»W

oo,

10
11

12.
13.
14.
15.
16.
17.
18.
19.
21.

22.

23.

24,

25.
26.

27.

28.

29.

30.

31.

. C. P. Picard et al., Immunology 57, 19 (1986).

. M. Budisavljevic et al., J. Immunol. 140, 3059
(1988).

. S. Tonegawa, Nature 302, 575 (1983).

. E. E. Max, J. G. Seidman, P. Leder, Proc. Natl.
Acad. Sci. U.S.A. 76, 3450 (1979).

. H. Sakano, K. Huppi, G. Heinrich, S. Tonegawa,
Nature 280, 603 (1979).

. T. N. Marion, D. M. Tillman, J. Nainn-Tsyr, J.
Immunol. 145, 2322 (1990).

. J. L. Claflin, J. Berry, D. Flaherty, W. Dunnick, ibid.
138, 3060 (1987).

. R. Kofler, ibid. 140, 4031 (1988).

. N. M. Gough and O. Bernard, Proc. Natl. Acad.

Sci. U.S.A. 78, 509 (1981).

H. Sakano, Y. Kurosawa, M. Weigert, S. Tone-

gawa, Nature 290, 562 (1981).

Y. Kurosawa et al., ibid., p. 565.

S. V. Desiderio et al., ibid. 311, 752 (1984).

T. J. Mitchell and T. M. Reilly, Pept. Res. 3, 277

(1990).

K. C. Garcia et al., J. Biol. Chem. 264, 20463

(1989).

K. C. Garcia, P. M. Ronco, P. J. Verroust, A. T.

Brunger, L. M. Amzel, Science 257, 502 (1992).

K. C. Garcia and L. M. Amzel, unpublished data.

C. Chothia et al., Nature 342, 877 (1989).

. 1. S. Mian, A. R. Bradwell, A. J. Olson, J. Mol. Biol.

217, 133 (1991).

A. Nisonoff and E. Lamoyi, Clin. Immunol. Immu-

nopathol. 21, 397 (1981).

R. Jemmerson, Proc. Natl. Acad. Sci. U.S.A. 84,

9180 (1987); and Y. Paterson, Science

232, 1001 (1986).

D. R. Davies, E. A. Padlan, S. Sheriff, Annu. Rev.

Biochem. 59, 439 (1990); A. G. Amit, R. A. Mari-

uzza, S. E. V. Phillips, R. J. Poljak, Science 233,

747 (1986).

F. Pontillon, P. Moullier, P. M. Ronco, P. J. Ver-

roust, J. Immunol. 140, 3052 (1988).

H. Cosenza, Eur. J. Immunol. 6, 114 (1976).

The 131 hybridoma (4) secretes an All-reactive,

Ab3 MADb (y1, k); the Ab1 hybridomas 110 and

133 (3) (both y1,k) were generated against key-

hole limpet hemocyanin (KLH)-coupled All. Both

were obtained by fusion of immune BALB/c

spleen cells to the nonsecreting myeloma line

NS-1. Immunoglobulin class and subclass were

determined by Ouchterlony analysis of superna-

tants with commercial antibodies (Bionetics,

Kensington, MD). Total RNA was prepared from 5

% 108 hybridoma cells by the guanidinum isothio-

cyanate—CsCl method (27) or by organic extrac-

tion (28). Polyadenylated RNA was purified by

oligo(dT) cellulose chromatography (29). Minus-

strand cDNA synthesis was carried out with Mo-

MLV reverse transcriptase as described (30);

primers were random hexanucleotides or the oli-

gonucleotides V,,1FOR and V,1FOR (37), modi-

fied to include Not | restriction sites. Amplification

of V region sequences was carried out in a 20-pl

reaction mixture containing 50 ng of the cDNA-

RNA hybrid, 25 pmol of 3’ (V,1FOR or V 1FOR)

and 5’ (V,;1BACK or V(1BACK) primers, 200 pM

each deoxynucleotide-5'-triphosphate, 67 mM

tris-Cl (pH 8.8), 10 mM MgCl,, and 2 units of Taq

polymerase (Cetus). Light chain sequences were

amplified in 30 cycles of 1 min at 95°C, 1 min at

30°C, and 2 min at 72°C. Heavy chain sequences

were amplified in 30 cycles of 1 min at 95°C, 1 min

at 30°C, and 2 min at 55°C. Amplified DNA was

ligated into pBluescript (Stratagene) and nucleo-

tide sequences were determined by the dideoxy-

nucleotide chain termination method (32) with

Sequenase (USB). The products of three inde-

pendent amplification reactions were sequenced

for each chain.

A. E. Chirgwin, R. J. Przbyla, M. M. MacDonald,

W. J. Rutter, Biochemistry 24, 5294 (1979).

P. Chomczynski and N. Sacchi, Anal. Biochem.

162, 156 (1987).

H. Aviv and P. Leder, Proc. Natl. Acad. Sci. U.S.A.

69, 1408 (1972).

U. Gubler and B. J. Hoffman, Gene 25, 263

(1983).

R. Orlandi, D. H. Gussow, P. T. Jones, G. Winter,

Proc. Natl. Acad. Sci. U.S.A. 86, 3833 (1989).

32. F. Sanger, S. Nicklen, A. R. Coulson, ibid. 74,
5463 (1977).

33. Abbreviations for the amino acid residues are:
A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H,
His; I, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro;
Q, GIn; R, Arg; S, Ser; T, Thr; V, Val, W, Trp; and
Y, Tyr.

34. E. A Kabat, T. T. Wu, M. Reid-Miller, H. M. Perry,
K. S. Gottesman, Sequences of Proteins of Immu-
nological Interest (U.S. Department of Health and

REPORTS

Public Services, Washington, DC, ed. 4, 1987).

35. M. M. Barry and J. S. Lee, GenBank accession no.
M58456.

36. S. H. Clarke et al., J. Immunol. 144, 2795 (1990).

37. M. Marget et al., Gene 74, 335 (1988).

38. Supported by grants from the NIH (grant 6M
44692 to L.M.A) and the Howard Hughes Medical
Institute (S.V.D.). K.C.G. is a predoctoral fellow of
the IBRMA supported by an NSF grant.

30 March 1992; accepted 18 June 1992

Fusion of the Leucine Zipper Gene HLF to the E2A
Gene in Human Acute B-Lineage Leukemia

Toshiya Inaba, W. Mark Roberts, Linda H. Shapiro, Kent W. Jolly,
Susana C. Raimondi, Stephen D. Smith, A. Thomas Look*

A t(17;19) chromosomal translocation in early B-lineage acute leukemia was shown to
result in chimeric transcripts that contain sequences from the E2A basic helix-loop-helix
transcription factor gene on chromosome 19, fused to sequences from a previously un-
identified gene (HLF) on chromosome 17 that encodes a hepatic leukemia factor. The
chimeric protein consisted of the amino-terminal transactivation domain of E2A linked to
the carboxyl-terminal basic region-leucine zipper domain of HLF. HLF was normally ex-
pressed in liver and kidney, but not in lymphoid cells, and was found to be closely related
to the leucine zipper—containing transcription factors DBP (albumin D-box binding protein)
and TEF (thyrotroph embryonic factor), which regulate developmental stage—specific gene

expression.

Molecular analysis of chromosomal trans-
locations in human leukemic cells has led
to the identification of new cellular proto-
oncogenes that contribute to leukemo-
genesis (1). Genes encoding transcription
factors that regulate cell growth and dif-
ferentiation are frequent targets for such
rearrangements (2). For example, the
chromosomal translocation t(1;19)(q23;p13)
in human pre-B cell acute lymphoblastic
leukemia (ALL) fuses a basic helix-loop-
helix (bHLH) gene (E2A or E12/E47) on
chromosome 19 with a homeobox-con-
taining gene (PBX1) on chromosome 1
(3). The protein product of the rearranged
locus retains the NH,-terminal activator
domain of E2A, but its DNA-binding
region is replaced by the homeobox do-
main of PBX1. Hybrid E2ZA-PBX1 proteins
are expressed in the nucleus and induce
malignant transformation when intro-
duced into murine fibroblasts (4).

Other nonrandom chromosomal trans-
locations occurring in leukemic cells at
band pl3 of chromosome 19 might also
involve the E2A gene. Using an E2A
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cDNA probe, we analyzed the DNAs of
t(17;19)(q22;p13)-positive leukemic lym-
phoblasts from two patients with early B
cell precursor ALL and disseminated intra-
vascular coagulation, which is rare in ALL
cases lacking this translocation (5).
Southern blot analysis revealed altered
E2A restriction fragments in each of these
patients, indicating rearrangement within
the gene (5).

We prepared a genomic library with
leukemic cell DNA from one of the pa-
tients (patient 1) and isolated two recom-
binant phages (LT1 and LT2) that con-
tained altered restriction fragments sur-
rounding the breakpoint within overlap-
ping inserts that spanned 17 kb of genomic
DNA (Fig. 1A). Probe A hybridized to
E2A restriction fragments from chromo-
some 19, while probe B hybridized to
human sequences in a mouse-human hy-
brid cell line that contained only human
chromosome 17. Nucleotide sequencing
revealed that E2A exons were oriented 5’
to 3’ relative to the breakpoint on chro-
mosome 19, which occurred in the same
intron of the E2A gene that contains the
breakpoints of the 1;19 chromosomal
translocation (6). Two cosmid clones,
cosmids 17 and 19, isolated from a library
prepared from unrearranged human DNA,
were mapped by in situ hybridization with
a fluorescent marker to chromosome bands
17q22 and 19p13, respectively (7).

We analyzed RNAs from a cell line
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(UOC-B1) that was established from the
leukemic cells of patient 1 and from sev-
eral leukemic cell lines that lacked this
translocation. When hybridized with an
E2A cDNA probe, UOC-B1 cells ex-
pressed two mRNAs of 4.4 and 4.8 kb, in
addition to the family of normal E2A
transcripts detected in the other cell lines
(Fig. 2A). The abnormal mRNAs were

also detected with a probe (designated C
in Fig. 1A) prepared from an evolution-
arily conserved genomic fragment located
near the breakpoint on chromosome 17
(Fig. 2C). Thus, the 17;19 translocation
resulted in transcripts comprising se-
quences from the E2A gene fused to se-
quences from an unidentified gene on
chromosome 17.

Fig. 1. (A) Restriction map
of genomic clones from the
chromosomal translocation
t(17;19) breakpoint re-
gions. Two recombinant
phage clones (LT1 and
LT2) were isolated with an
E2A cDNA probe from a
genomic library of leuke-
mic cells (patient 1) with a
t(17;19). The 17.3-kb LT2
insert contains all of the
sequences found in the
LTt insert. Sequences
within these clones were
derived from either human
chromosome 19 (shaded
box) or chromosome 17
(open box); an arrow indi-

A 1 1Ko
LT1
hrom someLT2 ' h
chromo chromosome
19 centromere « B BBX X SBX S BX B s ,—17 telomere
O 1o -
A E2AB C
) S SBX S BXB S
cosmid 17¢ . = - — - ooD
B BBXX
cosmid 19mmm h —
B E2A-HLF 300 bp
4460 bp AAAA
3920 bp -] Aaan
encodes 574 amino acids
C HLF i,
anisop— ff] AAAA
3570bp —{ AAAA

encodes 295 amino acids

cates the t(17;19) breakpoint. The black box under the restriction map outlines the chromosome 19
region, which contains three exons and hybridizes with the E2A cDNA probe. Open boxes A and B
show the positions of genomic restriction fragments that were used as probes to map sequences
on each side of the breakpoint to either human chromosome 17 (fragment B) or 19 (fragment A),
with a human-mouse somatic cell hybrid panel (78). A genomic Spe I-Eco RV subclone from the
region labeled C contains sequences that are conserved in mouse genomic DNA. Also shown are
restriction maps of cosmid clones 17 and 19, which were isolated from a human genomic library
with probes B and A, respectively. Sites of restriction for Xba | (X), Bgl Il (B), and Spe | (S) are
indicated. (B) The E2A-HLF fusion cDNA clones from the UOC-B1 cell line. The E2A coding
sequences are indicated (shaded box), followed by a joining region (thin stripes), and HLF coding
sequences, including the basic domain (wide stripes) and the leucine zipper domain (dotted box).
(C) The HLF cDNA clones from the HepG2 cell line.

Fig. 2. Northern (RNA) hy-
bridization analysis of hu-
man cell lines and tissues.
The RNAs (1 pg) were hy-
bridized with either (A) an
E2A cDNA probe or (C) a
conserved genomic re-
striction fragment from
chromosome 17 (labeled C
in Fig. 1A). Lane 1, the
UOC-B1 t(17;19)-positive
human B cell progenitor
ALL cell line; lanes 2 and 3,
the Molt-4 and 52801 hu-
man T cell leukemia cell
lines; lanes 4 to 6, the HL-
60, U937, and KG1-a hu-
man myeloid leukemia cell
lines; and lane 7, the 697
human pre-B leukemia cell
line, which has a t(1;19).
Separate Northern blots
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123 45867

were hybridized with (B) an HLF cDNA probe or (D) a B-actin probe. The results represent RNAs
from human liver (lane 1), human kidney (lane 2), the HepG2 hepatocarcinoma cell line (lane 3),
human spleen (lane 4), three separate EBV-induced human lymphoblastoid cell lines (lanes 5 to 7),
phytohemagglutinin-stimulated T lymphocytes (lane 8), and the HEL erythroleukemia cell line (lane
9). Positions of ribosomal RNAs (28S and 18S) and the sizes of the mRNAs detected with each

probe are shown.
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To characterize the newly recognized
fusion gene, we prepared a cDNA library
from polyadenylated RNA of the UOC-B1
cell line. Two classes of cDNA clones that
hybridized both to an E2ZA ¢DNA probe
and to genomic fragment C (Fig. 1B) were
identified. These corresponded to the chi-
meric 4.4- and 4.8-kb fusion mRNAs de-
tected with the same two probes in this
cell line (Fig. 2, A and C). The 5’ end of
these cDNA clones matched the 5’ end of
E2A cDNA clones (3, 8), whereas the 3’
ends arose from the unidentified gene on
chromosome 17. The two chimeric tran-
scripts differed only in their 3’ nontrans-
lated sequences. The predicted fusion pro-
tein contained the NH,-terminal end of
the E2A protein linked to a small open
reading frame contributed by the uniden-
tified gene on chromosome 17.

Analysis of a variety of human tissues
and cell lines with a probe that contained
the 3’ cDNA sequences identified mRNAs
of 3.5 kb and 4.0 kb in normal liver cells
and in a human hepatocarcinoma cell line
(HepG2); a single mRNA of 4.0 kb was
found in kidney (Fig. 2B). Transcripts were
not detected in normal spleen, B cell lym-
phoblastoid cell lines, phytohemagglutinin-
stimulated T lymphocytes, or leukemic cell
lines lacking a 17;19 translocation. Thus,
the gene does not appear to be normally
expressed in lymphoid cells. Because the
protein encoded by this gene is expressed by
hepatocytes, it has been named hepatic
leukemia factor (HLF).

To characterize normal HLF mRNA:s,
we screened a cDNA library from the
HepG2 cell line and isolated four indepen-
dent HLF clones, each of which contained
identical open reading frames and, as
shown for the fusion mRNAs, differed
only in their 3’ untranslated regions (Fig.
1C). Nucleotide sequencing of HLF
cDNA clones revealed a consensus initia-
tion codon (9) at nucleotide 325, which
initiated an open reading frame that en-
coded a polypeptide of 295 amino acids
(Fig. 3A) with a predicted molecular size
of 33.2 kD. In vitro transcription and
translation of the full-length cDNA yield-
ed a protein of about 43 kD (10). The
difference between the predicted and ob-
served molecular sizes of HLF proteins may
reflect the high proline content of this
molecule (11.4%), as observed for the
related proteins DBP and GCN4 (11, 12).

The predicted E2A-HLF fusion protein
in leukemic cells from patient 1 contained
574 amino acids, of which the NH,-
terminal 483 residues were contributed by
E2A (Fig. 3B). Comparison with pub-
lished E2A sequences (3, 8) revealed a
single amino acid substitution (Gly*! —
Ser®?!) resulting from two nucleic acid
substitutions in the corresponding codon



(GGC — AGT). The 71 COOH-terminal
amino acids were identical to those of HLF
and were preceded by a joining region of
20 amino acids not found in either of the
E2A or HLF products. Analysis of chimer-
ic transcripts from leukemic cells of pa-
tient 2 (I13) showed identical E2A and
HLF amino acids (Fig. 3B), separated by a
joining region of 29 amino acids, of which

To determine the origin of the joining
amino acids in these chimeric proteins, we
compared nucleotide sequences of genom-
ic subclones that contained the break-
points with sequences of the correspond-
ing genomic subclones that contained the
unrearranged loci from cosmids 17 and 19.
This comparison demonstrated that nu-
cleic acids in the joining regions of E2A-

HLF cDNA clones were derived from
genomic sequences surrounding the break-

only the first 7 were identical to those in
patient 1.

A HLF
MEKMSHPLPLNPTFIPPPYGVLHSLLENPLKLPLHHEDAFSKDKDKEKKLDDESNSPTVPQSAFLGPTLWDKTLPYDGDT 80

FOQLEYMDLEEFLSENGIPPSPSQHDHSPHPPGLQPASSAAPSVMDLSSRASAPLHPGIPSPNCMQSPIRPGQLLPANRNT 160

PSPIDPDTIQVPVGYEPDPADLALSSIPGQEMFDPRKRKFSEEELKPQPMIKKAHKVFIﬂDDLKDDKYWAHHHKNNMAAK 240

RSRDAHHLKENQhAIRASFLEKENSALRQEVADLHKELGKGKNILAKYEAHHGPL 295

B E2A-HLF
Patient 1

FTESHSSLSSSTFLGPGLGGKSGERGAYASFGRDAGVGGLTQAGFLSGELALNSPGPLSPSGMKGTSQYYPSYSGSSRAR 160

AADGSLDTQPKKVRKVPPGLPSSVYPPSSGEDYGRDATAYPSAKTPSSTYPAPFYVADGSLHPSAELWSPPGQAGFGPML 240

GGGSSPLPLPPGSGPVGSSGSSSTFGGLHQHERMGYQLHGAEVNGGLPSASSFSSAPGATYGGVSSHTPPVSGADSLLGS 320

400

-
IHVLARSHAVGTAGDMHTLLPGHGALASGFTSPMSLGGRHAGLVGGSHPEDGLAGSTSLMHNHAALPSQPGTLPDLSRPPD 480

SYSGQGISPQLGPLSTSIYLLTQDDKYWARRRKNNMAAKRSRDARRLKENQIAIRASFLEKENSALRQEVADLRKELGKC 560

KNILAKYEARHGPL 574

Patient 2
SYSGQGISPQPQRGRESILQRAASSLLPRRILDDKYWARRRKNNMA

C Genomic sequences of the breakpoint

Patient 1
Cos18: ..ttctatcactcctaggccagggcatctcaccgcagcggctctgcccccaggggacactgggtgatgtct
trrrrrrrrrrrrerrrrrrrrrrrrrrerrrrrnd
o2 .ttctatcactcctagGCCAGGGCATCTCACCGCAGCTTGGTCCCCTCTCCACCTCGATCTACTTGCTCA
L
Cos17: ...ctcgcgctttcagaagcacagacaagaaattcggccaacaaccattgcacacctgccctagcttgectca

Cos!®: ggggacatctacagttgtcagggctgaggggagctcctggcatggagtgggtggggggccagggatget. ..

Lre: CCCAGg

rrrrnd
Cosl7: cccagg

gcctcctccctcctacccagaagaattctggtaacatctattttgaa. . .
trrrrrrrrerrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrnd
gcctcctccctcctacccagaagaattctggtaacatctattttgaa

o —
o— o
o— o
®—
®—
D —
@ —-a
-
Q—-a
o— o
D -

Patient 2
Cos18: ttctatcactcctaggccagggcatctcaccgcagcggectctgeccccca
T T T T T I I A O A O O O I R R R A AR |
PCR: ttctatcactcctagGCCAGGGCATCTCACCGCAGCCACAACGCGGCAG
Cosl7: ...gacaagaaattcggccaacaaccattgcacacctgccctagcttgctca

Cos19: ggggacactgggtgagggtgatgtctggggacatctacagttgtcagggctgaggggagctcctggecat. ..

PCR: GGAATCAATTCTTCAAAGAGCAGCCTCCTCCCTCCTACCCAGAAGAATTCTGQtaaca(c(at(ltgaa,..

Lrrrrrrrrerrerrrrerrrrerrrerrrrrrrrerrrrrrerrrrrrrrrrrrrrrrrnd
Cosl7: cccaggtattcttcaaagagcagcctcctccctcctacccagaagaattctggtaacatctattttgaa. . .

Fig. 3. The deduced amino acid sequences of (A) HLF and (B) E2A-HLF polypeptides, and (C) the
nucleotide sequences of the genomic t(17;19) breakpoints in patients 1 and 2. (A) The HLF basic
domain is shown as an open box. An upstream region with a high level of amino acid sequence
identity with TEF and DBP is underscored with dots, the potential leucine zipper domain is
underlined (solid), and the critical leucine residues are shown in bold. (B) In the E2A-HLF sequence
from patient 1, NH,-terminal E2A amino acids are underscored with dashes, and an amino acid
substitution (S#3' for G43") in the published E2A sequence (3, 8) is indicated by an asterisk. Joining
regions encoded by exonic sequences formed at the breakpoints are double underlined in the
sequences from patients 1 and 2 (73). Amino acids 226 to 296 of HLF are located COOH-terminal
to the joining region in hybrid proteins in both patients. (C) Comparison of the partial nucleotide
sequence of a restriction fragment from phage clone LT2 (patient 1) or a PCR-generated genomic
fragment [patient 2 (73)] that contained the breakpoints, shown with the corresponding unrear-
ranged sequences from restriction fragments isolated from cosmids 19 and 17. Sequences shown
in uppercase for each patient constitute exons that encode sequences in the joining regions of the
corresponding hybrid E2A-HLF proteins. The abbreviations for the amino acid residues are A, Ala;
C, Cys; D, Asp, E, Glu; F, Phe; G, Gly; H, His; |, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gin;
R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.
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point regions, with the exception of 25 bp
(patient 1) or 20 bp (patient 2) of extra
nucleotides that were not identified in
genomic sequences from either chromo-
some 17 or chromosome 19 (Fig. 3C).
These nucleotides represent N-region or
filler DNA, of the type identified at about
half of reciprocal translocation junctions
analyzed in malignant cells; such nucleo-
tide additions may result from terminal
deoxynucleotidyl transferase activity or
other mechanisms (14). These sequences
form 59-bp (patient 1) or 86-bp (patient
2) exons that originate from an identical
cryptic splice acceptor site in the E2ZA
gene, extend through the breakpoints,
and end in different cryptic splice do-
nor sites on chromosome 17 (Fig. 3C).
Sequences from these joining exons, to-
gether with the last nucleotide (G) of
exon 13 of E2A, encode the joining amino
acids identified in predicted E2A-HLF
proteins (Fig. 3B) and merge NH,-termi-
nal coding sequences from E2A in frame
with COOH-terminal sequences from
HLF.

E2A-HLF proteins are similar to, but
distinct from, the E2A-PBX1 proteins that
occur in pre-B ALL cases with the t(1;19)
chromosomal translocation. The break-
points occur in the same intron of the E2A
gene in these translocations, and the ex-
onic structure of PBX1 maintains the saime
reading frame with E2A coding sequences
in chimeric proteins. In contrast, leu-
kemic cells with the t(17;19) chromoso-
mal translocation have more complex re-
arrangements at the breakpoints, which
create joining exons that place COOH-
terminal HLF amino acid sequences in the
same reading frame as NH,-terminal E2A
sequences. Whether these intervening
amino acids affect the function of hy-
brid E2A-HLF proteins, or are dispensable
as long as the correct reading frame is
maintained, remains to be established.

HLF is a member of the basic region
leucine zipper (bZip) family of transcrip-
tion factors (Fig. 4). In both the con-
served basic and leucine zipper domains of
the protein, the amino acid similarity was
greatest with DBP (I11) and TEF (15)
(72% and 80% identity, respectively). An
additional region of identity with DBP and
TEF was found in the 65 amino acids
immediately upstream of the basic domain
(83% for each comparison), which is not
conserved in other known leucine zipper
transcription factors (15).

Insight into the function of HLF may
be provided by the properties of DBP and
TEF. DBP is responsible for high, tissue-
specific expression of albumin in fully
differentiated hepatocytes, is expressed by
adult but not fetal liver cells, and is
rapidly down-regulated in proliferating
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Fig. 4. The (A) basic and (B) leucine zipper domains of HLF and other members of the bZip
superfamily. Identities between HLF and other proteins are boxed. All sequences shown are derived
from the rat except HLF (human) and GCN4 (yeast); the coordinates of the first and last amino acids
shown for each domain are given for each protein (in parentheses). The positions of critical leucines
within the leucine zipper region are designated by asterisks. Abbreviations are HLF, hepatic
leukemia factor; TEF, thyrotroph embryonic factor (75); DBP, albumin D-box binding protein (717);
C/EBP, CCAAT/enhancer binding protein (79); c-fos and c-jun, components of the AP-1 site
binding protein (20); CREB, cyclic AMP responsive element binding protein (27); and GCN4, a
general control protein of yeast amino acid biosynthesis (12).

hepatocytes (11). In contrast, TEF is
expressed by thyrotrophs in the anterior
pituitary during embryologic develop-
ment. It binds to and transactivates the
thyroid-stimulating hormone B promoter,
contains an NH,-terminal activator do-
main, and forms homodimers and het-
erodimers with DBP through its leucine
zipper region (15). Thus, HLF may regu-
late gene expression in hepatocytes and
renal cells where it is normally expressed,;
its unscheduled expression as a chim-
eric protein in leukemic cells might alter
normal regulatory circuits controlling ear-
ly B lymphocyte growth and differentia-
tion.

Although v-fos and v-jun are promi-
nent retroviral oncogenes in experimental
animal systems (16), bZip proteins have
not been implicated in human cancer. We
suggest that E2A-HLF hybrid proteins
could contribute to neoplasia in early B
cell progenitors. The bZip domain of HLF
is predicted to mediate binding of the
chimeric protein to the promoters of genes
normally regulated by HLF. The regulato-
ry sequences of the E2A gene, which is
expressed in B cell progenitors, may ac-
count for expression of the chimeric pro-
tein in leukemic cells. The NH,-terminal
region of E2A contains a transcription
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activation domain (17) and may thus con-
tribute a transactivating function to the
chimeric protein. Anomalous induction or
repression of a critical gene program may
be the mechanism through which the
chimeric protein contributes to leukemo-
genesis.
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