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One of the most common chromosomal abnormalities in acute leukemia is a reciprocal translocation
involving the HRX gene (also called MLL, ALL-1, or HTRX) at chromosomal locus 1123, resulting in the
formation of HRX fusion proteins. Using the yeast two-hybrid system and human cell culture coimmunopre-
cipitation experiments, we show here that HRX proteins interact directly with the GADD34 protein. We have
found that transfected cells overexpressing GADD34 display a significant increase in apoptosis after treatment
with ionizing radiation, indicating that GADD34 expression not only correlates with apoptosis but also can
enhance apoptosis. The amino-terminal third of the GADD34 protein was necessary for this observed increase
in apoptosis. Furthermore, coexpression of three different HRX fusion proteins (HRX-ENL, HRX-AF9, and
HRX-ELL) had an anti-apoptotic effect, abrogating GADD34-induced apoptosis. In contrast, expression of
wild-type HRX gave rise to an increase in apoptosis. The difference observed here between wild-type HRX and
the leukemic HRX fusion proteins suggests that inhibition of GADD34-mediated apoptosis may be important
to leukemogenesis. We also show here that GADD34 binds the human SNF5/INI1 protein, a member of the
SNF/SWI complex that can remodel chromatin and activate transcription. These studies demonstrate, for the
first time, a gain of function for leukemic HRX fusion proteins compared to wild-type protein. We propose that
the role of HRX fusion proteins as negative regulators of post-DNA-damage-induced apoptosis is important to

leukemia progression.

The disruption of the human homologue of the Drosophila
Trithorax (trx) gene, HRX, by chromosomal translocations re-
sulting in the juxtaposition of genetic elements and formation
of HRX fusion genes is one of the most common genetic
alterations in human acute leukemia (52). These translocations
occur in approximately 10% of acute lymphoid leukemias
(ALLs), 5% of acute myeloid leukemias (AMLs), and 85% of
topoisomerase II inhibitor-related secondary leukemias in
adults. Furthermore, these translocations are present in half of
all the de novo leukemias in children younger than 1 year (26).

HRX, also referred to as ALL-1, MLL-1, or HTRX (13, 18,
52, 60), is a ubiquitously expressed 3,969-amino-acid nuclear
protein (28) with unknown biologic function. HRX shares at
least two regions of strong homology with the similarly sized
Drosophila Trx: a series of centrally located zinc finger-like
domains and a carboxy-terminal stretch of 210 amino acids. In
Drosophila, Trx controls body segment patterning as a positive
transcriptional regulator of the homeotic selector genes of the
Antennapedia and bithorax complexes (7). Studies with trans-
genic mice have shown that the function of Hrx in mice has
features in common with that of Trx in Drosophila. Hrx has
been demonstrated to be required for proper segment identity
and to function positively as a regulator of Hox gene expression
in Hrx heterozygous and homozygous deficient mice (58).

To date, more than 26 different human leukemic HRX fu-
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sion proteins, resulting from reciprocal translocations between
the HRX gene at chromosome 11q23 and partner genes at
other loci, have been predicted to exist by cytogenetic studies
(4, 20, 42). At least 15 of the partner genes have been cloned
and characterized (5, 24, 27, 34, 35, 47, 48, 50, 57). The deriv-
ative 11 fusion products, usually referred to as HRX fusion
proteins, are composed of common amino-terminal HRX se-
quences fused to carboxy-terminal residues donated from one
of the partner proteins. Cytogenetic and Northern blot analy-
ses on patient specimens and leukemia cell lines consistently
show the presence of the derivative 11 fusion products, sug-
gesting that this product is the critical leukemogenic factor
(30). This hypothesis is further supported by the occurrence of
leukemia in transgenic mice expressing a derivative 11-fusion
product (11).

How HRX fusion proteins cause leukemia is unknown. Al-
though most of the fusion partners are structurally and func-
tionally unrelated, eight of them are involved in transcriptional
regulation. ENL, AF9, and AF4 activate transcription from
synthetic reporter genes in vivo (36, 39, 43). AFX and AF6q21
are forkhead proteins known to possess DNA-binding and
transcriptional regulation properties (5, 24). CBP and p300 are
transcriptional coactivators with histone acetylation activity
(27, 48, 50). Yet another HRX fusion partner, ELL, is an RNA
polymerase II elongation factor (45, 51). Since neither trun-
cated versions of HRX nor HRX fusion proteins with a partner
fused out of frame have been found in leukemias, it is likely
that both N-terminal HRX and partner sequences are critical
to the leukemogenic effect of the HRX fusion proteins. This
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contention is further supported by a study in which the ex-
pression of the HRX-ENL fusion protein resulted in immor-
talization of hematopoietic stem cells ex vivo, but neither the
expression of full-length ENL nor a deletion mutant of HRX-
ENL lacking ENL had this effect (32).

Of the HRX motifs present in all the fusion proteins, the AT
hook region, containing three closely spaced AT hooks com-
posed of conserved basic amino acids, is the best characterized.
A similar triplet of conserved AT hooks exists in the architec-
tural transcription factors HMG-C and HMG-I(Y). HMG-
I(Y) bends or distorts promoter/enhancer DNA sequences,
possibly making these sequences accessible and thereby over-
coming the repressive effects of nucleosomes upon transcrip-
tion (15). Recently, a binding site for the HRX AT hooks was
found 1.7 kb upstream of the ARP1 gene that is down-regu-
lated in HRX double-knockout mouse embryonic stem cells
(3). The AT hook region of HRX is necessary for immortal-
ization of murine hematopoietic progenitors in vitro (46). Fur-
thermore, homozygous Hrx-deleted embryonic stem cells are
blocked in hematopoietic differentiation in vitro (16). In vitro
differentiation assays of HRX +/+, +/—, and —/— yolk sac
progenitor cells show that HRX is required for myeloid and
macrophage differentiation of early hematopoietic progenitors
(23). We have previously shown that the AT hook region of
HRX contains binding sites for the leukemia-associated SET
protein (1). Taken together, the AT hook region is important
to the role of HRX in targeting and regulating transcriptional
units important for normal hematopoietic growth and differ-
entiation.

Genetic studies of Drosophila Trx suggest that the Trx pro-
tein is involved in the stable propagation of gene activity. Trx
does not initiate transcription itself but maintains a positive
transcriptional state in sets of specific genes initiated by other
factors (6). Trx genetically opposes the action of the Polycomb
group proteins that are thought to inactivate transcription
through a mechanism involving modification of chromatin
structure analogous to heterochromatin formation (12). It has
been suggested, therefore, that Trx maintains target genes in a
transcriptionally active state through subsequent cell divisions
by an epigenetic mechanism that probably involves chromatin
remodeling. Although HRX has not been shown to remodel
chromatin, the carboxy-terminal SET domain of HRX inter-
acts with hSNF5/INI1, a component of the SNF/SWI complex,
a chromatin-remodeling system (41). Drosophila Trx was
shown to interact analogously with Snr1, the fly homologue of
hSNF5/INI1, by the same investigators, suggesting that wild-
type Trx and HRX associate with the SNF/SWI apparatus to
remodel chromatin and maintain active transcription. It is im-
portant to note that the SET domain is lost when amino-
terminal HRX and carboxy-terminal partner residues fuse to
form HRX fusion proteins during 11923 translocations in leu-
kemia. The loss of the SET domain and associated SNF/SWI
function may explain the down-regulation of the ARPI gene in
HRX double-knockout mouse embryonic stem cells and six
leukemic cell lines expressing HRX fusion proteins (3).

In this study we report that HRX proteins interact with
GADD34, a DNA damage-inducible factor. We show here that
GADD34 expression leads to apoptosis following gamma irra-
diation and that leukemic HRX fusion proteins, in contrast to
wild-type HRX, inhibit this GADD34-induced apoptosis. We
propose that this gain of function by HRX fusion proteins is
important in disrupting normal cellular growth arrest following
DNA damage and thereby provides a proliferative advantage
to cells harboring 11q23 chromosomal translocations.
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MATERIALS AND METHODS

Cell lines. Human 293T cells and human SW480 cells were grown in Dulbec-
co’s modified Eagle’s medium supplemented with 10% fetal bovine serum (14,
33).

Construction of expression vectors. Portions of HRX were cloned into the
expression vector pCS2+MT, which allows for in-frame fusions with six copies of
the myc epitope tag under the control of a simian cytomegalovirus promoter;
these constructs have been described previously (1). pCS884 encodes the portion
of HRX used as bait in the yeast two-hybrid screen and was made by first cloning
the Smal-Sspl fragment of HRX (amino acids 110 to 405) into the Smal site of
pBSSK+. Then an Xbal-Hincll fragment was cloned into the Xbal and SnaBI
sites of pCS2+MT. pCS1385 begins at the Notl site of HRX (amino acid 79) and
continues to the Xbal site (amino acid 710). pCSARQ2 contains the entire
HRX-ENL coding sequence beginning at the AvrlI site at amino acid 27, blunted
with Klenow fragment, and cloned into the Stul and EcoRI sites of pCS2+MT
by a multi-step cloning procedure. A series of pCSARQ2 deletion constructs
were made ending at nucleotides 4332, 4602, and 4913; these constructs were
designated pCSAR4332, pCSAR4602, and pCSARBst, respectively, and result in
the expression of proteins that begin at amino acid 27 and end at amino acids
1444, 1534, and 1637, respectively. The construct pPCSARBst was made by di-
gesting the clone with Bs¢EII, treating it with Klenow fragment to blunt the
construct, and finally digesting it with SnaBl. The resulting clones were then
religated. The constructs pCSAR4332 and pCSAR4602 were made by a PCR
approach involving the PfIMI site in HRX-ENL and a reverse primer with a 5’
extension incorporating a SnaBI restriction enzyme site. PCSHRX contains the
entire wild-type HRX coding sequence beginning at the AvrII site at amino acid
27, blunted with Klenow fragment, and cloned into the Stul and EcoRI sites of
pCS2+MT by a multistep cloning procedure.

The pCSHHEL1 vector expresses a protein that contains HRX sequences
(amino acids 181 to 405) fused to ENL sequences (amino acids 1445 to 1534 of
HRX-ENL). The pCSHHEI vector was made with the XhoI-SnaBI PCR frag-
ment of ENL sequences cloned in frame into the Xhol and SnaBI sites of an
EcoRI-Xhol PCR fragment of HRX sequences amino acids 181 to 405. The
pCSHHEI1CENL vector is similar to the pCSHHE] vector, except that it codes
for a protein that, in addition to the HRX and ENL sequences included in
pCSHHE], includes all the ENL sequences as they appear in the HRX-ENL
fusion protein as described by Adler et al. (1). The pPCSHHEICENL vector was
made with the MluI-NotI fragment of pCSARQ?2 cloned into the Miul and NotI
sites of pCSHHEI.

The pCSGADD34 vector, containing the partial GADD34 cDNA recovered
from the yeast two-hybrid screen, was made with the EcoRI-Xbal fragment of
pBSGADD?34 cloned into the EcoRI and Xbal sites of pCS2+MT. The
pCSGADD234FL vector, encoding full-length GADD34, was made by ligating a
PCR product encoding amino acids 1 to 180 amplified from GADD34 pCMV
(25) to the pCSGADD34 clone. pPCSGADDA vector, containing GADD34
amino acids 180 to 483, was made by religating pPCSGADD34 following double
digestion with EcoRV and SnaBI.

The pSGADD?34 vector, containing the partial GADD34 ¢cDNA, was made
with the EcoRI (filled in)-Bg/II fragment of p1(1T-)1 (the original yeast two-
hybrid vector pSE1107 containing the partial GADD34 clone) cloned into the
Smal and BglII sites of pSGFL2. pSGFL2 is the expression vector pSG5 (Strat-
agene) that has been modified for in-frame fusions with two tandem copies of the
8-amino-acid IBI FLAG marker peptide (Kodak). The pPSGADD34FL vector,
containing a full-length GADD34 cDNA, was constructed in plasmid pSGADD34 by
using the partial GADD34 cDNA as the starting point and using the same PCR
product described above to insert amino acids 1 to 180 of a cDNA from the
vector human GADD34 pCMV (25). Two pSGADD34 deletion constructs, end-
ing at nucleotides 1458 and 1830, were made. These constructs were designated
pSGADDA and pSGADDC, respectively, and result in the expression of pro-
teins that begin at amino acid 180 and end at amino acids 483 and 610, respec-
tively. The pPSGADDA construct was made by digesting pSGADD34 with Bg/II,
treating it with Klenow fragment to blunt the construct, digesting it with EcoRV,
and then religating to create a blunt-blunt deletion construct. SGADDC was
made by digesting a PCR product amplified with a forward primer incorporating
the internal GADD34 EcoRYV site and a reverse primer designed to produce a
BgllI site ending at GADD34 nucleotide 1808 and cloned into EcoRV- and
Bglll-digested pSGADD34. pSGADDA484 was designed to encode a FLAG-
tagged GADD34 deletion protein including amino acids 338 to 555 and was
made by digesting a PCR product amplified with a forward primer starting at bp
1014 incorporating an EcoRI site and a reverse primer starting at bp 1665
incorporating a Bg/II site and cloned in frame into EcoRI- and Bg/II-digested
pSGFL2. The pSGSNFS5 vector, containing a nearly complete hSNF5/INI1
cDNA, was constructed with a PCR fragment containing amino acids 27 to 385
of the hSNF5/INI1 protein. The pSGSNFS5 vector was made with the Eagl (filled
in)-PstI fragment of pCR3Inil cloned into the Smal and PstI sites of pSGFL2.
The pCSHRXAF9Y vector contains the entire HRX-AF9 coding sequence begin-
ning at the AvrIl site at amino acid 27. The pPCSHRXAF9 construct was made by
replacing a Xbal fragment from pCSARQ?2 with one from pCMVHRXAF9. The
pCSHRXELL vector contains the entire HRX-ELL coding sequence beginning
at the AvrX-AF9 coding sequence at the AvrlIl site at amino acid 27. The
pCSHRXAF9 construct was made by replacing a Xbal fragment from pCSARQ2
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with one from pCMVHRXAF9. The pCSHRXELL vector contains the entire
HRX-ELL coding sequence beginning at the AvrII site at amino acid 27. The
pCSHRXELL construct was made with the Bg/II-BsaBI fragment of pMLLELL
cloned into the Bg/Il and SnaBI sites of pCSARQ2. The pCSmycTEL vector
contains the coding sequence for the TEL protein and is described by Kwiat-
kowski et al. (31).

Coimmunoprecipitation and Western blotting. Human 293T cells were tran-
siently transfected with plasmids by the calcium phosphate transfection method,
grown for 2 days, and lysed in a Nonidet P-40 (NP-40) lysis buffer (150 mM NacCl,
0.5% NP-40, 50 mM Tris HCI [pH 8.0], 5 mM EDTA, 4 mg of leupeptin per ml,
4 mg of phenylmethylsulfonyl fluoride per ml, 2 mg of pepstatin per ml) and
sonicated. After centrifugation, the lysates were immunoprecipitated with anti-
myc mouse monoclonal antibody 9E10 (a gift from Jim Roberts, Fred Hutchin-
son Cancer Research Center, Seattle, Wash.) followed by protein A-Sepharose
CL-4B (Pharmacia Biotech). To allow binding of HRX-associated proteins, the
pellet (after centrifugation) was resuspended in 250 pl of lysis buffer and diluted
with 900 pl of binding buffer (20 mM HEPES [pH 7.5], 10% glycerol, 12.5 mM
MgCl,, 0.1 mM EDTA, 50 mM NaCl), and gently rocked for 30 min before being
given three final washes with binding buffer. Anti-GADD34 coimmunoprecipi-
tates were done as described above, except that rabbit anti-GADD34 (Santa
Cruz Antibodies Inc.) was used at a dilution of 1:100 instead of anti-myc.

Proteins were resolved by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred to nitrocellulose membranes as described
previously (1). However, hSNF5/INI1 proteins were resolved by SDS-PAGE and
transferred to polyvinylidene difluoride membranes at 12 V for 30 min in a
Trans-Blot (Bio-Rad Laboratories) semidry electrophoretic transfer cell as spec-
ified by the manufacturer. Western blotting was performed with the anti-myc
mouse monoclonal antibody 9E10 described previously (1) or with anti-FLAG
monoclonal antibody (Kodak). To detect primary antibodies, horseradish per-
oxidase-conjugated goat antibody to either rabbit immunoglobulin or murine
(Sigma) immunoglobulin G was used at a dilution of 1:5000. Bands were visu-
alized with enhanced chemiluminescence reagents (Bio-Rad Laboratories).

Yeast two-hybrid library screening and protein-protein interaction assay. The
yeast two-hybrid library screening was performed as described by Wu et al. (55)
and was described in detail previously (1). A clone, designated p1(1T-)1, con-
taining a partial GADD34 cDNA in the vector pSE1107 was recovered and was
found to code for amino acids 180 to 674 of the published human cDNA
sequence (25). The GADD34 sequences in pl(1T-)1 were removed from the
original pSE1107 vector, subcloned into pBSK(+), and renamed pBSK-
GADD34.

Apoptosis assays. Human SW480 colon carcinoma cells were transiently trans-
fected with HRX and GADD?34 constructs, and the experiments were carried out
in triplicate. A total of 6 X 10* cells were plated in each well of a 24-well cluster
and were transfected for 5 h with a total of 6 ug of plasmid DNA by using
Cellfectin (Gibco BRL). At 24 h posttransfection, the cells were treated with 10
Gy of ionizing radiation (IR) from a '3’Cs irradiator (J. L. Shepherd and
Associates). At 48 h posttransfection, the number of apoptotic cells was deter-
mined by light microscopy with the ApopTag Plus in situ apoptosis detection kit
(Oncor, Gaithersburg, Md.) as described by the manufacturer. Nuclei were
counterstained with Meyer’s hematoxylin. In each experiment, approximately
2,500 cells were evaluated.

In vitro GADD34-hSNF5/INI1 affinity-binding assays. In vitro transcription
and translation of GADD34 protein from pSGADD34 was carried out with the
TNT kit (Promega) with T7 RNA polymerase and labeled [**S]methionine and
[3*S]cysteine (Translabel; ICN), as specified by the manufacturer. Glutathione
S-transferase (GST) and GST-hSNF5/INI1 fusion proteins were expressed from
plasmids pGEX4Tk (Pharmacia) and pGEX-Inil in Escherichia coli as previously
described (56). Cells were harvested 3 h following induction. After sonication
and centrifugation, the supernatant was incubated with glutathione-linked aga-
rose beads (Sigma) overnight at 4°C. The beads were collected by centrifugation
and washed extensively with phosphate-buffered saline supplemented with 0.25%
NP-40. In vitro affinity binding assays were carried out by incubating in vitro-
transcribed-translated [**S]methionine-labeled GADD34 with 1 to 2 p.g of GST-
hSNF5/INI1 or GST bound to glutathione-agarose beads in IPB (20 mM HEPES
[pH 6.9], 100 mM NaCl, 0.1 mM EDTA, 12.5 mM MgCl,, 0.1 mM dithiothreitol,
10% glycerol) at 4°C for 1 h. The agarose beads were precipitated and washed
three times with IPB plus 0.2 to 0.5% NP-40. The bound proteins were eluted
from the beads with SDS sample buffer (62.5 mM Tris [pH 6.8], 10% glycerol,
2.2% SDS, 1% B-mercaptoethanol, 0.0005% bromophenol blue) at 98°C for 5
min, separated by SDS-PAGE (10% polyacrylamide), and dried for autoradiog-
raphy.

RESULTS

Yeast two-hybrid screen reveals that HRX binds GADD34.
To identify proteins that interact with HRX and therefore may
participate in HRX fusion protein-mediated leukemogenesis,
we performed a yeast two-hybrid screen with HRXS884, an
amino-terminal HRX clone that includes the three AT hooks
(Fig. 1A). The HRX884 bait was selected because of its simi-

MoL. CELL. BIOL.

larity to the small architectural transcription factor HMG-
1(Y), a protein of only 100 amino acids that also contains three
AT hooks. HMG-I(Y) has protein-protein-binding sites near
its AT hooks that are essential to the role of this factor in
facilitating transcription factor binding to DNA (29). The
HRXS884 bait fragment, as depicted in Fig. 1A, encodes a
295-amino-acid region including the three AT-hooks. To iden-
tify HRX884-interacting proteins, we used a LexA-based yeast
two-hybrid screen as described previously (1). One of the can-
didate clones was sequenced and found to encode an amino-
terminally truncated GADD34 protein (residues 180 to 674).
GADD34 was originally isolated as a transcript induced by
growth arrest or DNA damage following genotoxic stress (59).

Wild-type HRX and HRX fusion proteins bind GADD34 in
vivo. To confirm the yeast two-hybrid results and to delimit the
region of HRX and HRX-ENL interacting with GADD34, a
coimmunoprecipitation procedure was used as reported previ-
ously (1). Wild-type HRX and fragments of the HRX-ENL
fusion protein, tagged with the myc epitope, were coexpressed
with FLAG-tagged GADD?34 protein (amino acids 180 to 674)
in human kidney 293T cells. Cells were lysed, and the lysates
were immunoprecipitated with anti-myc epitope antibodies.
Coimmunoprecipitated GADD34 proteins were identified by
Western analysis with anti-FLAG antibody (Fig. 2A, C, and
D). pCSHRX884, containing the original yeast two-hybrid bait
fragment, and pCS1385 are shown here to bind the 69-kDa
GADD34, albeit weakly (Fig. 2A, C, and D). TEL, an unre-
lated protein, and HMG-C, another member of the AT hook
family of proteins, expressed as a negative controls, failed to
bind GADD34 (Fig. 2A and C, respectively). As shown in
Fig. 2D, full-length HRX bound GADD34 weakly whereas
HRX-ENL showed strong binding. Full-length HRX-ENL
(pCSARQ?2), as well as various carboxy-terminal deletion mu-
tants of HRX-ENL, pCSAR4602, and pCSARBst, strongly
bound GADD?34 (Fig. 2A, lanes 4 and 5). Schematic represen-
tations of the HRX-ENL deletion constructs used in this assay
are depicted in Fig. 1A. Since the carboxy-terminal deletion
mutant of HRX-ENL lacking all ENL residues expressed
from pCSAR4332 consistently bound less GADD34 than did
pCSAR4602, pCSARBst, and pCSAR-Q2 (Fig. 2A, lane 3), we
tested whether ENL residues actually contribute to GADD34
binding. pCSHHE1 and pCSHHE1CENL were constructed as
described and illustrated above (see Materials and Methods
and Fig. 1A), and both strongly bound overexpressed FLAG-
tagged GADD34 (data not shown). We also tested other HRX
fusion proteins, namely, HRX-AF9 and HRX-ELL. Both of
these HRX fusion proteins bind GADD34 (Fig. 2A, lanes 7
and 8). An anti-myc immunoblot of the cellular lysates, dem-
onstrating that the interactions observed do not correlate with
expression of the myc-tagged proteins, is shown in Fig. 2B.
Of note, the full-length myc-tagged HRX-ENL protein
(pCSARQ?2) was not seen on the blot at the exposures shown
(Fig. 2B, lane 6); however, longer exposures revealed a protein
of the expected size and anti-myc blots demonstrated abundant
protein in the immunoprecipitated fractions (data not shown).
The same results were obtained when the same coimmunopre-
cipitation experiments were repeated with the same myc-
tagged HRX proteins and full-length FLAG-tagged GADD34
(data not shown). Additionally, in reciprocal coimmunopre-
cipitation experiments with cotransfected FLAG-tagged
HHE1CENL and myc-tagged GADD34 constructs, we were
able to reproduce the results described above using both
anti-FLAG and anti-myc coimmunoprecipitations (data not
shown). In these experiments, we have defined the amino-
terminal 1444 amino acids of HRX as sufficient for GADD34
interaction. In addition to the AT hook region, other se-
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FIG. 1. HRX fusion proteins and deletion mutants of HRX-ENL and GADD34. (A) Schematic representation of full-length human HRX-AF9, HRX-ELL, and
HRX-ENL fusion proteins (top) and various HRX-ENL deletion constructs (bottom). Numbers represent amino acid residues. The three thick vertical lines designate
the AT hooks. Shaded areas represent C-terminal residues donated by each of the respective fusion partners. Fusion sites are delineated by single thick vertical lines.
(B) Schematic representation of the GADD34 protein (top) and GADD34 deletion constructs (bottom). The vertical stripes represent the four repeated 20- to
23-amino-acid motifs, FXXXWXYRPGXXTEEEEXXX, in GADD34. The area designated by diagonal lines represents the conserved 63-amino-acid region present

in the carboxy terminus of GADD34, MyD116, and HSV ICP34.5.

quences located between amino acids 794 and 1444 of HRX
either bind directly to or facilitate the binding of the AT hook
region to GADD34. In addition, these results suggest that
the amino-terminal third of ENL (amino acids 1445 to 1534
or HRX-ENL) facilitates GADD34 binding. Wild-type HRX
binds GADD34 much less avidly than the HRX fusion proteins
do.

Deletion analyses define a region of GADD34 that binds
HRX fusion proteins. To determine the region of GADD34
responsible for binding to HRX-ENL, we generated various
FLAG-tagged GADD34 deletion constructs (as depicted in
Fig. 1B). In this experiment, the GADD34 deletion constructs
were coexpressed with full-length myc-tagged HRX-ENL con-
structs in 293T cells. Coimmunoprecipitation and Western
analysis were carried out as described for the preceding exper-
iment. As shown in Fig. 3A, the GADD34 proteins expressed
from constructs pSGADD34, pSGADDC, and pSGADD484
all bound strongly to the myc-HRX-ENL fusion protein. How-
ever, the GADD34 deletion protein expressed from the
PSGADDA construct did not bind to the myc-HRX-ENL fu-
sion protein, thus defining the HRX-ENL binding region of

GADD34 as residues 483 through 555. These 72 amino acids
include part of the last GADD34 repeat element and the
intervening sequences up to but not including the conserved
63-amino-acid region present in the carboxy terminus of the
GADD34, MyD116, and herpes simplex virus (HSV) ICP34.5
proteins.

HRX fusion proteins bind endogenous GADD34. To date, it
has not been possible to detect endogenous GADD?34 protein
by Western analysis with available antisera, nor has it been
possible to reliably distinguish wild-type from leukemic fusion
HRX proteins on Western blots. We found that we could
detect endogenous GADD34 as a prominent 90-kDa band on
Western blots from coimmunoprecipitations with the poly-
clonal rabbit anti-GADD34 antibody (Santa Cruz Biotechnol-
ogy Inc.) (see Materials and Methods). Using this approach,
we were able to specifically pull down transfected HRX fusion
constructs, pCSARQ2 (HRX-ENL), pCSHHEICENL, and
pCSHHE1 bound to endogenous GADD34, thus further con-
firming a physiologic interaction between HRX and GADD34
(Fig. 2E). As can be seen in Fig. 2E and F, in addition to the
GADD34-binding HRX proteins, the anti-GADD34 antibody
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FIG. 2. HRX proteins interact with GADD34 in vivo. (A) An anti-FLAG Western blot of anti-myc immunoprecipitates showing the amount of coimmunopre-
cipitated FLAG-tagged amino-truncated GADD34 protein, pSGADD34 (open triangle), bound to myc-tagged HRX fusion proteins and HRX-ENL deletion proteins
expressed in the transfections described below. Solid triangles show cross-reacting murine immunoglobin bands in coimmunoprecipitates. (B) An anti-myc Western blot
of cell lysates, using an anti-myc antibody, showing expression levels of the myc-tagged HRX fusion proteins and HRX-ENL deletion proteins expressed in the
transfections described below. Longer exposure of lane 6 showed expression of the appropriately sized HRX-ENL protein (not shown). pSGADD34 (amino-truncated
FLAG-tagged GADD34) was cotransfected with the following myc-tagged constructs: pCSmyc-TEL, pCS884, pCSAR4332, pCSAR4602, pCSARBst, pCSARQ2,
pCSHRXAF9, and pCSHRXELL. (C and D) Anti-FLAG Western blot of anti-myc immunoprecipitates showing the amount of coimmunoprecipitated FLAG-tagged
amino-truncated GADD34 protein, pSGADD34 (open triangle), bound to myc-tagged HRX-ENL, HRX N-terminal deletion proteins, and wild-type HRX expressed
in the transfections described below. Solid triangles show cross-reacting murine immunoglobin bands in coimmunoprecipitates. The results shown here in are from two
separate sets of transfections. pPSGADD34 (amino-truncated FLAG-tagged GADD34) was cotransfected with the following myc-tagged constructs: pCSHMG-C,
pCSARQ2, pCS1385, pCS884, and pCS2+MT vector only. (E to G) HRX fusion proteins bind endogenous GADD34 in vivo. (E) An anti-myc Western blot of
anti-GADD34 immunoprecipitates showing the amount of coimmunoprecipitated myc-tagged proteins expressed in the transfections described below. Lane 1a is a
longer exposure of lane 1. (F) An anti-myc Western blot of lysates from the transfections described below. (G) An anti-GADD34 Western blot of anti-GADD34
immunoprecipitates showing the amount of coimmunoprecipitated proteins from the transfections with the following constructs: pPCSARQ2 (lane 1), pPCSHHE1CENL
(lane 2), pCSGADDFL (lane 3), pCSGADD34 (lane 4), myc-TEL (lane 5), pCSSET (lane 6), and pCSHHEI1 (lane 7). The open arrow delineates endogenous
GADD?34 protein, shown here as a 90-kDa doublet.

appropriately pulled down the two myc-tagged GADD34 pro-
teins expressed from pCSGADD34 and pCSGADD34FL,
(lanes 3 and 4) but failed to bring down the negative control
proteins TEL and SET (lanes 5 and 6). Figure 2G is an anti-
GADD34 Western blot of the anti-GADD34 immunoprecipi-
tates showing endogenous GADD34 as a 90-kDa doublet.
GADD34 induces apoptosis following irradiation. It has
been demonstrated that GADD34 expression is upregulated,
independent of p53 status, in several cell lines following expo-
sure to ionizing irradiation (25). In the SW480 colorectal cell
line, ionizing irradiation upregulates GADD34 expression by
3.8-fold and induces apoptosis. We expressed GADD34 in
SW480 cells, treated the cells with 10 Gy of ionizing radiation,

and measured apoptosis by DNA fragmentation detection and
light microscopy with the ApoTag Plus in situ apoptosis detec-
tion kit. The results of two independent experiments, each
done in triplicate, are depicted in Fig. 4A and B. As baseline,
between 35 and 55% of the cells transfected with empty vec-
tor underwent apoptosis following transfection and irradi-
ation (vector-only experiments in Fig. 4A and B). The number
of cells undergoing apoptosis was not influenced by trans-
fection of vectors expressing HRX-ENL (pCSARQ2-Expt.
4A), HRX-AF9 (pCSHRXAF9-Expt. 4A), HRX884 (pCS884
[Fig. 4B]), HRX-ELL (pCSHRXELL [Fig. 4B]), and Tel
(pCS2mycTEL [Fig. 4B]). The expression of full-length
GADD34 induced an additional 25 to 30% of the cells to
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FIG. 3. GADD34 deletion proteins interact with HRX-ENL in vivo. (A)
Anti-FLAG Western blot of anti-myc immunoprecipitates, showing the amount
of coimmunoprecipitated FLAG-tagged GADD34 deletion proteins bound to
the myc-tagged HRX-ENL fusion protein (pCSARQ?2) expressed in the trans-
fections described below. A solid triangle shows a cross-reacting murine immu-
noglobin band in the coimmunoprecipitates. (B) Anti-FLAG Western blot of
cell lysates with an anti-FLAG antibody, showing expression levels of the FLAG-
tagged GADD?34 deletion proteins expressed in the transfections described
below. pCSARQ2 (myc-tagged HRX-ENL) was cotransfected with the follow-
ing FLAG-tagged constructs: pSGADD34, pSGADDA, pSGADDC, and
pSGADDA484.

undergo apoptosis (64% verses 35% in Fig. 4A, and 87%
versus 55% in Fig. 4B). The truncated GADD34 protein, miss-
ing the first 179 amino acids, failed to induce a statistically
significant apoptotic effect (GADD [Fig. 4A]). Since GADD34
alone without ionizing radiation induces only a minor apopto-
tic affect (10% cell apoptosis [data not shown]), the present
result suggests that GADD?34 facilitates cellular apoptosis as-
sociated with ionizing radiation. The amino-terminal 179
amino acids of GADD34 are essential for this effect.

HRX fusion proteins inhibit GADD34-induced apoptosis.
We next addressed the question whether HRX fusion proteins
affect GADD34-induced apoptosis. Various constructs encod-
ing HRX884, HRX-ENL, HRX-AF9, and HRX-ELL were
coexpressed with full-length GADD34 (GADD34FL) in
SW480 cells. The cells were then similarly irradiated and quan-
titated for apoptosis. As shown in Fig. 4A and B, all three
HRX fusion proteins, HRX-ENL (Fig. 4A), HRX-AF9 (Fig.
4A), and HRX-ELL (Fig. 4B), abrogated the apoptotic effect
of full-length GADD34, since the number of cells undergoing
apoptosis returned to the baseline level. HRX884, encoding
the amino-terminal HRX fragment originally used as the yeast
two-hybrid bait, failed to influence the level of apoptosis, and
the unrelated TEL construct also had no effect (Fig. 4B).
Western analysis of transfected cells revealed equivalent ex-
pression of the GADD34 protein in these cotransfection ex-
periments, thus eliminating reduction of cellular GADD34
protein level as an explanation of the observed HRX fusion
protein effect (data not shown). We therefore conclude that
HRX fusion proteins can specifically inhibit GADD34-induced
apoptosis. Of note, there was an observed decrease in apopto-
sis, albeit minor and statistically insignificant, when HRX fu-
sion proteins were transfected compared to vector alone. Al-
though we do not have proof, it is interesting to postulate that
this minor effect may be attributed to the antiapoptotic effect
of HRX fusion proteins upon endogenous GADD34.

Wild-type HRX induces apoptosis. Experiments were car-
ried out to measure the effect of wild-type HRX expression
upon apoptosis following irradiation in SW480 cells. In con-
trast to HRX fusion proteins, full-length wild-type HRX ex-
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hibited a statistically significant dose-related mild proapoptotic
effect (1 pg of HRX = 37% and 3 pg of HRX = 47% com-
pared to 33% for control) and an additive effect when coex-
pressed with GADD34 (1 pg of GADD34 alone = 43%, 1 pg
of GADD34 + 1 pg of HRX = 47%, and 1 pg of GADD34
plus 3 pg of HRX = 55%) (Fig. 4C). Western blots from
transfected cells confirmed a linear correlation between the
amounts of HRX plasmid transfected and the amounts of
proteins expressed (Western blot inset, Fig. 4D). We pro-
ceeded to carry out a series of cotransfection experiments
with SW480 cells involving increasing amounts of expressed
proteins (the total amount of transfected plasmids was con-
stant) to determine if the proapoptotic effect of GADD34 and
the antiapoptotic effects of HRX-ENL were dose related. As
can be seen in Fig. 4D, increasing the amount of GADD34 did
significantly increase apoptosis (0.5, 1, and 3 pg resulting in 43,
49, and 66% apoptotic cells, respectively). Cotransfection ex-
periments with constant amounts of GADD34 expressed (3 g
of GADD34 transfected) and increasing amounts of HRX-
ENL revealed a dose-related antiapoptotic effect of HRX-
ENL upon GADD34-induced cell death (0.5, 1, and 3 pg of
HRX-ENL corresponding to 57, 52, and 43% apoptosis, re-
spectively).

GADD34 binds hSNF5/INIL. It has been previously reported
that yeast Snf5 interacts with the yeast homologue of ENL (9).
We were interested in determining whether HRX-ENL bound
hSNF5/INI1 and what effect GADD34 might have on this
interaction. With this in mind, we performed coimmuno-
precipitation assays on cell lysates from 293T cells overexpress-
ing a combination of GADD34, HRX, ENL, and hSNF5/INI1
proteins (Fig. 5). As shown here in anti-myc coimmunoprecipi-
tation assays on cotransfected 293T cells, the two myc
constructs that include carboxy-terminal ENL residues, pCSAR-
Q2 and pCSHHEI1CENL, strongly pulled down FLAG-tagged
hSNF5/INI1 (Fig. 5A, lanes 3 and 5). FLAG-tagged hSNF5/INI1
did not coimmunoprecipitate with the negative control, pCSmyc-
TEL. Since a construct lacking ENL residues altogether (pC-
SARA4332 [lane 2]) and one containing only the amino-terminal
third of ENL (pCSHHETI [lane 4]) both pulled down significantly
less hNSNF5/INI1 protein, a domain responsible for the interaction
resides in the carboxy-terminal two-thirds of ENL. Furthermore,
when a third protein, full-length GADD34 (pSGADD34FL), was
expressed and coimmunoprecipitated with HRX-ENL (pCSAR-
Q2), more hSNF5/INI1 appeared to be brought down. To con-
firm this unexpected result, we then cotransfected GADD34 and
hSNF5/INI1 together and showed that these two proteins associ-
ated strongly on their own (lane 8). A GADD34 deletion mutant,
PSGADDA, encoding residues 180 through 483, failed to bind,
thus defining an hSNF5/INI1-binding domain between residues
483 to 610. It may be that the small amount of hSNF5/INI1
observed with the two constructs lacking the carboxy-terminal
ENL interaction domain in lanes 2 and 4 is due to small amounts
of bound endogenous GADD34. Because a direct interaction
between GADD34 and hSNF5/INI1 would greatly enhance our
understanding of both GADD34 and HRX leukemic fusion pro-
tein function, we tested for such an interaction by using in vitro
binding assays.

To confirm that GADD34 can directly bind hSNF5/INI1, we
performed an in vitro binding assay with in vitro-transcribed/
translated **S-labeled GADD34 and GST-hSNF5/INI1 fusion
protein bound to glutathione agarose beads (Fig. 6). GADD34
is shown here to bind specifically to hSNF5/INI1, as reflected
by increased retention of GADD34 by GST-hSNF5/INI1
(lanes 4 and 6) compared with that by GST alone (lanes 3 and
5). This protein-protein interaction appears to be hydrophobic,
since the association is stable over a wide NaCl concentration
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FIG. 4. GADD34 induces apoptosis in SW480 cells. HRX fusion proteins abrogate GADD34-induced apoptosis and wild-type HRX induces apoptosis of SW480
cells after transfection and treatment with ionizing radiation. The mean percent apoptosis is shown for the transfected constructs below. Each column represents three
separate experiments. (A) GADD34 induces apoptosis in SW480 cells, and the amino terminus is necessary for this effect. HRX fusion proteins, HRX-ENL and
HRX-AF9, abrogate GADD34-induced apoptosis. The percent apoptosis of SW480 cells without transfection and without IR is approximately 8%, and after
transfection of pPSGADD34FL without IR it is approximately 17% (results of one trial only). GADD34FL encodes the full-length cDNA, and GADD34 encodes an
amino-terminal deletion GADD34 protein (the clone retrieved from the yeast two-hybrid screen). (B) The HRX fusion protein HRX-ELL abrogates GADD34-
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FIG. 5. HRX-ENL and GADD34 interact with hSNF5/INI1 in vivo. (A)
Anti-FLAG Western blot of anti-myc immunoprecipitates showing the amount
of coimmunoprecipitated FLAG-tagged hSNF5/INI1 (lanes 1 to 7) and FLAG-
tagged hSNF5/INI1 and GADD34 (lane 8) proteins bound to the myc-tagged
proteins expressed in the transfections described below. (B) Anti-FLAG West-
ern blot of cell lysates with an anti-FLAG antibody, showing expression levels of
full-length FLAG-tagged GADD34 and FLAG-tagged hSNF5/INI1 proteins ex-
pressed in the transfections described below. pSGSnf5 (full length FLAG-tagged
hSNF5/INI1) was cotransfected with the following constructs: myc-TEL (nega-
tive control) (lane 1), pCSAR4332 (lane 2), pCSARQ2 (HRX-ENL) (lane 3),
pCSHHEI (lane 4), pPCSHHEICENL (lane 5), pCSGADDA (lane 6), pCS-
GADDFL (lane 7), and pCSARQ2 plus pSGADD34FL (lane 8).

range of 0.1 to 1.0 M, but is readily disrupted at 1% NP-40
(lane 8). In summary, the coimmunoprecipitation and in vitro
binding results show that HRX-ENL, GADD34, and hSNF5/
INI1 associate in a trimeric protein complex in vivo. It is
possible that the human SNF/SWI complex, of which hSNF5/
INI1 is a member, is important to the function of GADD34.

DISCUSSION

We report here the finding of a novel HRX-interacting pro-
tein partner, GADD34. The interaction was discovered in a
yeast two-hybrid screen, using the HRX AT hook region as
bait, and confirmed by in vivo coimmunoprecipitation analysis
with transfected cells. GADD34 was originally discovered as a
UV-inducible transcript in Chinese hamster ovary cells (17). A
later study correlated the onset of apoptosis with GADD34
expression in selected cell lines following ionizing irradiation
or treatment with the alkylating agent methyl methanesulfate
(25). We show here that, in combination with irradiation,
GADD34 overexpression enhances apoptosis (Fig. 4). We
have also shown that three different leukemic HRX fusion
proteins are negative regulators of GADD34-induced apopto-
sis whereas wild-type HRX has a proapoptotic effect. Taken
together, these data show for the first time that there are
functional differences between the HRX fusion proteins and
wild-type HRX and suggest that abrogation of GADD34-me-
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FIG. 6. In vitro binding of GADD34 to GST-hSNF5/INI1. *S-labeled
GADD?34 was transcribed and translated in vitro from pSGFL2GADD34FL
(lane 1) and used directly to bind agarose (lane 2), GST-agarose (lanes 3, 5, and
7), and GST-hSNF5-agarose (lanes 4, 6, and 8) in binding buffers with the NaCl
and NP-40 concentrations shown. After three washes with binding buffer, the
bound **S-labeled GADD34 was eluted, subjected to SDS-PAGE, and visualized
by autoradiography.

diated post-DNA damage apoptosis is an important function
for these leukemic fusion proteins.

How does GADD34 lead to apoptosis? Insight into
GADD34 function may be elucidated from examining the
functional domains of MyD116, a protein that shows high
degrees of sequence homology to GADD34. MyD116 is ex-
pressed in the absence of protein synthesis in M1 myeloblastic
leukemia cells induced to terminal differentiation by interleu-
kin-6 (59). GADD34 and MyD116, originally believed to be
homologues, have now been shown to be distinct proteins in
human, mouse, and hamster cells (49). Both proteins have
virtually identical amino-terminal regions, the portion of
GADD34 shown in this study to be essential for mediating
apoptosis. In addition, GADD34 and MyD116 share a con-
served carboxy-terminal 63 amino acid domain, also present in
the HSV virulence factor ICP34.5A. This domain is necessary
for suppression of apoptosis mediated by the HSV ICP34.5
protein in virally infected cells, suggesting this region interacts
with the cellular apoptotic machinery (10). Moreover, this do-
main is functionally interchangeable, since a chimeric HSV
ICP34.5 protein containing the MyD116 domain can also sup-
press apoptosis (21). Additionally, the carboxy-terminal re-
gions of HSV ICP34.5 and MyD116 have been shown sepa-
rately to bind protein phosphatase la and proliferating-cell
nuclear antigen (PCNA) (8, 22). Upon binding to the HSV
ICP34.5 protein, protein phosphatase la is redirected to de-
phosphorylate eIF-2A, prohibiting infected neuroblastoma
cells from triggering the total shutoff of protein synthesis that
is characteristic of apoptosis in neuronal cells. PCNA, a repli-
cation factor involved in regulating cell cycle progression, is a
binding target for multiple proteins, including GADDA45, a
p53-induced growth arrest and DNA damage-associated pro-
tein (19). GADD45 binding to PCNA results in a block in
replication of viral DNA in infected cells, whereas HSV
ICP34.5 binding to PCNA has a permissive effect upon repli-
cation. Although the role of GADD34 in replication is un-

induced apoptosis. (C) Wild-type HRX induces apoptosis in a dose-dependent fashion and does not inhibit GADD34-induced apoptosis. To the left is designated, in
micrograms, the amount of wild-type HRX and GADD34 plasmid transfected. (D) GADD34 induces apoptosis in a dose-dependent fashion. HRX-ENL inhibits
GADD34-induced apoptosis in a dose-dependent fashion. The inset shows an anti-myc Western blot from a SDS-PAGE gel (6% polyacrylamide) in a series of
cotransfection experiments with increasing amounts of transfected pCSHRX plasmid (encoding myc-tagged wild-type HRX protein) with constant amounts of
transfected pCSARQ2 plasmid (encoding myc-tagged HRX-ENL). The amounts of transfected plasmids are shown above in micrograms.
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known and it has yet to determined whether GADD34 associ-
ates with PCNA, the C-terminal domain that GADD?34 shares
with MyD116 and HSV IVP34.5A is probably active in the
control of apoptosis. GADD34 therefore has at least two do-
mains implicated in control of apoptosis, an amino-terminal
domain (present in the first third of the protein) and a 63-
amino-acid carboxy-terminal domain.

Our finding that HRX fusion proteins bind GADD34 and
abrogate GADD34-induced apoptosis supports a hypothesis
whereby HRX fusion proteins interfere with programmed cell
death following DNA damage. In our proposed model, the
leukemic HRX chimeric protein, expressed from fusion genes
arising from the juxtaposition of genetic elements during chro-
mosomal translocation, in a gain of function over wild-type
HRX, acts to bypass the GADD34-mediated cellular program
for regulating growth of cells following DNA damage. This
hypothesis suggests that DNA damage is the important initial
event in HRX leukemias and that HRX fusion proteins pro-
vide a proliferative advantage to cells following DNA damage
by inhibiting cellular responses aimed at either repairing or
eliminating damaged genomes. An attractive hypothesis is that
proliferation and apoptosis may exist in a near equilibrium in
cells that are not fully neoplastic. A perturbation of this equi-
librium would constitute a step toward a more aggressive can-
cer, termed progression. Interestingly, Shibata et al. have stud-
ied the transition from preneoplasia to carcinoma during
mammary tumor progression in C3(1)/SV40 large T-antigen
transgenic mice (44). From studies with p53~/~ mice, they
found that preneoplastic cells have both increased prolifera-
tion and increased apoptosis over control cells and that even-
tually these cells develop into carcinoma cells, in which p53-
independent apoptosis is suppressed. A similar result was
found in the transition to carcinoma for T-antigen-induced
pancreatic 3-cell tumors (38). Our contention that suppression
of apoptosis as an important step in the progression of 11q23
leukemias is supported by a recent study in which cells express-
ing HRX fusion transcripts underwent apoptosis following the
addition of antisense oligonucleotides directed against the fu-
sion transcripts (2). These data suggest that the inhibition of
GADD34 p53-independent apoptosis by HRX fusion proteins
may play a role in the progression of 11q23 leukemias.

Interestingly, PEG-3, another protein with approximately
69% homology to GADD34, has been implicated in cancer
progression. PEG-3 was initially discovered by subtraction hy-
bridization analysis from virus- and oncogene-transformed rat
embryo cells. PEG-3 has been implicated in cancer progression
because overexpression in cells results in a transformed phe-
notype, as shown by increased anchorage-independent growth
and tumorigenic potential (49). One interpretation of these
data is that GADD34 and PEG-3 share motifs critical to cancer
progression and that when complexed with HRX fusion pro-
teins, GADD?34 has the potential to affect cancer progression
akin to PEG-3. An alternative hypothesis could invoke oppos-
ing roles on the p53-independent apoptotic pathway by PEG-3
and GADD34, with PEG-3 potentially interfering with the
proapoptotic function of GADD34. In this regard, it is inter-
esting that the PEG-3 protein conspicuously lacks the 63-ami-
no-acid carboxy-terminal domain implicated in promoting ap-
optosis that is found in the GADD34, MyD116, and ICP34.5
proteins.

Consistent with the previously reported interaction between
SNF5 and the ENL homologue in yeast (9), we show here that
HRX-ENL forms a complex with the hSNF5/INI1 protein
(Fig. 5). We also show by in vivo coimmunoprecipitation stud-
ies and an in vitro affinity binding assay that GADD34 associ-
ates with hSNF5/INI1 (Fig. 5 and 6). Our results suggest the
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presence of a protein complex that consists of at least three
members, the HRX fusion protein, GADD34, and hSNF5/
INI1. hSNF5/INIT is a component of the multiunit SNF/SWI
protein complex (54). Current evidence suggests that the SNF/
SWI complex can affect nucleosome positioning at target genes
and thus overcome the repressive effect of nucleosomes upon
transcription (40). Since hSNF5/INI1 has not been reported to
function independently of SNF/SWI, it is plausible that
GADD34 is involved in recruiting the SNF/SWI complex to
HRX fusion proteins, an event that may be necessary for the
transcriptional transactivation essential to the immortalization
of cells by these leukemic fusion proteins. It has previously
been shown that HRX-ENL deletion mutants lacking the tran-
scriptional transactivation domain of ENL are unable to im-
mortalize murine myeloid cells (46). The human SNF/SWI
complex may indeed play a role in regulating cell growth, since
BRG1, one of two known homologues of an essential SNF/
SWI complex member, SNF2, is required for RAS-mediated
transformation of SW13 cells (37). Additionally, mutations
resulting in the truncation of hSNF5/INI1 have recently been
described in childhood cancers (53). The GADD34-hSNF5/
INI1 interaction described here may therefore play a role in
neoplastic transformation, and further work is required to de-
termine whether this interaction is important in 11q23 leuke-
mias.

In summary, we report here a general biological function for
leukemic HRX-fusion proteins distinct from wild-type HRX.
We have shown that HRX proteins associate with and affect
the function of another protein, GADD34, that is involved in
cell growth regulation. Our results suggest that HRX fusion
proteins probably disregulate hematopoietic cell growth and
differentiation through multiple pathways that include abroga-
tion of apoptosis.
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