation and results in a Hpall band of the same size as well as larger bands as compared to the Msp!

digest,

RESULTS AND DISCUSSION

Demethylation of the s// and tal-1 gene

The 119 T-ALL, 16 precursor B-ALL, 51 AML and seven thymocyte samples were
analyzed for the demethylation status of the ta/-1 deletion breakpoint regions, sildb and
taldb, which are located in the 5 regions of the sif gene and the fal-1 gene, respectively
{8-12) {Figure 1). The sildb displayed complete demethylation in all T-ALL, precursor B-ALL,
AML, and thymocyte samples. This implies that the 5" RSS of the ta/-1 deietion located in
the sif gene is accessible for recombination during ali stages of lymphoid differentiation,
which is in line with the broad expression of the SIL protein during hematopoiesis.
Therefore, any preference for the occurrence of fal-1 deletions has to be found in the
accessibility of the taldb.

Only the breakpoint region of ta/-1 deletion type 1 {taldb1) was analyzed, because it
is located in a so-called CpG island and coniains therefore several fHpall restriction sites,
whereas no such restriction sites are present in the fal-1 deletion type 2 breakpoint region
(taldb2} {15,49). tal-1 delstion type 3 and type 4 breakpoint regions {taldb3 and taldb4)
were not analyzed, because they each were only observed in a single patient. Analysis of
the taldb1 revealed that in the total group of T-ALL, all three demethylation configurations
were present in approximately equal percentages (Table 1) {Figure 2}. Hence, thers are
variations in the demethylation status and therefore probably differences in accessibility of
the 3" RSS of the tal-1 deletion type 1.

The majority of the analyzed precursor B-ALL {75%]} and AML {90%) displayed
complete demethylation of taldbi, while the rest showed predominantly partial
demethylation (Table 1). In all polyclonal thymocyte samples the taldb1 was completely
demethylated {Figure 2},

It should be stressed that there is most probably no direct correlation between
demethylation of the taldb1 and expression of the fa/-1 gene, because the 5 region of the
gene -including the taldb1- contains a CpG island (49,50). In general, CpG islands are non-
methylated, even when the gene they belong to is inactive (49,51}, which probably also
applies to the ta/-1 gene. This might explain the demethylation of taldb1 in the majority of
precursor B-ALL and AML.

Demethylation in CD3 phenotypic T-ALL subgroups

Dividing the T-ALL in subgroups according to their CD3 phenotype revealed variations
in preferential demethylation configurations of the taidb1 between these subgroups. The
subgroup frequencies are summarized in Table 1. In CD3” T-ALL, all configurations of
demethylation were present in roughly equal frequencies, whereas TcR-y6% T-ALL
demonstrated a strong preference for partial (42%]) or absent (47%) demethylation. Most
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Figure 2. Southern blot demethylation patterns of the fa/-1 deletion breakpoint region type 1 in T-ALL. Top:
Restriction maps of the germiine taldb1 {left) and rearranged taldb1 (right) for Mspl/Hpall (M) and EcoRI {E}.
Indicated are the position of the RSS {{} in the germiline taldbl region and the fusion region {¥) of the ta/-1
delation type 1. The restriction fragments that are generated by Mspl and £coRl digests, or by the methylation
sensitive HpalliEcoRl digest are shown. Bottom: Hybridization with the TALDB1 probe of parallel DNA
digestions using isoschizomeric restriction enzymes Mspl (M) and Hpall (H} in combination with £coRl (E).
Lanes 1 and 2, thymic cell sample; lanes 3 and 4, T-ALL patient DR with a ta/-1 deletion type 1; lanes 6 and
6, T-ALL patient PV with a tal-1 deletion type 2; lanes 7 and 8, T-ALL patient DG; lanes 9 and 10, T-ALL
patient LL; lanes 11 and 12, T-ALL patient JE; lines 13 and 14, T-cell line HSB-2 with a ta/-1 deletion type
1; tane 15, control DNA digested with EcoRl only. Indicated are; the germline bands (G} of Mspl and EcoRl,
the band caused by methylation {m} of 3" Hpall sites, and the rearranged band (R) of ta/-1 deletion type 1.
Given at the bottom of the figure are the various configurations of the ta/-1 gene demethylation status;
complete {+), partial {+}, and absent (-} demethylation,



TABLE 1. Demethylation status of taldb1 and frequency of tal-1 deletions type 1 in AML, precurser B-ALL, and T-ALL subgroups defined by CD3 phenotype
or TcR-6 gene configuration.

CD3 phenotype of T-ALL

TeR-§ gene configuration of T-ALL?

precursor Total
AML B-ALL T-ALL ch3- TeR—yd™ TeR-af™ G/G R/G, R/R D/R D/D
{n=51) n=16) (n=118) (n=65} {n=18) {(n=35} n=86) {n=55) n=27 (n=31)
demethylation
status taldb1
+ (complete) 90.2% 75.0% 39.5% 27.7% 10.5% 77.1% 33.3% 12.7% 44.4% 83.9%
(46} {12) 47 {18} (2} (27 2) 7 (12) (26}
=+ (partial) 7.8% 25.0% 32.8% 40.0% 42.1% 14.3% 33.3% 49.1% 22.2% 12.9%
4 4) 139} (26) 18 15) 2 27 {6) )
™ (absent) 2.0% 0% 27.7% 32.3% 47.4% B8.6% 33.3% 38.2% 33.3% 3.2%
(4} o 133} {21 (8) @ 2) 21 i3] mn
frequency of
tal-1 deletion type 1
+ icomplete 0% 0% 31.9% 33.3% 0% 33.3% 0% 0% 50.0% 34.6%
demethylation)®  (0/48) 0/12) (15/47) 618) 72 19/27) 0/2) 0/7) 6112) (9726}
Total group® 0% 0% 12.6% 9.2% 0% 26.7% 0% 0% 22.2% 29.0%
(0/51) (0/16} {15/119) {6/65) 0/18) (9/35) {0/6) (0/55) (6427} (8/31)

a. TeR-$ configuration: G, allele in germline configuration; R, rearranged allele; D, deleted allela.

b. Frequencies of 121 deletions Type 1in the AML, precursor B-ALL, and T-ALL subgroups defined by CD3 phenotype or T¢R-5 gane configuration and in the subgroups of these acute leukemias defined

by compiete demethylation of taldb?. Subgroups with partial or absent demethylated taldb1 did not contain any za/-1 delations type 1.

Z6l
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strikingly was the finding that in the majority (77%) of the TcR-a8 ™ T-ALL the taldb1 was
completely demethylated. Because T-ALL are presumed to originate from cortical
thymocytes, this observation is in line with the completely demethylated taldb1 in the
thymocyte samples, which predominantly consist of TeR-o8* thymocytes {62}. Thus, in
CD3" T-ALL there is a clear difference in the taldbt demethylation status assocciated with

affvd TeR phenotype.

Demethylation in TecR-3 gene configuration T-ALL subgroups

When the TcR-§ gene configuration is introduced as differentiation marker, it is
possible to identify T-ALL with different allelic combinations of germline (G}, rearranged {R),
and deleted {D} TcR-6 genes: i.e. G/G, R/G, R/R, D/R, and D/D, These T-ALL subgroups also
ravealed different frequencies of taldb1 demethylation configurations {Table 1}, When both
TcR-§ alleles are in germline configuration, there was no preference for a specific
demethylation configuration. In the T-ALL subgroup with at least one rearranged TcR-§
allele, but no TcR-5 gene deletion (R/G and R/R), there was a preference for partial (49%}
or absent (38%) demethylation configurations. The subgroup with deletion of one TeR-6
allele showed a slight preference (44%) for complete demethylation, whereas the subgroup
with both TcR-§ alleles deleted demonstrated a marked preference (84%) for complste
demethylation of the taldb1. All eighteen T-ALL with an incomplete TcR-6 gene
rearrangement (D§-D4, D§-J8, or V&-Di} on at least one allele did not contain completely
demethylated taldb1, irrespectively of the TcR-6 gene configuration of the other allele
{results not shown).

Combining the three markers: taldb1 demethylation, CD3 phenotype, and TcR-6 gene
configuration enhances the already discovered correlations. This is most ocbvious in the
TeR-af ™ T-ALL with both TcR-6 alleles deleted, of which almost all (91%; 20/22) contained
completely demethylated taldbt.

As for now, it appears that in relative immature T-ALL with still unrearranged TcR
genes all stages of taldb1 methylation occur, whereas TcR-§ gene rearrangement is
correlated with methylation in the tal-1 gene, which might be caused by the mechanism of
so-called protective methylation {563}, This hypermethylation is found in germline |g and TcR
genes prior to rearrangement processes to protect them from uninduced recombination {63},
and might therefore also be involved in protection of other genes. TecR-6 gense dsletion
and/or TcR-« gene rearrangement however is correlated with demethylation in the ta/-1

gene,

Demethylation in precursor B-ALL and AML

The 16 analyzed precursor B-ALL existed of two null-ALL, 12 common ALL and two
pre B-ALL. In the null ALL the taldb1 were completely demethylated, whereas in common
ALL 83% was completely and 17% was partially demethyiated. in pre B-ALL only partially
demethylated taldb1 were found. There was no correlation bstween TcR-8 gene
rearrangement/deletion and taldb1 demsthylation in precursor B-ALL, which is in line with
the lack of correlation between TcR-6 gene rearrangement and immunophenotype in
precursor B-ALL, However, in this small series of precursor B-ALL the taldb1 demethylation
seems to decrease parallel to phenotypic maturation, suggesting that protective methylation
of the tal-1 gene occurs in late stages of precursor B-cell differentiation.
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In the 51 analyzed AML only five {10%) contained (partially) methylated taldb1,
whereas all others contained completely demethylated taldb1. TeR-6 gene rearrangements
in AML are rare (6%} {46), but all three analyzed AML with TcR-4 gene rearrangements
contained partially demethylated taldbt. Of AML without TcR-8 gene rearrangements, the
majority {96%; 46/48} contained completely demethylated taldb1. Therefore, TcR-6 gene
rearrangement in AML seems to be correlated with taldb1 methyiation, which may be
caused by the mechanism of protective methylation.

tal-1 deletions and taldb1 dernethylation status

Because the frequencies of demethylated taldb1 in the various T-ALL subgroups seem
to parallel the observed frequencies of ta/-1 deletion type 1, the correlation between these
two variables was investigated. Strikingly, ali 15 T-ALL with a ta/-1 deletion type 1 had
completely demethylated taldb1 on both alleles {Table 1) {Figure 2). This was also true for
the T-ALL containing a tal-1 deletion type 2 and type 3 {Figure 1). The T-ALL with a fal-1
deletion type 4 had a partial demethylation configuration of taldb1 caused by methylation
of the 37 Hpall restriction site on the unaffected allele. For now, it is uncertain what the
meaning is of taldb1 demethylation for recombination of upstream located breakpoints. An
analogous observation of allele specific partial demethylation was made in the four T-ALL
derived T-cell lines containing a fal/-1 deletion type 1, where methylation was seen
exclusively on the non-affected ta/-1 allele and only involved the 3 Hpall restriction sites.
This is probably caused by de novo methylation, which is a general mechanism for cel lines
to shut off non-essential genes {54).

in tal-1 deletions it is impossible to determine whether the demethylation of the taldb1
on the affected allele was already present at the moment of recombination, or resulted from
the joining to the constitutive demethylated sildb. Howsever, altegether our data strongly
support the hypothesis that demethylation of the taldb1 is a prerequisite for recombination.
if this is true, it can be interpreted as evidence for the existence of a T-cell specific
recombinase complex, because the majority of precursor B-ALL and AML also have
completely demethylated taldb1, but never contain a fa/-1 deletion (44).

tal-1 deletions and taldb1 demethylation status in CD3 phenotypic T-ALL subgroups

Determination of the ta/-1 delstion type 1 frequencies in T-ALL subgroups definad by
their CD3 phenotype and taldb1 demethylation status revealed equal percentages in CD3™
T-ALL {33%:6/18) and TcR-af™ T-ALL {33%;98/27) subgroups with completely
demethylated taldb1 {Table 1). This is in sharp contrast to the frequency of tal-1 deletion
type 1 in the total group of CD3™ T-ALL {8%) and TcR-of T {26%) (Table 1), It can be
concluded that the differences in taldb1 demethylation {Table 1} caused the variation in
tal-1 deletion type 1 frequencies between these CD3 phenotypic subgroups. The absence
of taf-1 deletions in the TcR-y8 T subgroup may be explained by the fact that only two of
the 19 tested TcR-y6* T-ALL had completely demethylated taldb1 {Table 1.

fal-1 deletions and taldb1 demethylation status in TcR-§ gene configuration T-ALL

subgroups
" Finally, tal-1 deletion type 1 frequencies were determined in T-ALL subgroups defined

by TcR-6 gene configuration and taldb1 demethylation (Table 1}. As shown before, no taf-1
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deletions were present in the T-ALL with both TcR-§ genes in germline configuration, which
might be explained by the lack of recombinase activity in those immature T-ALL. However,
in the T-ALL subgroups with one or two TcR-§ alleles delseted, the results were comparable
to those in the CD3 phenotypic subgroups. The tal-1 deletion type 1 frequencies in the D/R
and D/D subgroups {22%; 6/27 and 29%; 9/31, respectively} were reversed when we
restricted to T-ALL with completely demethyiated taldb1 (50%; 6/12 and 35%,; 9/26,
respectively) {Table 1}. So, the differential demethylation of the taldb1 caused the initial
observed differences in ta/-1 deletion frequencies. This observation is supported by the
finding that T-ALL with an incomplete TcR-4 rearrangement never contained a ¢al-1 delstion,
probably because these T-ALL did not contain completely demsthylated taldb1 (results not
shown).

Comparing the average tal-1 deletion type 1 frequency in T-ALL with completely
demethylated taldb1 and at least one deleted TcR-§ allele {39%; 15/38) to the total absence
of these ta/-1 deletions in T-ALL with only rearranged TcR-é genes {0/7}, demonstrated a
significant difference between these subgroups {Table 1}. Formally, we cannot rule out the
possibility that the overexpression of the TAL-1 protein as a result of a tal-1 deletion forces
the affected thymocyte and thus the eventual T-ALL into the af lineage by TcR-6 gene
deletion and/or TcR-o gene rearrangement.

CONCLUSION

To explain the absence of tali 1 deletions type 1 in T-ALL without TcR-8 gene deletion,
we postulate the existence of a special recombinase complex for TeR-5§ gene deletion and/or
TcR-wxgene rearrangement, which is exclusively presentinimmature thymocytes committed
to the af lineage. These thymocytes probably are characterized by two non-functionally
V§-{Dd)-J§ rearrangements or at least one TcR-6 gene deletion. Whether this specific
recombinase complex seizes at the TcR-§ gene deleting elements (6Rec and JJo) {22,23),
or represents just a specific TeR-a rearrangement recombinase complex has to be
slucidated. A hypothetical scheme linking together all components and processes involved
in tal-1 deletions, is presented in Figure 3. In this scheme the putative TcR-§ gene deletion
{TeR-« gene rearrangement) recombinase complex is responsible for TcR-6 gene deletion,
which commits the thymocyte to the off lineage. As side effect this specific recombinase

of ineage commitment T-ALL
TeR-8 gene deletion fal-1 deletion

\

+
taldb1 demethylation —
Figure 3. Hypothetical scheme

linking together all comiponents
and processes involved in the fa/-1

‘ i . deletion. For explanation see
TeR-8 gene deletion recombinase-complex Conclusion.
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complex is able to generate a deletion involving the tal-1 gene on chromosome 1, which
probably induces the thymocyte to become a malignant cell. The latter conclusion is based
on the presumed oncogenic character of the aberration and the fact that ta/-1 delstions are
not detectable in normal thymocytes and blood T-lymphocytes (44,55}, The occurrence of
tal-1 deletion typs 1 is dependent on the accessibility { = demethylation) of the taldb1 for
the recombinase complex, which on its turn is correlated to TcR-§ gene deletion. Whether
the demethyiation status of the tal-1 gene or expression of the TAL-1 protein regulates in
any way the deletion of the TcR-§ gens and thereby indirectly determines the T-cell
differentiation lineage or vice versa, has to be resolved by further studies.
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CONCLUDING REMARKS®

The most important process during the differentiation from prothymocyte to mature
T-lymphocyte is the regulation of the expression and selection of TcR molecules, which
takes place in the thymus (1). To obtain functional TcR-yé or TeR-aff molecules, immature
thymocytes must rearrange the V, (D} and J gene segments of the relevant TcR gens
complexes (2). Several proteins, such as the products of the recombination activating genes
RAG-1 and RAG-2 and the enzyme TdT, participate in the V{D)J rearrangement processes
{3). The studies presented in this thesis encompass the identification of several phenotypic
and genotypic characteristics of human early T-cell differentiation {4). In general, the
experimental work was performed with the analysis of T-ALL {Chapters 2.2, 2.3, 3.2, 3.5,
4.2, and 4.3}, and the proposed hypotheses were tested in normal human thymocytes or
T-lymphocytes whenever pessible (Chapters 2.5, 3.3, and 3.4).

T-ALL MODEL

A lymphoid leukemia is generally considered to consist of clonal cells which are
"frozen"” in a specific stage of lymphoid differentiation. The leukemic cells of T-ALL are
assumed to originate from malignantly transformed cortical thymocytes, bacause T-ALL as
well as cortical thymocytes express TdT, which is absent in normal extrathymic T-cells {5).
Since T-ALL can originate from any maturing cortical thymocyte, T-ALL provide a human
T-celt differentiation model in which sach T-ALL represents the malignant {clonal)
counterpart of a norimal thymocyte in a specific differantiation stage (6).

in our studies on a large series of ~ 140 T-ALL, we ohserved many variations in
phenotypic and genotypic characteristics, which may reflect important changes during
T-cell differentiation. in the T-ALL model it is essential to identify the crucial characteristics,
which can be used to arrange the various T-ALL in a progressive differentiation model for
cortical thymocytes. We will summarize and discuss several important characteristics,
including the expression of CD3, CD4, and CD8 molecules, the configuration of the T¢R-§
and TcR-y genes and the methylation status of a specific part in the promoter region of the
tal-1 gene on chromosome 1.

TcR-6 gene configuration

TcR-vd expression requires functionally rearranged TcR-6 and TcR-y genes on at least
one allele, whereas for TcR-aff expression, the TcR-4 gene must be deleted on at least one
allele, because it is focated in between the Ve and the Ja gene segments {7,8). For this

° Parts of this chapter are published in: Res Immunol 1994;145:139-143 and 155-158.
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reason it is assumed that the TcR-& gene plays an important role in T-cell differentiation (9).
We have therefore chosen to divide our T-ALL in subgroups on the basis of their TcR-5 gene
configuration {10}. The configuration of the TcR-§ gene on each allele can potentially pass
through three consecutive stages: germline {G), rearranged (R}, and deleted {D}. Of the six
possible allelic combinations of TcR-§ configuration, five were present in the 138 analyzed
T-ALL {i.e. G/G, R/G, R/R, D/R and D/D). We assume the T-ALL in the subgroups with G/G
and D/D configurations to be derived from relatively immature and mature thymecytes,
respectively {Table 1).

TABLE 1. Characteristics of T-ALL subgroups as defined by thelr TcR-4 gene configuration®,

TcR-6 gene configuration

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

TcR-5 rearrangements® ) {5 {84) (23) (o
Ri - 40 30 17 -

Re - 60 70 83 -
TeR/CD3 phenotype® 7 16) {57} {36} (24)
TeR™/CD3~ 100 100 58 51 26
TeR-yst/CD3 0 0 42 3 0
TeR-af T /CD3* 0 0 o 46 74
cD4/cD8 phanotvpec'd (6] 3 (64) {271 {30
CcD47/CD8” 83 33 30 " 17
cbaticpgt ¢] 67 a7 48 57
CD41/ICDB™ 0 0 26 26 7
co4a—/cDst 17 o 7 16 20
taldb? demethylation® {6} {51 {60} @ {31)
complete 33 20 12 44 84
partial 33 40 50 22 13
absent 33 40 38 33 3

a, Abbreviations used: G, gerline; R, rearranged; Ri, incomplete rearrangemeant; Re, complete rearrangement; D,

deletion.
b. Relative alletiz frequencies in percentages, The number of anatyzed alleles is in parentheses.
c. Relative ALL frequencies in percentages. The number of analyzed ALL is in parentheses.
4, — <25%; and + =25% of the ALL cells positiva.

TcR-5 gene rearrangements

The TcR-§ gene rearrangements occur in three conformations: Ri, incomplete
rearrangement {i.e. D§-D&§, D4-J8, and V8-D6); Re, complete rearrangement (i.e. V§-J8}; and
Ru, unidentifiable rearrangement {i.e. Va-Jé and translocations) {10). Because Ri and Re
probably represent consecutive conformations, the relative frequencies of Ri and Re in the
various T-ALL subgroups were analyzed (Table 1}. The highest frequency of Ri (40%) in the
R/G subgroup and the high frequency of Rc (839%]} in the D/R subgroup indicates that during
T-cell differentiation, initialty TcR-8 allefes contain incomplete rearrangements, followed by
complete rearrangements. This also suggests that TcR-6 gene deletion only starts when
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both alleles contain complete {non-functional?) rearrangements. However, circular excision
products derived from normal thymocytes provide evidence that also incompletely
rearranged allsles and even germiine TcR-§ alleles can be deleted (5).

TeR/CD3 phenotype
Three distinct TcR/CD 3 phenotypes occurin T-ALL: TcR™/CD3 ™, TeR-y61/CD3 Y, and

TeR-af T/CD3*. It is obvious that the TcR-3 gene configuration is closely correlated with
the TcR/CD3 phenotype. In the G/G and R/G subgroups, no CD3 ¥ T-ALL were present, and
in the D/R and D/D subgroups, the TeR-y6+/CD3% T-ALL wers virtualiy absent {Table 1).
in the D/R subgroup there was an almost equal distribution of TcR™/CD3™ and
TeR-ap+/CD3* T-ALL. However, in the D/D subgroup this distrlbution was skewed to
TeR-af t/CD3 T-ALL (Table 1}. The remaining R/R subgroup only contained TeR™/CD3~
and TeR-y61/CD3* T-ALL in comparable frequencies.

it is noteworthy that the G/G and R/G subgroups are small and that no TcR-v6t/CD3 ™
T-ALL were present in the R/G subgroup. These observations suggest that TcR-6 gene
rearrangement starts on both alleles. Thymocytes with R/R genotype may become
TcR-y67/CD3 7 or may praceed into the off lineage by deleting their rearranged TcR-5 genes
to obtain TcR-a rearrangements. These TcR-& gene deletions and TcR-« rearrangements
might start on one allele, because in the D/R subgroup almost half of the T-ALL are
TcR-a8 V/CD3 7, whereas in the D/D subgroup three-quarters of the T-ALL express TcR-af.
The remaining D/D T-ALL which are still CD3™, might have non-functional Vea-Ja
rearrangements, and their r:normal thymic counterparts will probably be eliminated in the

thymus,

CD4/CD8 phenotype
Both CD4 and CD8 are variably expressed on differentiating thymocytes. Several

differentiation schemes concerning the CD4/CD8 phenotype are proposed for human and
murine thymocytes, in which the mostimmature thymocytes are CD4 ~/CD8 ™, whereas the
mature T-cells are CD4#/CD8~, CD4~/CD8* or again CD4 7 /CD8 ™. The thymocytes with
CD4*/CD8™ phenotype are assumed to represent intermediate differentiation stages {11-
13). This simplified scheme of CD4/CD8 expression can also be found in our T-ALL {Table
1).

The majority of T-ALL without TcR-é gene rearrangements showed the CD4/CD8™
phenotype, which frequency declined in the more mature T-ALL subgroups. In the total
group of T-ALL the CD4*/CD8* phenotype was most frequent {43%}. its frequency was
at its height in the more mature T-ALL subgroups, as was the case with the CD4~/CD8t
phenotype. The prominent presence of the CD4*/CD8 ™ phenotyps may be caused by the
oncogenic transformation of the T-ALL ecells or may imply that the original cortical
thymocytes still had to enter the CD4 or CD8 lineage (14}, it is also of interest that the
CD4/CD8 expression of TeR-yé+ T-ALL is quite diverse: CD41/CD8 ™ (43%), CD4*/CD8 ™
{29%), CD4~/CD8~ (25%), and CD4 /CD8% (4%). It can be concluded that the
differential expression of the CD4 and CD8 mofecules on thymocytes is a complex issue,
which needs extensive studies to be resolved,
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Demethylation of the ta/-1 promotor region

In T-ALL, the fa/-1 gene on chromosome 1 is frequently involved in chromosome
aberrations, such as t(1;14}{p32;q11) (15} and tal-1 deletions (16}. These ta/-1 deletions
are present in approximately 12-26% of the T-ALL and juxtapose the fa/-1 gene to the 5~
non-coding part of the upstream located s# gene, thereby deleting the intermediate 80 kb
DNA sequences (17). This process is mediated by "illegitimate" V{D}J recombinase activity,
as indicated by the fact that ta-1 deletions demonstrate extreme homology to TcR gene
rearrangements (16). We have proven that tal-1 deletions are restricted to T-ALL of the of
lineage, with a preferential occurrence in the TeR-8 /D subgroup (34 %]} that was about
twice the frequency of the D/R subgroup {189%]} {18}. Additionally, we were able to prove
that this preference is the result of preferential demethylation of the tal1 deletion
breakpoint region in the ta/-1 gene (taldb1), i.e. differential accessibility of the DNA for the
recombinase complex {19). Our studies revealed that in T-ALL, the taldb1 is differentially
demethylated in the various TcR-8 gene configuration subgroups (Table 1). Overall, it shows
that in the R/R subgroup the majority of T-ALL contain parily or non-demethylated taldb1.
In contrast, the D/R T-ALL and especially D/D T-ALL subgroups predominantly contain
completely demethylated taldb1. This differential {delmethylation may be caused by a
general mechanism of so-called "protective methylation” {20). This mechanism may
transiently methylate the DNA before rearrangement, to protect it from unwanted
recombination. Whether the demethylation of the taldb 1 located in the ta/-1 promotor region
has anything to do with T-cell differentiation is hard to say. A possible role for the TAL-1
protein is dubious, since so far no expression is reported during thymocyte differentiation.

Conclusions of the T-ALL studies

Our T-ALL studies on some, quite diverse, phenotypic and genotypic characteristics
prove that the most promising correlations are observed, if we use the T¢R-§ gene
configuration as standard differentiation marker in addition to the TcR/CD3 phenotype to
divide the T-ALL in subgroups. We therefore conclude that the TcR-6 gene configuration
is an excellent marker for early T-cell differentiation. It provides information whether the
thymocyte is: a} relatively immature {G subgroups}; b} in the 46 lineage (R/R subgroup); or
¢} already af}-lineage-committed (D subgroups).

Although the phenotypic and genotypic characteristics of T-ALL discussed here
provide some insight in the possible mechanisms of thymocyte differentiation, we need to
be cautious in extrapolating our T-ALL data to normal thymocyte differentiation, because
it is unclear whether matignant transformation of the thymocyte might induce
immunophenotypic and/or immunogenotypic changes. Moreover, the T-ALL celis may
(partially} mature so that the assumption of a "frozen™ differentiation stage may not be
valid. Nevertheless, we feel that the T-ALL mode! is a useful model to study normal
thymocyte differentiation. We have summarized most of our data in the schematic diagram
in Figure 1. An intriguing new characteristic presented here is the methylation and
demethylation of a specific part of the genome, i.e. the promotor region of the ta/-1 gene.
if this is the resuit of a general process involving many genes, than this might be an
important additional marker in early T-cell differentiation.

The here and elsewhere described studies (B} propose a linear pathway of T-cell
differentiation, based on the expression of several membrane proteins. However, we are
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CORTEX

— 1
TcR-8 G/G R/G R/R D/R D/D

CcD3’

TeR-yst

Figure 1. Schematic diagram of human early T-cell differentiation based on phenotypic and genotypic data
of T-ALL subgroups, as defined by their TcR-8 gens configuration. The intensity of shading represents the
demethylation status of the taldb1: dark = demethylated; and light = msthylated.

still unable to fit aff our T-ALL sampfes in these differentiation schemes. This may be a
resuit of the uncertaintiss of the T-ALL model, but it could also be that the proposed
differentiation schemes are oversimplified. For instance, almost all schemes are basically
monolinear and unidirectional, ignoring the possibility that several lineages may differentiate
parallel to each other, or that differentiating cells may revert to an earlier differentiation
stage. When the functions of the proteins invelved in T-cell differentiation processes
{membranse, cytoplasmic, and nuclear proteins} are better known and also taken into
account, the picture might become more clear.

NORMAL HUMAN T-CELLS

To discern the influences of the leukemic transformation from the "real” differentiation
processes, the ohservations made in the T-ALL should be checked in normal human T-cells
whenever possible. 1t is obvious that experiments with normal differentiating human T-cells
have their own limitations e.g. with respect to polyclonality of the cell samples, Aithough
the majority of the studies presented in this thesis deal with T-ALL, we were able to test
some of the T-ALL derived hypotheses in normal T-cells .

Most of our studies on thymocytes focussed on the processes on DNA level that are
involved in the bifurcation into the TcR-¢f8 and TcR-v4d lineage. From our studies and those
of De Villartay et al.,.{9,21,22), it has become clear that the TcR-«/8 locus plays a decisive
role in these lineage commitment processes. Because rearrangements of the TcR-§ deleting
elements {6REC and Y¥Ja} are prominently present in normal differentiating thymocytes and
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represent an intermediate stage between TcR-6 and TcR-o gene rearrangements (5), we
concentrated in eur studies on this particular rearrangement. Not only were we able to
determine that SREC-yJo rearrangement is restricted to a certain thymocyte differentiation
stage {Chapter 3.3}, but we also found indications for the existence of a specific TcR-§
deleting recombinase complex {18,19).

The most important obstacle in the analysis of gene rearrangements in normal
differentiating thymocyte cell samples is their polyclonality. Our most recent study involved
the isolation of a particular immature thymocyte population {Chapter 3.3} and demonstrated
that celf sorting experiments are essential to study normal early T-cell differentiation in
detail. The consecutive phenoctypic stages in thymocyte differentiation are being slowly
unravelled. With the thereby developed insights and tools {i.e. McAb), it must be possible
to purify thymocytes in various stages of differentiation. Analysis of these thymic
subpopulations for stage specific rearrangement processes and/or proteins will provide the
conclusive information necessary to understand human early T-cell differentiation.

PERSPECTIVES

Human early T-cell differentiation can be studied at different levels:

1. the DNA level, which concerns the various TcR gene rearrangements;

2. the DNA-protein level, which involves the regulation of the rearrangement processes
as well as the transcription of T-cell-specific genes;

3. the level of signal transduction pathways, which deals with the signalling from
membrane proteins to the nucleus;

4. the membrang protein level, including the antigen specific TcR, the CD3 signaling
proteins, the accessory molecules, and the differentiation stage-specific membrane
proteins;

5. the level of interaction between thymocytes and their micro-environment, for the
induction of proliferation, differentiation, and selection, whichincludes the interactions
of thymocytes with thymic stroma, cytokines, and antigen presenting cells.

Although the components of the different levels have to work harmoniously together when
T-cells differentiate towards maturity, T-cell research is still in its infancy and therefore
most levels are studied independently. Of course, interaction between components of
different levels can only be determined after these components have been identified and
placed in the T-cell differentiation pathways. But research at the various levels of T-cell
differentiation is progressing steadily and integration of knowledge concerning the different
levels is carefully initiated at some points. Although the majority of immunological research,
and therefore also a lot of the T-cell differentiation research, deals only with human and
murine T-cell differentiation, much can be learned from the analogous processes in other
species. Combining the knowledge of the different levels and different species, now
comprises one of the biggest challenges in T-cell research and might lead to surprisingly
new insights and innovative ways for future studies on sarly T-cell differentiation.
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SUMMARY

The immune system can recognize and destroy the farge variety of potential pathogens
that are present in the environment and may enter the body. The effector cells of the
adaptive immune system are lymphocytes and phagocytes, Specific recagnition of foreign
antigens is mediated by B- and T-lymphocytes. The antigen-specific receptors of B-cells are
membrane-bound immunoglobulin {Ig) molecules, whereas T-cells use membrane-bound
T-cell receptor {TcR} molecules. The TcRis a heterodimer and occurs in two configurations:
TcR-aff and TeR-v8. The majority of human T-lymphocytes expresses TcR-af3, whereas a
minority expresses TcR-v8. Most of the characterized cell-mediated immune responses are
carried out by TcR-a8 T T-cells. The exact function of TeR-y8 T-cells is still unknown.

Early T-cell differentiation takes place in the thymus and is characterized by assembly
and expression of the TcR molecules. Because TcR molecules must be capable of
discriminating foreign antigen from self antigen, TcR expressing thymocytes undergo
selection processes. The TcR molecules are selected for the specificity of their variable
domains. In contrast to the constant domain (C), the variable domain is not present as a
complete exon in germline DNA, it is assembled by joining one variable {V) to ons joining
{J} gene segment. In addition small diversity (D} gen segments can be present between the
rearranged V and J gene segments. The germline TcR gene complexes contain multiple V,
{D}, and J gene segments. Different combinations of these gene segments provide an
enormous antigen receptor repertoire using only a fimited amount of germline DNA. The
receptor repertoire is increased because the gene segments are imperfectly joined during
the rearrangement processes. At the site of the junction, random insertion and deletion of
nucleotides make up the junctional region of the rearrangement. Although a lot is known
about the rearranging genes, the V(D}J recombination processes and the reguiation of these
processes are still poorly understood,

In our studies on T-cell differentiation we frequently used T-cell acute lymphoblastic
feukemias {T-ALL), because the leukemic cells of a T-ALL are assumed to originate from
malignantly transformed immature thymocytes. A T-ALL therefore consists of clonal cells
which are "frozen" in a specific stage of T-cell differentiation.

Repertoire studies on the human TcR-y§ {Chapter 2} were performed by analyzing
TeR-¥6* T-ALL, thymoeytes and T-lymphocytes. TcR-¥57 thymocytes and TeR-y6* T-ALL
are characterized by a restricted combinatorial repertoire and an extended junctional
diversity. Their combinatorial repertoire is limited, because of preferential usage of TcR-y
gene segments (Vyl-Jy2.3} and TcR-& gene segments {V&1-Jé1}. Long junctional regions
with random nucleotides cause their extended junctional diversity. In man, the far majority
of the peripheral blood TcR-v6% T-lymphocytes expresses a TcR with Vy9-Jy1.2/V§2-D§3-
J&§1 chains. In these T-cells we identified a selection marker at a fixed position in the Vé2-
J&1 junctional region that consisted of homologous amino acid residues. Therefore, we can
conclude that the actual repertoire of the human TeR-y¥8T T-cells is restricted by selsection
for preferential combinations of V and J segments, as well as for preferential occurrence
of amino acid residuss in the junctional regions. It may be that these repertoire restrictions
will become a lead to the function of TcR-y6* T-cells.
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Studies on the role of TcR gene rearrangements in T-cell differentiation mainly
focussed on rearrangements of the TcR-§ gene {(Chapter 3}. This gene is located within the
TcR-a gene complex between the Va and Ja gene segments. Therefore, rearrangement of
a Ve gene segmeant to a Jo gene segment will delete the intermediately located TeR-6 gene.
For this reason TcR-6 and TcR-« gene rearrangements cannot coincide on the same allele.
TcR-o gene rearrangements are preceded by the so-called TcR-§ deleting rearrangement in
which the dREC gene segment is linked to the ¢Ju geno segment to form a non-functional
rearrangement. The TcR-§ gene is deleted by this rearrangement because the SReC and YJu
gene segments flank this gane. The order of rearrangements of the TcR-o/6 locus thus is:
rearrangement of the TcR-5 gene segments; deletion of the TcR-8 gene via rearrangement
of the deleting elements, SREC and Y¥Jo; and rearrangement of the TcR-« gena segments, It
is plausible that the TcR-o/é locus plays a decisive role in the divergence of the TcR-off and
TcR-vé lineages.

Studies of TcR gene rearrangements require suitable tools to analyze the invelved
genes. We constructed twenty DNA probes for Southern blot analysis of the TeR-§ gene.
In this way the restriction-enzyme pattern for every possible TcR-§ gene rearrangement
could be determined. Hence, we were able to analyze the TcR-§ gene rearrangements in
human T-cell differentiation by use of a large series of T-ALL and normal polycional
thymocyte populations, Two pathways of sequential T¢R-6 gene rearrangements in post-
natal thymocytes were proposed: a fetal-like pathway that mainly results in V62-D§3-461
rearrangements and a post-natal pathway that mainly results in V§1-D62-Dé3-J61
rearrangements. The JRec-JJo roarrangement was observed as a predominant
rearrangement in thymocytes and revealed homology to TcR-a gene rearrangements
because it rarely contained a D3 gene segment in its junctional region. The discovery of
several T-ALL and a T-cell line with an active TcR-6 deletion recombinase complex may fead
to new studies on this particular rearrangement.

Errors of the V{D)J recombinase complex may cause that DNA sequences, other than
the Ig/TcR gene segments, are joined to each other. This may result in a chromosomal
translocation, an inversion, or a deletion. In T-cells, these aberrations may cause a step in
the oncogenic transformation of a thymocyte into a leukemic cell. Most of the
translocations in T-ALL involve a TcR gene. However, there is also a submicroscopical
deletion on chromosome 1 that [inks the ta/1 gene to the promoter of the upstream located
sil gena {Chapter 4). Although this aberration defetes the major part of the s gene and
leaves the coding exons of the ta/-1 gene unaffected, it is called the ta/-1 deletion, There
are five types of tal-1 delations. Based on homolegy with TcR gene rearrangements it is
assumed that they are caused by "illegitimate" V{D)}J recombinase activity. The tal-1
deletions are exclusively cbserved in T-ALL with a frequency of 15-25%. We discovered
that fal-1 deletions do not occur in TcR-y8+ T-ALL and occur most frequently in TcR-af
T-ALL. In case of TcR™ T-ALL, the fa/-1 deletion were most frequently found in T-ALL with
both TeR-§ genes deleted. Therefore, the fal-1 dseletions seem to be restricted to T-ALL of
the TcR-af lineage. The lineage restriction of this aberration could be explained by the DNA
methylation status of the ta/-1 deletion breakpoints, because demethylation was also most
frequently seenin T-ALL of the TcR-¢f lineage. Demethylation of gene segments is probably
a prerequisite for recombination, and the ta/-1 deletions were observed exclusivaly in T-ALL
with completely demethylated ta/- 1 breakpoint regions. However, demethylation could only
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partly expfain ths lineage restricted occurrence of the fa/-1 deletion, because in the T-ALL
that were non-of lineage and completely demethylated, no ta/-1 deletions occurred. This
and the association between TcR-6 gene deletion and #a/-1 deletion, lead to the proposal
of a specific TcR-6 gene deleting recombinase complex.

In conclusion, we can say that the studies presented in this thesis add a new
dimension to the established T-cell differentiation schemes, which are based on phenotypic
markers. This dimension is the changing genotype of the thymocyte during differentiation,
In general the configuration of the TcR-o/6 locus appears to be a reliable and useful marker
for T-cell differentiation {Chapter ), especially for determination of TcR-af or TcR-vé
lineage commitment. Our studies also suggest that specific sites in the DNA occur at which
the regulation of TcR gene rearrangements takes place. ldentification of these regulatory
elements and the involved DNA-binding proteins should be the next target in T-cell

differentiation research.



SAMENVATTING

Het immuunsysteem is in staat om de enorme verscheidenheid aan potentiéle
pathogenen welke aanwezig zijn in het milieu te herkennen en te vernietigen. Twee typen
immuuncellen spelen hierbij een belangrijke rol, de B-lymfocyten en T-lymfocyten, die
buitengewoon specifiek lichaamsvreemde antigenen kunnen herkennen.
Membraangebonden immunogiobuline {ig) moleculen zijn de antigeen-specifieke receptoren
van B-cellen, terwijl de T-cellen gebruik maken van membraangebonden T-cel receptor {TcR)
moleculen. Er zijn twee typen TcR moteculen: TcR-aff en TcR-yé, Het merendeel van de T-
lymfocyten heeft een TcR-of molecuul op de celmembraan, Deze ToR-afft T-lymfocyten
voeren vrijwel alle bekende T-cel immuunreakties uit. De functie van TcR-y6 T-lymfocyten
is vooralsnog onbekend.

De thymus is het orgaan waarin de onrijpe T-cellen zich als thymocyten ontwikkelen
tot rijpe T-lymfocyten. Deze differentiatie wordt gekenmerkt door de samenstelling en
expressie van de TcR moleculen, Omdat het essenties| is dat de TcR mwoleculen "vreemd”
van "zelf" antigenen kunnen onderscheiden, worden thymocyten op basis van de TcR op
hun membraan geselectesrd. Dit betreft vooral selectie op grond van de antigeen-
specificiteit van de variabele domeinen van hun TcR. In tegenstelling tot het constante
domein (C} van een TcR, is het variabele domein niet aanwezig als een compleet exon in
het kiamlijn DNA. Het wordt samengesteld door het aan eikaar koppelen van één variabel
{V) en één verbindings (J} gensegment. Daarbij kan er een klein diversiteit (D} gensegment
aanwezig zijn tussen de herschikte V en J gensegment. De kiemiijn TcR gencomplexen
bestaan uit series V, (D}, en J gensegmenten. De verschillende combinaties van deze
gensegmenten veroorzaken een enorme diversiteit van de antigeenreceptor met maar een
geringe hoeveelheid DNA sequenties. Het receptor repertoire wordt verder vergroot doordat
de gensegmenten niet altijd op precies dezelfde manier aan elkaar gekoppeld worden tijdens
de herschikkingsprocessen. Op de koppelingsplaatsen worden nuclectiden ingevoegd en
gedeleteerd en vormen zo verbindingsregionen die "junctional regions" worden genoemd.
Hoewel al wveel kennis is van de herschikkende genen, is er van de V{DJJ
herschikkingsprocessen en de regulatie van deze processen nog maar weinig bekend.

In ons T-cel differentiatie onderzoek hebben we veel gebruik gemaakt van T-cel acute
lymfoblastaire leukemieén {T-ALL}) omdat aangenomen wordt dat de leukemiecellen van een
T-ALL ontstaan zijn uit een kwaadaardig getransformeerde, onrijpe thymocyt. Een T-ALL
bestaat uit een kionale celpopulatie, waarvan de cellen zijn blijven steken in één bepaald
stadium van de T-cel! differentiatie.

Repertoire studies van de humane TcR-yd {(Hoofdstuk 2) zijn vitgevoerd met behulp van
TeR-y61 T-ALL, thymocyten en T-lymfocyten. TeR-y8™ thymocyten en TcR-yé* T-AlLs
worden gekarakteriseerd door een beperkt combinatierepertoire en een uitgebrside
"junctional” diversiteit. Het combinatierepertoire is beperkt, omdat er een preferentieel
gebruik is van TcR-y gensegmenten (Vy1-Jy2.3) en TcR-§ gensegmenten (V41-J61). Lange
"junctional regions" met willekeurige ingevoegde nucleotiden veroorzaken de uitgebreide
"junctional” diversiteit. In de mens brengt de overgrote meerderheid van de perifere bloed
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T-lymfocyten een TcR tot expressie die bestaat uit Vy9-Jy1.2/V62-D&3-J81 ketens. In deze
T-cellen hebben we een seloctie marker geidentificeerd op een vaste plaats in de V§2-J61
"junctional region”, welke bestond uit op elkaar lijkende aminozuren. Daarom kunnen we
concludaren dat het werkelijke repertoire van humane TecR-yd* T-cellen beperkt wordt op
door selectie op voorkeurscombinaties van V en J segmenten alsmede op eiwit niveau op
voorkeur voor bepaalde aminozuren in de “junctional regions”. Het zou kunnen, dat deze
restricties in het TcR-vy6 repertoire een aanwijzing kunnen geven voor verder onderzoek naar
de functie van TcR-y8T T-cellen.

Ondarzoek is verricht naar de rol van TcR genherschikkingen in de T-cel differentiatie
{Hoofdstuk 3}. Het onderzoek was voornamelijk gericht op herschikkingen van het TcR-§
gen. Dit gen is gelokaliseerd in het TcR-a gencomplex, tussen de Ve en Jo gensegmenten,
Een herschikking van een Va gensegment naar een Jo gensegment zal dientengevoige het
tussenliggende TcR-6 gen deleteren. Hierdoor is het uitgesloten dat T¢cR-8 en TeR-o
genherschikkingen tegelijkertijd voorkomen op één allel. TcR-o genherschikkingen worden
voorafgegaan door een herschikking waarbij het dREC gensegment wordt gekoppeld aan het
Yo gensegment. Doordat de §REC en yJo genssgmenten aan weerskanten van het TcR-§
gen zijn gelegen, resulteert deze niet-functionele herschikking in de deletie van het T¢R-8
gen. De volgorde van herschikking van het TcR-«/d locus is dus: herschikking van de TcR-§
gensegmenten; deletie van het TcR-§ gen via herschikking van de deleterende elementen,
dREC en yJo; en herschikking van de TcR-o gensegmenten. Door deze volgorde van
herschikkingen is het aannemelijk dat het TcR-a/6 locus een beslissende rol speelt in de
splitsing van de TcR-aff and TcR-vd differentiatielijnen.

Onderzoek naar TcR genherschikkingen is uitsluitend mogelijk met de juiste materialen
voor de analyse van de betrokken genen. Voor dit doel hebben we twintig DNA probes
gemaakt die gebruikt kunnen worden voor Southern blot analyse van het TcR-8 gen. Met
deze probes was het mogelijk het restrictie-enzympatroon van alle mogelijke TcR-&
genherschikking te bepalen. Aldus waren we in staat om de TcR-§ genherschikkingen te
analyseren die voorkomen tijdens de humane T-cel differantiatie. Dit onderzoek is
uitgevoerd met behulp van esn groot aantal T-ALL en normale, polyklonale thymocyten
populaties. Binnen TcR-6 genherschikkingen van posi-natale thymocyten kenden twee
hoofdlijnen worden onderscheiden: een onrijpe ("foetale"} hoofdlijn die voornamelijk
resulteert in V§2-Da3-481 herschikkingen en een post-natale hoofdlijn die voornamelijk
resulteert in V61-D82-D§3-J61 herschikkingen. De SRec-yJa herschikking komt voor als een
prominente herschikking in thymocyten en vertoonde overeenkomst met TcR-o
genherschikking omdat deze zelden een D6 gensegment bevatte in de "junctional region”,
De ontdekking van verscheidene T-ALL en een T-cellijn met een actief TcR-§ deletie
enzymcomplex zou kunnen leiden tot nieuw onderzoek naar deze speciale herschikking.

Fouten van het V{D}J herschikkings enzymcomplex kunnen DNA sequenties, anders
dan Ig/TcR gensegmenten, aan elkaar koppelen. Hierdoor kunnen translocaties, inversies
of deleties ontstaan. In T-cellen kunnen deze afwijkingen bijdragen aan de oncogene
transformatie van een thymocyt tot een leukemiecel., Bij het overgrote deel van de
translocaties in T-ALL is een TcR gen betrokken. Maar er bestaat ook een
submicroscopische deletie in chromosoom 1 waardoor het tal-1 gen gekoppeld wordt aan
de eerder op het DNA gelegen promotor van het s/ gen (Hoofdstuk 4). Alhoewel de
afwijking het grootste gedeelte van het sif gen deleteert zonder de coderende exonen van
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het tal-1 gen te beschadigen, wordt deze fal-1 deletie genoemd. Er zijn vijf typen tal-1
deleties. Op basis van de overeenkomst met TcR genherschikkingen wordt aangsnomen dat
zg worden veroorzaakt door oneigenlijke V{D)J herschikkingsactiviteit. ta/-1 deleties komen
uvitsluitend voor in T-ALL, en wel met een frequentie van 15-25%. Het bleek bovendien dat
de tal-1 deleties niet voorkomen in TcR-y6 T-ALL, maar voornamelijk in TeR-a8* T-ALL.
In het geval van TcR™ T-ALL worden de ta/-1 deleties voornamelijk gevonden in de T-ALL
waarin beide T¢cR-§ genen gedeleteerd zijn. Hieruit concluderen we dat het voorkomen van
deze afwijking is beperkt tot T-ALL van de TcR-off differentiatielijn. Deze restrictie kon
worden verklaard door de mate van DNA demethylatie van het fa-1 deletie breukpunt.
Demethylatie van gensegmenten is waarschijnlijk een voorwaarde voor recombinatie. De
tal-1 deleties kwamen uitsiuitend voor in T-ALL met compleet gedemethyleerde ta/-1
breukpunt gebieden. Toch kan demethylatie de differentiatielijnrestrictie van deze ta/1
deleties maar gedeeltealijk verklaren, omdat in T-ALL die niet behoorde tot de «f lineage en
bovendien compleet gedemethyleerde ta/-1 genen bevatten, toch geen fa/-1 deleties
voorkwamen. Dit feit en de associatie tussen TcR-8 gendeletio en tal-1 deletie, leidde tot
de postulatie dat er een specifiek TcR-0 deletie complex bestaat.

Concluderend kunnen we stellen dat het onderzoek zoals beschreven in dit proefschyift
esn nisuwe dimensie heeft toegevoegd aan de reeds bekende T-cel differentiatie schema’s
welke gebaseerd zijn op fenotypische kenmerken. Deze dimensie is het verandersnde
genotype van de thymocyt gedurends de differentiatie. In het algemeen lijkt het TcR-a/é
locus een betrouwbare en bruikbare marker voor T-cel differentiatie (Hoofdstuk 5), in het
bijzonder voor het vaststellen van de keuze tussen de TeR-aff en de TeR-vé differentiatielijn.
Ons onderzoek suggereert ook dat er speciale plaatsen in het DNA voorkomen die betrokken
zijn bij de regulatie van TcR genherschikkingen. ldentificatie van deze regulatoire elementen
en de bijbehorende DNA bindende eiwitten zullen de toekomstige doelen zijn in T-cel
differentiatieonderzoek.
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