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Abstract

We have identified a novel gene, GR6, located Within the leukemia
breakpoint region of 3q21, that is normally expressed in early fetal
development but not in adult peripheral blood. CR6 is activated in the
UCSD-AML1 cell line and in a leukemic sample, both of which carry a
t(3;3)(q21;q26). In UCSD-AML1, we have also identified fusion tran
scripts between the ecotropic viral insertion site I (EVIl) gene In 3q26 and
GR6 and between EVIl and Rlbophorin I that maps 30 kb telomeric to
GR6 in 3q21. All fusions splice the 5' ends of the 3q21 genes Into exon 2
of the EVil gene, an event that is similar to the normal intergenic splicing
of MDS1-EVI1 and to those previously documented in leukemias with
t(3;21) and t(3;12), in which acute myelogenous leukemia 1-EVIl fusions
and ETV6-EVI1 fusions, respectively, occur. The Ribophorin I-EVIl
fusion in particular may be a common occurrence in t(3;3).

Introduction

The involvement of 3q21 and 3q26 in rearrangements in leukemia
is well established (I). Translocations, inversions, and deletions in and
between 3q21 and 3q26 are seen in 4â€”6%of AMLs3 and also in some
chronic myelogenous leukemias, therapy-related leukemias, and
MDSs. In many of these cases, the zinc finger transcription factor, the
EVIl gene, which maps to 3q26, has been shown to be aberrantly
activated (2â€”5).Breakpoints within 3q26 that can effect this activation
have been mapped over large regions, up to several hundred kb either
5' or 3' to EVIl. Regulation of expression of the EVIl gene appears
complicated. In normal tissues, EVIl and a gene of unknown function,
MDSJ, located 170â€”300kb upstream, have been shown to exist both
as separate transcripts and as spliced products, where the 5' end of
MDSI is spliced into exon 2 of EVIl (6). Because exon 2 of EVIl is
otherwise not translated, this intergenic splicing produces a radically
different 5' protein sequence. The complexities of the MDSJ/E Vii
gene organization and regulation in 3q26 have not been reported for
other human genes.

In contrast to 3q26, the precise role of sequences in 3q21 is less
well described. Breakpoints here are clustered; the 10 that have been
mapped are located within a segment no more than 30 kb in size (7â€”9).
The RBPHI gene maps 20 kb telomeric to this region, an observation
that has led to the hypothesis that an associated enhancer is respon
sible for the activation of EVIl (7). However, several additional
transcriptional units have been described within an 80-kb segment,
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immediately proximal to RBPHJ and spanning the breakpoint region
(9). These putative genes are novel, of unknown function, and gen
erally expressed at low levels in normal tissues. The density of genes
and the dispersion of breakpoints suggests that leukemia rearrange
ments may make a number of different transcriptional alterations
possible. Here, we describe several of these alterations in t(3;3)(q21;
q26), seen in the leukemia-derived cell line, UCSD-AML1 (10), and
in a leukemia sample.

A novel gene, GR6, within 3q21, has been characterized and shown
to be normally expressed in early fetus but not in adult lymphocytes
or lymphoblastoid cells. GR6 is, however, activated in the leukemia
derived cell line, UCSD-AML1, and in the one additional leukemic
sample tested. In addition, GR6 and RBPH1 separately participate in
intergenic splicing events with the EVii gene in the UCSD-AML1
cell line. From information on the locations of other leukemic break
points in 3q21, the occurrence of at least the RBPH 1-EVIl-spliced
product may be a common event in t(3;3)(q2l;q26).

Materials and Methods

Cell Lines. The leukemia-derivedUCSD-AML1 cell line, carryingt(3;
3)(q21 ;q26), has been described previously (10). The lymphoblastoid cell line

CGM-l (received from M. V. Olsen, Universityof Washington,Seattle) was
used as a normal control. Cells were grown in RPM! 1640 with 15% fetal
bovine serum. For the UCSD-AML1 cell line, 100 units/mI granulocyte
macrophage colony-stimulating factor was added to the medium.

Sequence Analysis. Sequencing within the 3q21 breakpoint region has
been described (9). Twenty-five kb of sequence, spanning 12 kb telomeric to
the UCSD-AML1 breakpoint to 13 kb centromeric, has been submitted to the
GenBank database (accession no. AF008191). In this sequence, Grail analysis
(11) predicted exons at nucleotides 7,716â€”7,797,8,573â€”8,744,and 10,246â€”
10,368, and the GR6 gene was determined to extend from nucleotide 6,404 to
10,488. For brevity, Fig. lc gives the nucleotide/amino acid sequence of only
the GR6 exons. Table 1 lists the names, sequences, and nucleotide numbers
(from the GR6 exon sequences in Fig. lc) of the primers used in RACE and
RT-PCR experiments used to determine the structure of GR6.

RNA Isolation. Total RNA was isolated from 2 X b0@-b0X 108cells, from
7â€”8-weekwhole fetuses and from adult lymphocytes by standard guanidine
thiocyanate procedures (12). Poly(A)+ RNA was isolated from 0.2â€”1.0 mg of

total RNA using Mini-Oligo(dT) Cellulose Spin Columns (5 Prime â€”@3
Prime). RNA quality was checked on 0.8% agarose denaturing gels (13).
Poly(A)+ RNA for sample no. 32 was prepared from a leukemic sample
carrying t(3;3)(q21 ;q26).4 Northern blots containing 2 @gof poly(A)+ RNA

were prepared from whole fetus, adult lymphocytes, and cell lines. Additional
Northern blots containing RNA from adult tissues, 18â€”24-weekfetal tissues,
and cancer cell lines were purchased from Clontech.

RT-PCR. Five @tgof totalRNA were treatedwith DNase I (amplification
grade; Life Technologies, Inc.) following the manufacturer's directions. DNase
I-treated RNA was used in reverse transcription reactions as follows: 10 tiM
each dNTP, 100 pmol of random hexamers, RNA, and 200 units Moloney
murineleukemiavirus reversetranscriptase(Life Technologies, Inc.) in total

4 S. Schninger, C. Dannenberg, A. Jassemien, K. Gardiner, Y. Pekarsky, and C.

Fonatsch, Molecular analysis of breakpoints in 3q21 and 3q26 in patients with leukemia,
manuscript in preparation.
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FUSION TRANSCRIPTS WITh EVIl IN LEUKEMIA
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Fig. 1. Structure of the GR6 gene. a, location
and orientation of the GR6 gene in 3q21, relative

to the breakpoint in the leukemia-derived cell
line UCSD-AML1 (10) and to the previously

describednovelgenesGR2,P2, and181(9)and
the RBPHI gene, located telomeric to the NotI
site (7). Notethat GR6,P2, andRBPHIare all
transcribed in the telomere-to-centromere dime
tim. b, enlargement of the GR6 gene structure,
showing exons 1-4 and the observed alternative

splicingproducts.c, sequenceof theGR6exons.
Boundaries of the exons are Indicated above the
nucleotide sequence. The amino acid sequence
of theORFin exon4 is shownbelowthenude
otide sequence. a, the three amino acids spliced
into EVIl in I'll; as, the underlined amino acid
sequence is spliced into EVIl in ff2 and FF3;
*5*, 5tO@ codon. l'hc complete nucleotide se

quence, including introns, can be found in Gen
Bank database(accession no. AF008192). d, RT
PCR showingactivationof GR6 in leukemia.
Lane 1, normal lymphocytes; Lane 2, UCSD
AML1 cell line [with t(3;3)]; Lane 3, CGM-l
lymphoblastoid cell line; Lane 4, 7â€”8-week fe
nis; Lane 5, leukemic sample 32 [with t(3;3);

Ref. 191.GR6included30 cyclesof amplifies
tion; actin with 17 cycles of amplification is
shown for comparison. +, reactions with reverse
transcriptase; â€”,without reverse transcriptase.
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TableI Primersused in the detennination of the GR6 gene structure and in the identiflcation offusiontranscriptsProduct

sizeProductPrimerPrimer(bp)ProcedurePrimer(s)
(5' to 3')nucleotidenot.namelocation800RACEGCATTGTTCTGGGCTCATGGCC138-272

809â€”1477SACI5DNExon
10600RACECCACCTGATCACAACTTTCTAA1488-2091SACI3DN2Exon

4450RACETTCAGCACCTGTTATGCACCAG2086-2542â€¢SAC13DN4Exon
4250RACECCAGCCCTCTTGACCTGGCCA2535-2696SACI3DN5Exon

41000RACEAGAGCCCCAGAGCACGGCAGT430-1470SAC23YNExon
3600RT-PCRAGAGCCCCAGAGCACGGCAGT

GCTCGTGCTGGAAACCAGCTCA430-1027SAC23YN GR6AbExon
3

Exon4300RT-PCRAGAGCCCCAGAGCACGGCAGT

GCTCGTGCTGGAAACCAGCTCA430-502 809- 1027SAC23YN GR6AbExon
3

Exon4350RT-PCRGCATTGTTCTGGGCTCATGGCC138-496SACI5DNExon
1280RT-PCRAGCTCCATGGCCACAGGGATG

CTGGGAGCCTTCACTCTGCCCA
GCTCGTCGTGGAAACCAGCTCA21

1-272
809-1027SAC23XN

GR6Bb
GR6AbExon

3
Exon I
Exon4510RT-PCRGAAATCGTGCGTGACATTAAG

AAGCATTTGCGGTGGACGATGGACA ACBActin
eDNA

ActineDNA320RT-PCRTGCGGTGTGCGAAGCTCGCATTG

GCAATGTCTGCAACTACTCTASACI5D' EVIKExon
1

EVIl exon3580RT-PCRTGGTTTCCAGCACGAGCCTGGR6ARCExon
4670GCAATGTCTGCAACTACTCTAEVIKEVIl

exon3320RT-PCRGCAATGTCTGCAACTACTCTA

ACGTGAAGCGCACAGTGGACEVIK RKEVil
exon 3

RBPHI exon 1

FUSION TRAN5CRIPTSWITh EVIl IN LEUKEMIA

(S Exons 1â€”4 refer to the GR6 gene.

b GR6 primers GR6A and GR6B were used in the RT-PCR experiments shown in Fig. Id.
C GR6 primers SAC15D and GR6AR were used with the EVIl primer EVIK in the RT-PCR experiments of Fig. 2a.

volume of 20 @.tlwere incubated at 42Â°Cfor 1 h; following addition of 10 @g
of RNase A, the reaction was incubated at 37Â°Cfor 30 mm. One @.dof the
reverse transcription reaction was used in each PCR. PCR was carried out
under standard conditions (14) using 20 pmol of each gene-specific primer and
the following cycling conditions: 95Â°Cfor 1mm, 55Â°Cfor 1mm, and 72Â°Cfor
2 mm for 30 cycles for all primer pairs, except those for actin, for which only
17 cycles were used. All primer sequences are listed in Table 1. For amplifi

cation of actin, primers were ACA and ACB; for GR6, GR6A and GR6B; for
exons 1 and 4 of GR6, GR6D and GR6AR; for exon I ofRBPHI, RK; and for
exon 3 of EVIl, EVIK. RT-PCRfor the detection of fusion transcriptswas
performed using primer pairs SAC1SD and EVIK, GR6AR and EVIK, and RK

and EVIK. Products were separated on a 2% agarose gel, transferred to
HybondN+, and hybridizedwith the appropriateprobe.

Cloning ofGR6-EVI1 and RBPH1 Fusion Transcripts. PCR products of
320 bp with EVIK and SAC15D primers, 580- and 670-bp products with
GR6ARandEVIKprimers,anda 320-bpproductwith EVIKandRK primers
were gel-purified and cloned into the pCR2.l vector using the TA cloning kit
(Invitrogen) following the manufacturer's directions. Sequencing was per
formed using Applied Biosystems model 373A automated DNA sequencer
using dye terminator reactions.

RACE. Oligo(dT)-primed double-stranded eDNA was synthesized using
procedures and reagents from the Marathon RACE eDNA amplification kit
(Clontech). Purified cDNA was ligated to Marathon adapters (Clontech). 3'
and 5 â€R̃ACE products were generated by long PCR using various gene
specific primers, as shown in Table 1, and the AP1 Marathon primer. To

increase the specificity of the procedure, the second PCR was carried out using
nested gene-specific primers and the AP2 Marathon primer. PCRs used the
Expandlong-templatePCRsystem (BoehringerMannheim)with 30 cycles of
94Â°Cfor 30 5, 60Â°Cfor 30 s, and 68Â°Cfor 4 mm. RACE productswere
electrophoresed, identified by hybridization, and cloned as above.

Results

Characterization of the GR6 Gene. A previous report described
gene identification within an 80-kb segment of 3q21, spanning a
number of leukemia breakpoints (9). As part of this work, a 25-kb
segment surrounding the breakpoint from the leukemia-derived cell
line UCSD-AML1 was completely sequenced. Analysis of this Se
quence using the GRAIL exon identification software predicted three
exons, located approximately I kb telomeric to the UCSD-AML
breakpoint (Fig. I). Sequences of the predicted exons were used to
design primers for RACE and RT-PCR experiments (described be
low). Comparisons of these results with the genomic sequence deter

mined exact exon boundaries and the complete structure of the gene,
which we have called GR6. GR6 is composed of 4 exons (Fig. lb):
exon 1, of undetermined length (RACE has not been extended further
5'); andexons2â€”4,of 121 bp, 109 bp, and 1.6 kb, respectively.
Cloning and sequencing of the following RT-PCR and RACE prod
ucts determined this structure: (a) an 800-bp RACE product contained
part of exon 1, spliced directly to exon 4; (b) three consecutive 3'
RACE products of 600, 450, and 250 bp connected the 3' end of the
800-bp RACE product with the poly(A) tail of the gene. The 250-bp
RACE product contained a 30-nucleotide poly(A) tail that was not
encoded by the genomic sequence; (c) a 1.0-kb RACE product and a
600-bp RT-PCR product contained part of exon 3, the entire exon 3a,
and part of exon 4; (â€˜0a 300-bp RT-PCR product contained part of
exon 3, spliced directly to exon 4; and (e) a 350-bp RT-PCR product
contained part of exon 1, the entire exon 2, plus part of exon 3.

Together, these data suggest the existence of several alternatively
spliced GR6 mRNAs (Fig. 1, b and c): an mRNA in which exon 1 is
spliced directly to exon 4; an mRNA in which exons 3 and 4 are
connected through exon 3a; and either an mRNA in which exons 1â€”4
are spliced in sequence or two mRNAs, one in which exons 1â€”3are
spliced in sequence and one in which exons 3 and 4 are spliced in
sequence (these last two mRNAs cannot be distinguished in the
experiments described here). All splice sites conform to the consensus
OT/AG. The RT-PCRproductfor thefirsttranscript(in whichexon
1 of GR6 is spliced directly into exon 4) was always much more
intense than the other two (data not shown), suggesting that this is the
major normal GR6 transcript. This is consistent with the identification
by RACE of only this transcript (the other two were identified by
RT-PCR).

Exon 4 contains a 450-bp ORF, with the initiation methionine at
nucleotide 968 (Fig. lc). No homologies to known genes, expressed
sequence tags, or other sequences were found in Blast searches with
the GR6 transcripts, with the exception of a 50-bp Alu segment within
exon 2. All hybridizations to Northern blots containing 2 ,tg of
poly(A)+ RNA from a variety of fetal and adult tissues and several
cancer cell lines and using RACE and RT-PCR products as probes
were negative.

Normal GR6 Expression and Activation in Leukemia. The neg
ative Northern results suggested GR6 may be expressed only at low
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FUSION TRANSCRIPTS WITh EVIl IN LEUKEMIA

@6OObp

TELFig. 2. Intergenic fusions of GR6 and RBPH1
with EVIl. a, RT-PCR identifying the intergenic
transcripts. Lane 1, primers GR6D and EVIK pro
ducing FF1; Lane 2, primers GR6AR and EVIK,
producing upper band, FF2, and lower band, ff3;
Lane 3, primers RBPH1 RK and EVIK producing
Ff4. +, with reverse transcriptase; â€”, without re
verse transcriptase. b, positions and orientations of
GR6, P2, and RBPHJ relative to EVIl in the der
3q+ chromosome of the t(3;3) in the UCSD
AML1 cell line are shown. RBPHI is composed of
10 exons(20);only exon one is indicatedsepa
rately. The four exons of GR6 are indicated. Only
exons 1â€”3of EVIl are shown.N, segmentsof
exons2 and3 thatare not translatedin the EVIl
alone protein. The novel exon X is located in 3q26.
5' to the EVIl gene. The four intergenic transcripts
are indicated. c, amino acid sequences of IT1-IT4
fusions. Italicized letters, GR6 sequences in IT 1-

ID; underlinedletters,exonX sequencein FF3.
FF4 is the RBPHI fusion transcript. Boldface let
ters, translation of EVIl exons 2 and 3 common to
IT1-1T4; underlined@ italicized letters, continuation
of the remainderof the EVIl sequence.

.â€˜@ @- .@

GR6 P2 RBPHIEVIlb

3 2 1

IT1

1T2 MASPVPTMCQDSAVPLWAFPH 50
1T3 @SPVPTMCQDSAVPLWAFPHPSLPDIKLRFPAVFLEAVGKSGDSHRASE
1T4 MEAPAAGLFLLLLLGTWAPAPGSASSEAPPLINEDVKRTVDLSSH

C
IT1 MTQILDEFYNV 100
1T2 PSLPDIKLRFPAVFLEAVGKSGDSHRASEQLCFQLFSMTQSWILDEFYNV
1T3 QLCFQLFSMTQSWVCPYPLNSELLAOGICKYPGOTPFDGSVKILDEFYNV
1T4 LAKVTAEVVLAHLGGGSTSRATSFLLALEPELE.ARLAHLGVQILDEFYNV

KFCIDASQPDVGSWLKYIRFAGCYDQHNLVACQINDQIFYRVVADIAPG 150

KFCIDASQPDVGSWLKYIRFAGCYDQHNLVACQINDQIFYRVVADIAPG

KFCIDASQPDVGSWLKYIRFAGCYDQHNLVACQINDQIFYRVVADIAPG

KFCIDASQPDVGSWLKYIRFAGCYDQHNLVACQINDQIFYRVVADIAPG

EELLLFMKSEDYPHETMAPDIHEEROYRCEDCDOLFESICAELADHOKFPC 200

EELLLF continued with the IT1 sequence

EELLLF continued with the IT1 sequence

EELLLF continued with the IT1 sequence

STPHSAFSMVEEDFOOK continued with the EVIl sequence (11)

analysis. Similar results were obtained with patient material that

showed a t(3;3)(q2l;q26) (sample no. 32; Lane 5). These data indicate
that breakpoints outside the GR6 gene, i.e., the UCSD-AML1 break
point is 3' to GR6 and the sample no. 32 breakpoint is 5' (see
Discussion and Fig. 3), can both effect aberrant activation of GR6.
This observation is similar to that with breakpoints surrounding the
EVIl gene in 3q26.

Identification of GR6-EVI1 and RBPH1-EVI1 Fusion Tran
scripts in the UCSD-AML1 Cell Line. Fusion transcripts involving
the EVii gene have been reported in cases of t(3;2l)(q26;q22) (15)
and t(3;12)(q26;p13) (16). Fusions have most frequently involved
splicing into exon 2 of EVil. Fig. 2b shows that the positions and

3917

levels. RT-PCR analysis was used to explore this possibility (Fig. 14
RT-PCR using GR6A and GR6B primers (within exons 1 and 4,
respectively) was weak in normal lymphocytes and negative in a
lymphoblastoid cell line (Lanes 1 and 3). Results were similar with
other cell lines, including both normal and tumor-derived cell lines
lacking 3q21 rearrangements (data not shown). However, normal
human 7â€”8-weekembryo showed strong levels of GR6 product (Lane
4). This is the only evidence of GR6 expression in material carrying
a normal 3q21 region that we have found. GR6 is also expressed in the
UCSD-AML1 leukemia cell line (Lane 2), in which the 3q21 break
point lies approximately I kb 3' to GR6. In neither fetal tissues nor the
UCSD-AML1 cell line is GR6 expression detectable by Northern
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Fig. 3. Positions and orientations of 3q21 and
3q26 genes relative to breakpoints in t(3;3), t( I;3),
and inv(3). Genes in 3q21 include 1D4. GR6, 2C12
(GR2), P2, and RBPHJ. FlO and Ap4 are previ
ously described NotI-linking clones (8). EVIl,
MDSI, and the gene encoding EIA-associated pro
tein in 3q26 have been described (6, 15). (MDS),
uncertainty in the placement of the MDSJ gene
relative to the breakpoint. Breakpoints have been
describedpreviously(7â€”9,l9).@

1. t(3:3)
UCSD-AML1

2.t(3;3)
GM11749
RTI

3.t(3;3)
UB2/#32

4.t(3;3) _____ ________ _______
JD

5.t(1;3)
MA,
#34

FlO < GR6 RBP@ P2 > @C12
6.inv(3) I 1D4 I@
3 cases

. FlO â€˜@3R6 2C12 ><P2 @,RBPI-@â€•@ 7.inv(3) i 104
lease

I

locations of GR6, a previously described novel gene, P2 (9), and
RBPHJ (10) in 3q21 have the same orientation as the EVIl gene in
3q26 in the UCSD-AML cell line. This suggests that GR6, P2, and
RBPHI could, in principle, participate in forming intergenic fusion
transcripts with EVIl . To explore this possibility, RT-PCR was car
ried out between exon 3 of the EVIl gene and various exons of GR6
and RBPHI and segments of the P2 gene (Fig. 2a). Three different
intergenic transcripts between EVIl and GR6 and one intergenic
transcript between EVIl and RBPHI were identified:

(a) ITl fuses exon 1 of the GR6 gene with exon 2 of the EVIl gene.
The ORF of this transcript includes 3 amino acids (including methi
onine) of exon I of the GR6 gene, 63 amino acids of exons 2 and 3
of the EVil gene (in normal EVIl transcripts this region is not
translated; Ref. 5), and 1051 amino acids of the normal EVIl protein.

(b) IT2 fuses exon 4 of the GR6 gene with exon 2 of the EVil gene.
An ORF of this transcript includes 63 amino acids of exon 4 of the
GR6 gene (includingmethionine)and the same 1104aminoacidsof
the EVil gene as IT1 . The 63 amino acids from the GR6 gene in this
transcript are encoded by an ORF different from the major GR6 ORF.
This smaller ORF is 200 bp in size (Fig. lc).

(c) ff3 also fuses exon 4 of the GR6 gene with exon 2 of the EVil
gene. But in this case, an 87-bp exon X is located between these two
exons. The ORF of the fF3 is the same as the ORF of the ff2, with
the addition of 29 amino acids encoded by exon X. Exon X has been
localized to 3q26 by analysis of a chromosome 3 hybrid mapping
panel (Ref. 8; data not shown); it is not part of the published sequence
of the EVil cDNA (17), and it shows no homology to any GenBank
sequences in Blast searches.

(d) 1T4 fuses inframe exon I of RBPH1 to exon 2 of EVil. The
ORF of FF4 contains 87 NH2-terminal amino acids of RBPH1 fused
to the same 1104 amino acids of EVIl.

The predicted protein sequences of all four fusion proteins are
shown in Fig. 2c.

Summary. Because of the complexity of these data, some addi
tional details are worth summarizing. No intergenic fusion transcripts
involving P2 or any other exons of GR6 or RBPHI were found, and

RBPHI-GR6-EVII tandem fusions were not seen. Limited patient
material precluded testing of sample no. 32 for any fusion transcripts.
In fusion transcripts 1T2 and IT3, it is assumed that the transcription
start site is similar to that for ITI, i.e., including the normal exon 1 of
GR6. This has not been determined; what has been described is the
start of an ORF. 5' RACE from EVIl cannot help in these determi
nations because of the high levels of activated expression of the
(apparently) normal EVIl transcript (2). In summary, in the UCSD
AML 1 cell line, three types of relevant transcripts are seen: normal
EVIl transcripts produced by breakpoint activation; normal GR6
transcripts similarly produced by breakpoint activation; and fusion
transcripts between GR6 and EVIl and between RBPHI and EVIl.

Discussion

We have identified a novel gene, GR6, mapping within the leuke
mia breakpoint region of 3q21, a band frequently associated with
t(3;3), inv(3), and del(3q2l) in AML, chronic myelogenous leukemia,

and MDS. The GR6 gene is composed of four exons, with an ORF of
150 amino acids located within exon 4. It is transcribed telomere to
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centromere, and its 3' end lies 1 kb from the 3q21 breakpoint in the
t(3;3)(q2l;q26) seen in the leukemia-derived cell line, UCSD-AML1.

The putative GR6 protein shows no homology with any proteins in the
databases searched with Blast. Negative Northern results with adult
and 18â€”24-weekfetal tissues suggest that GR6 expression is, at best,
low in normal tissues. GR6 does, however, show clear expression by
RT-PCR in whole 7â€”8-weekfetus, suggesting potential fetal speci
ficity. Most interestingly, it is negative by RT-PCR in fresh adult

lymphocytes but clearly expressed in the UCSD-AML1 leukemic cell
line and in the one leukemic sample available for testing.

The locations and orientations of the GR6 gene, the P2 gene, and the
RBPHJ gene in 3q21, relative to the location and orientation of the EVil
gene in 3q26 in the UCSD-AML1 cell line, suggested the possibility of
fusion transcripts. These were verified between GR6 and EVIl and
between RBPH1 and EVIl. In each ofthe fusions, additional amino acids
and a novel transcription start site are spliced into exon 2 of EVIl. The
additional amino acids number 3, 63, and 92 from the GR6 fusions and
87 from the RBPH1 fusion. Exon 2 and the 5' end of exon 3 of EVIl are
not translated in the EVIl protein; the novel start sites, thus, also add 63
amino acids of EVIl sequence to the translations.

Splicing into exon 2 of the EVil gene is a normal event observed in
pancreas and kidney, involving the 3q26 upstream MDSI gene (6). It is
believed that this normal mtergenic splicing serves to alter the transacti
vating properties of the EVIl transcription factor, thus altering regulation
of downstream genes (18). Abnormal EVIl exon 2 splicing events have
also been observed in leukemia rearrangements involving t(3;21)(q26;
q22) (15), in which the chromosome 21 breakpoint occurs in intron 6 of
the AML1 gene. In this case, the 5' end of the AMLJ gene is then fused
either with exon 2 of EVIl directly or through MDSJ or the gene
encoding E1A-associated protein, both upstream of EVIl. Similar aber
rant EVil exon 2 splicing has also been observed in t(3;12)(q26;p13)
(16), in which the chromosome 12 breakpoint occurs within the ETV6
gene. In a fashion analogous to the t(3;21), the first two exons of F2V6
are spliced to EVil or MDS1-EVi1. Thus, there are several examples of
leukemia-associated rearrangements giving rise to potential translation of
EVil exons 2 and 3, suggesting that this may be a critical element in cases
with EVIl activation.

A novel feature of the 3q21-EVI1 splicing observed here is that the
3q21 breakpoint occurs downstream of the 3 â€ẽnd of each of the genes

that provide the 5' ends of the fusion products. Thus, it is not the more
commonly observed scenario of fusion transcripts produced when a
translocation has interrupted a gene. It will be of interest to determine
the sequences in 3q21 that promote these intergenic splicing events.

Unresolved is the role that the fusion protein products may play in
leukemia. These may include the inappropriate activation of EVIl and
the inappropriate function of the EVIl protein. This latter, at least, is
strongly suggested by the analysis of normal EVIl and MDS 1/EVIl
function (18). Normal EVIl protein is a repressor of promoters
containing the AGATA motif, whereas normal MDS1/EVI1 is a
strong activator. In addition, the activation function of MDS 1/EVIl
protein is contained within the segment encoded by EVil exons 2 and
3. Thus, the GR6-EVI1 and RBPH1-EVI1 fusions not only cause
expression of EVIl inappropriately but also potentially produce pro
teins with EVIl transcriptional activator properties.

A second point of interest involves the frequency of these fusion
products in leukemias with rearrangements affecting 3q21 and 3q26. Fig.
3 shows the breakpoint locations relative to the GR6, RBPHJ, and EVIl
genes for a number of cases in which detailed mapping information is
available. Several features are noteworthy. First, for all cases of t(3;
3)(q21 ;q26), RBPH1-EVI1 fusion can occur. In the cases of t(l ;3),
RBPH1 is also correctly positioned and oriented for producing a fusion
product with a gene from chromosome 1. In contrast, considering all
t(3;3), it is possible for the GR6-EVI1 fusion to occur only in the

UCSD-AML1 example, and GR6 is also oriented incorrectly in both
t(l ;3). Thus, it may be postulated the fusion of RBPHI is the critical
event in leukemias with t(3;3). The production of additional fusion
products may affect some aspects of the leukemia phenotype.

Even RBPH1 fusions, however, are unlikely to be the entire story
for 3q2 1 rearrangements in leukemia. In cases of inv(3), RBPH I is
transcribed in the opposite orientation relative to the breakpoints and

EVIl transcription. In these cases, the fusion partners may still be one
of several novel transcripts described previously (9) or yet to be
discovered in 3q21.
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