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Background: Hax-1 is a family of apoptotic regulators. The prototypical variant 1 has an antiapoptotic function.
Results: Hax-1 variant 2 promotes cell death and can abrogate the protective effect of variant 1.
Conclusion: The ratio of anti- and proapoptotic Hax-1 variants is likely to determine cell fate via sequestration or inactivation.
Significance: Different splice variants of Hax-1 have opposing roles in regulating apoptosis.

Studies on Hax-1 have mainly focused on variant (v) 1, dem-
onstrating its antiapoptotic properties. However, HAX1 is heav-
ily spliced, generating structurally distinct isoforms. We sought
to characterize the Hax-1 isoforms expressed in rat heart before
and after insult. We confirmed the presence of at least four
Hax-1 transcripts in healthy rat cardiac muscle. These exhibited
differential expression before and after induction of myocardial
infarction, with v2 being up-regulated 12-fold at the transcript
level and 1.5-fold at the protein level post-insult. Contrary to
antiapoptotic rat and human v1, overexpression of rat v2 or
human v4 (the human homologue of rat v2) in epithelial cells
exacerbated cell death by 30% following H2O2 treatment com-
pared with control vector. Coexpression of rat v1 and v2 or
human v1 and v4 neutralized the protective effects of rat and
human v1 and the proapoptotic effects of rat v2 and human v4 by
modulating cytochrome c release. This is, at least partly, medi-
ated by the ability of Hax-1 proteins to form homotypic and
heterotypic dimers with binding affinities ranging from �3.8 nM

for v1 dimers to �97 nM for v1/v2 dimers. The minimal binding
region supporting these interactions lies between amino acids
97–278, which are shared by nearly all Hax-1 proteins, indicat-
ing that additional factors regulate the preferential formation of
Hax-1 homo- or heterodimers. Our studies are the first to show
that Hax-1 is a family of anti- and proapoptotic regulators that
may modulate cell survival and death through homo- or
heterodimerization.

HS-1-associated protein X-1 (Hax-1) is a family of ubiqui-
tously expressed proteins ranging in size from �26 to �35 kDa
that result from alternative splicing of the single HAX-1 gene (1,
2). The prototypical Hax-1 variant (v)2 1 is an �35-kDa protein
expressed in both humans and rodents. Early on, it was postu-
lated that Hax-1 contains an NH2-terminal acidic box consist-

ing of Asp and Glu residues, followed by two purported Bcl-2
homology domains, BH1 and BH2, a PEST motif, a predicted
COOH-terminal transmembrane domain, and an integrin �6
binding domain (3, 4). Recently, though, the existence of the
BH1, BH2, and transmembrane domains has been disputed on
the basis of data obtained by sequence analysis and structure
prediction (5).

The antiapoptotic role of Hax-1 v1 has been confirmed in
different experimental and disease models. Consistent with
this, ectopic expression of Hax-1 v1 in HeLa cells, HEK293 cells,
and cardiomyocytes promotes cell survival following exposure
to different apoptotic stimuli (6 –9). More importantly, overex-
pression of Hax-1 v1 has been found in psoriasis, a severe
inflammatory disease characterized by increased proliferation
and diminished apoptosis of keratinocytes (10), as well as in
melanoma and breast and lung cancers (11).

Hax-1 v1 has been reported to interact with an increasingly
diverse array of proteins (3, 6, 7, 9, 12–15), indicating that it
might exert its antiapoptotic activities through different path-
ways. Thus, it has been documented that Hax-1 directly binds
initiator caspase 9, inhibiting its activation (8, 9), and the sarco/
endoplasmic reticulum Ca2� ATPase (SERCA) pump and its
regulator phospholamban, modulating Ca2� homeostasis (9,
14, 16, 17). Hax-1 is also involved in the processing and activa-
tion of the antiapoptotic factor HtrA2 by the mitochondrial
protease PARL (18). Active HtrA2 prevents the accumulation
of proapoptotic Bax in the outer mitochondrial membrane (18),
which results in reduced cytochrome c release from the mito-
chondria and, thus, decreased apoptosis.

Although the importance of Hax-1 in regulating cell survival
and death has been demonstrated, its exact mechanism of
action still remains unclear. This is complicated by the presence
of multiple, functionally diverse Hax-1 binding partners and
the existence of many structurally distinct Hax-1 splice variants
(4, 19). In this study, we examined the expression profile of
Hax-1 variants in healthy and stressed hearts and studied their
role in modulating cell fate following insult. We observed a
significant increase in the transcript and protein levels of Hax-1
v2 in rat myocardium following induction of myocardial infarc-
tion. Overexpression of rat v2 or of its human homologue v4
confers a prodeath effect in epithelial cells after exposure to
H2O2. Importantly, coexpression of rat v1 and v2 or human v1
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and v4 abrogates the protective and prodeath effects of v1 and
v2/v4, respectively, via regulation of cytochrome c release. This
is modulated by the formation of homotypic and heterotypic
dimers of Hax-1 proteins. Therefore, our findings document,
for the first time, that Hax-1 comprises a family of antiapoptotic
and proapoptotic proteins that may regulate cell fate under
stress conditions via the formation of homo- or heterodimers.

EXPERIMENTAL PROCEDURES

Myocardial Infarction—Frozen lyophilized heart tissue from
adult Sprague-Dawley rats was donated by Dr. William Stanley
(University of Maryland, School of Medicine). Heart failure was
induced by constriction of the left coronary artery via ligation to
simulate myocardial infarction, as described previously (20, 21).
The ligation clamp remained in place for 12 weeks. Control
sham animals underwent the same surgery without artery liga-
tion. Total heart tissue was collected from both groups at the
end of the 12-week ligation period. For the myocardial infarc-
tion group, the heart tissue included infarcted and non-in-
farcted regions.

Quantitative RT-PCR—Poly-A mRNA was isolated from rat
cardiac tissue subjected to myocardial infarction or sham sur-
gery using the MicroPoly(A) Purist kit (Ambion, Life Technol-
ogies, Grand Island, NY). Quantitative RT-PCR reactions were
set up in 50 �l of volume using Bio-Rad iScript and IQ SYBR
Green Supermix (Bio-Rad). Hax-1 variant-specific primers
were designed to span exon/intron junctions with an optimal
Tm of 60 °C and a length of between 18 and 25 bases. Of the
seven known rat Hax-1 variants, we were able to specifically
amplify variants 1, 2, 4, and 6. The primers used were designed
according to the published rat variant sequences (accession
numbers NM_181627.2, AY919342.1, and AY291064.2)
and were as follows: v1, 5�-GACCTCGGAGCCACAGAG-
ATC-3� (forward) and 5�-CCTGGAAGTTCAGGAGAGT-
GGG-3� (reverse); v2, 5�-GACCTCGGAGCCACAGAG-
ATC-3� (forward) and 5�-CCTGGAAGTTCACTGTCTTCC-
TCC-3� (reverse); v4, 5�-GCAAGTCATTGGCCACAGAG-
ATC-3� (forward) and 5�-CCTGGAAGTTCACTGTCTTCC-
TCC-3� (reverse); and v6, 5�-CCTCCATTCTCAGCCACAG-
AGAT-3� (forward) and 5�-CCTGGAAGTTCACTGTCTTC-
CTCC-3� (reverse).

Western Blotting—Immunoblot analyses were performed as
described previously (19). The only modification to this proto-
col was that 25 mg of heart tissue was homogenized in Nonidet
P-40 buffer containing 10 mM NaPO4, 2 mM EDTA, 10 mM

NaN3, 0.9% NaCl, and 2% Nonidet P-40 in the presence of a
protease inhibitor mixture (Roche, catalog no. 11697498001)
using a tissue grinder (VWR, Radnor PA, model no. 47747-
366). Protein lysates from three independent experiments were
prepared and analyzed. The following primary antibodies were
used: Hax-1 (1:1000 dilution, BD Biosciences), His (1:1000 dilu-
tion, Santa Cruz Biotechnology, Dallas, TX), � tubulin (1:1000
dilution, Sigma-Aldrich, St. Louis, MO), cytochrome c (1:200
dilution, Abcam, Cambridge, MA), and GAPDH (1:1000 dilu-
tion, Santa Cruz Biotechnology). This was followed by goat
anti-mouse or donkey anti-rabbit secondary antibody (1:2500
dilution, Jackson ImmunoResearch Laboratories, Inc., West
Grove, PA). Blots were developed using an alkaline phospha-

tase-based chemiluminescent system (Applied Biosystems,
Foster City, CA). Relative levels of immunoreactive bands were
quantified using ImageJ software and densitometric analysis
(National Institutes of Health, Bethesda, MD).

Generation of Overexpression Plasmids—Overexpression
constructs were generated by cloning the complete coding
sequence of rat Hax-1 v1 and v2 and human Hax-1 v1 and
v4 (accession numbers: NM_181627.2, AY919342.1, NM_
006118.3, and EU190982.1, respectively) into the pIRES2-
ZsGreen1 or pIRES2-ZsRed1 vector (Clontech, Mountain
View, CA) using the Sac1 and Xma1 restriction sites. The
primes used were as follows: rat v1 and v2, 5�-ACTGGAG-
CTCATGAGCGTCTTTGAT-3� (forward) and 5�-ACT-
GCCCGGGCTATCGGGACCGAAACC-3� (reverse). For
human v1, the above rat forward primer was used with
reverse primer 5�-ACTGCCCGGGTACCGGGACCGGA-
AAC-3�. The authenticity of the generated constructs was
confirmed by sequencing (Genewiz Inc., South Plainfield,
NJ).

Cell Culture and Transfections—HEK293 cells (ATCC) were
cultured in growth medium (DMEM supplemented with 10%
FBS and 1% penicillin/streptomycin) and maintained in a
water-jacketed 5% CO2 incubator at 37 °C. Transfections were
performed using Lipofectamine 2000 (Invitrogen) according to
the protocol of the manufacturer, followed by medium change
5 h after transfection.

Measurement of Cell Viability using the XTT Assay—3 � 105

HEK293 cells were seeded in standard 6-well plates 24 h prior to
transfection. 24 h after transfection, plasmid expression was
confirmed by visualization of GFP or red fluorescent protein
fluorescence. Cells were treated with either 2 �M thapsigargin
for 24 h, 4 �M calcimycin for 24 h, or 0.33 mM H2O2 for 4 h. All
treatments were performed in sodium pyruvate-free DMEM in
the absence of serum or antibiotics. Cell viability was measured
using XTT sodium salt (2,3-Bis(2-methoxy-4-nitro-5-sulfo-
phenyl)-2H-tetrazolium-5-carboxanilide inner salt) (Sigma-
Aldrich) according to the instructions of the manufacturer.

Evaluation of Apoptosis via FACS Analysis—Cells were
plated, transfected, and treated with the indicated chemicals as
for the XTT assay. Following treatment, cells were collected
using 0.025% trypsin (Invitrogen) and prepared for FACS anal-
ysis using the annexin V phycoerythrin apoptosis detection kit
(BD Biosciences) according to the protocol of the manufac-
turer. FACS analysis was performed on a BD FACS Scan Ana-
lyzer by the University of Maryland Flow Core staff. Only
GFP-positive, red fluorescent protein-positive, or GFP/red flu-
orescent protein-positive cells were included in our analysis to
ensure that only transfected cells were analyzed.

Production of Recombinant Hax-1 Proteins—His6- or GST-
tagged recombinant proteins were generated for use in binding
assays. Full-length rat Hax-1 v1 and v2 were cloned into the
pet30a (Novagen, Darmstadt, Germany) and pGEX (GE Life
Sciences, Pittsburgh, PA) vectors for expression of His6- and
GST-tagged fusion proteins, respectively. Proteins were
expressed in BL21 DE3 cells following standard techniques. For
protein extraction, bacterial pellets from a 100-ml culture were
resuspended in 20 ml STE buffer (10 mM Tris-HCl, 150 mM

NaCl, and 1 mM EDTA (pH 7.5)). After one freeze-thaw cycle,
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lysozyme was added to the cell pellet to a final concentration of
100 �g/ml, followed by incubation on ice for 15 min. Subse-
quently, 5 mM DTT and 1% N-lauroylsarcosine were added to
the cell slurry, followed by sonication for four 10-s bursts on
medium power and centrifugation at 8900 � g at 4 °C for 30
min. The supernatant containing the recombinant protein of
interest was removed, and 2% Triton X-100/20 mM CHAPS
were added, followed by incubation with gentle rocking for 4 h
at 4 °C. All samples were dialyzed in cold PBS in the presence of
10 mM NaN3 and 1 mM EDTA. His6-tagged proteins were puri-
fied using nickel-nitrilotriacetic acid beads (Qiagen, Hilden,
Germany) and gravity flow columns, following the protocols of
the manufacturer. GST-tagged proteins were incubated with
glutathione-Sepharose beads (Novagen) according to the
instructions of the manufacturer.

Protein Binding via GST Pulldown—GST-tagged rat Hax-1
v1 was bound to glutathione-Sepharose beads and incubated
with 3 �g of His-tagged Hax-1 v1 or v2 overnight at 4 °C in
pulldown buffer (50 mM Tris (pH 7.5), 120 mM NaCl, 10 mM

NaN3, 2 mM DTT, and 0.5% Tween). Beads were washed five
times with wash buffer (PBS with 10 mM NaN3 and 0.1%
Tween), and bound proteins were eluted with 2� lithium dode-
cyl sulfate buffer (Invitrogen), followed by boiling at 95 °C for 10
min and separation on a 4 –12% bis-Tris gel. Our standard
Western blotting procedure was followed, using a His6 tag anti-
body (catalog no. SC-803, Santa Cruz Biotechnology).

Protein Binding via Surface Plasmon Resonance—Surface
plasmon resonance was performed using a BiaCore 3000
instrument as described previously (22, 23). Analyte concentra-
tion ranged from 25–500 nM. Experiments were performed
independently at least three times, yielding similar results.

Yeast Two-hybrid System—The Matchmaker Gold yeast two-
hybrid system was used (Clontech). In brief, full-length rat
Hax-1 v1 was cloned into the pGBKT7 vector and served as bait.
The rat Hax-1 v1 transcript was split into eight different
regions, on the basis of predicted domain structure, that were
cloned into the pGADT7 vector and used as prey. The Gold-
competent cells, provided by the manufacturer, were simulta-
neously transformed with the indicated bait and prey con-
structs and plated on the appropriate selective media. Positive
interactants were then streaked on high-stringency plates for
confirmation and evaluation of their relative strength, as
described by the manufacturer.

Measurement of Intracellular Reactive Oxygen Species (ROS)—
The OxiSelect intracellular ROS assay kit (Cell Biolabs, San
Diego, CA) was used according to the protocol of the manufac-
turer. Cells overexpressing select Hax-1 constructs were
treated with 0.33 mM H2O2, and intracellular ROS levels were
measured after 1 and 4 h of treatment.

Measurement of Cytochrome c Release—The cytochrome c
releasing apoptosis assay kit (Abcam, catalog no. ab65311) was
used according to the instructions of the manufacturer.
HEK293 cells were transfected with select Hax-1 constructs as
described above and treated with 0.33 mM H2O2. A pilot time
course was performed to determine the time point of maximum
cytochrome c release after treatment, which was shown to be
2 h.

RESULTS

Expression Profile of Select Hax-1 Transcripts in the Rat
Heart Prior to and Post-induction of Myocardial Infarction—
Hax-1 v1 is expressed ubiquitously, albeit at different amounts
among different tissues (10). Consistent with this, high tran-
script levels of Hax-1 v1 have been reported in the mammalian
heart (4), whereas no such information is available for other
Hax-1 variants. Using quantitative RT-PCR and variant-spe-
cific primers, we compared the expression levels of Hax-1 v1,
v2, v4, and v6 transcripts in healthy and stressed rat hearts (Fig.
1A; no variant-specific primers can be designed for v3, v5, and
v7). All four HAX-1 transcript variants were readily expressed
in healthy rat myocardium (Fig. 1B, black bars). Interestingly, a
significant increase of �12-fold was detected in the transcript
levels of v2 12 weeks after transaortic ligation and induction of
myocardial infarction (Fig. 1B, gray bars). No statistically sig-
nificant changes in the transcript levels of v1, v4, and v6 were
observed in the stressed rat heart (Fig. 1B). The up-regulation of
v2 transcripts was corroborated by a �1.5-fold increase at the
protein level in the treated hearts, compared with sham-oper-
ated control hearts, whereas the protein levels of Hax-1 v1
remained unchanged (Fig. 1, C and D).

Hax-1 v1 and v2 Have Antagonistic Roles in Regulating H2O2-
induced Apoptosis—Given the increased expression levels of
Hax-1 v2 in the rat heart following myocardial infarction, we set
forth to examine whether and how v2 regulates cell death. We
used HEK293 epithelial cells, which have been used extensively
and reliably for such studies (24). We transiently transfected
HEK293 cells with rat Hax-1 v1, v2, v1, and v2 or control empty
vector(s) (Fig. 2A) and subsequently subjected them to different
apoptotic stimuli. Notably, we routinely observed �80% effi-
ciency for single transfections and �70% efficiency for cotrans-
fections. We used a variety of apoptotic stimuli, including thap-
sigargin, which raises cytosolic Ca2� concentration by blocking
the activity of SERCA (25); calcimycin, a divalent cation iono-
phore that allows Ca2� to cross membranes (26)’ serum starva-
tion (27); and H2O2, which induces oxidative stress and causes
cytochrome c release from the mitochondria, leading to caspase
activation (28). We first measured metabolic activity using the
XTT assay, which is indicative of cell viability (Fig. 2, B–F).
Overexpression of Hax-1 v1 or v2 had no effect on cell viability,
compared with control cells expressing the empty vector, fol-
lowing treatment with thapsigargin (Fig. 2B) or calcimycin (C)
and after serum starvation (D). These findings are surprising
given the direct association of Hax-1 v1 with major Ca2� regu-
latory proteins (14, 16, 29). However, overexpression of Hax-1
v1 protected HEK293 cells from H2O2-induced death by �1.5-
fold, whereas overexpression of Hax-1 v2 exacerbated cell
death by �0.75-fold compared with control cells (Fig. 2, E and
F). Importantly, cotransfection of Hax-1 v1 and v2 in HEK293
cells that yielded equivalent amounts of exogenous v1 and v2
proteins (Fig. 2A) abrogated their anti-apoptotic and prodeath
effects, respectively, following exposure to H2O2 (F).

To further confirm these findings, we performed similar
experiments using the human homologues of rat v1 and v2; i.e.
v1 and v4, respectively (Fig. 2A). Notably, rat v1 and human v1
share �84% sequence identity, whereas rat v2 and human v4
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share �75% identity (4). Similar to the rat variants, overexpres-
sion of human v1 in HEK293 cells increased viability by �1.7-
fold following H2O2 treatment, whereas overexpression of
human v4 promoted cell death by �0.7-fold (Fig. 2F). More-

over, coexpression of human v1 and v4 counteracted their indi-
vidual effects on cell survival (Fig. 2F).

We then used FACS analysis to examine how ectopic expres-
sion of the rat Hax-1 variants 1 and 2 and human Hax-1 variants

FIGURE 1. Expression profile of Hax-1 variants in the rat myocardium prior to and post-induction of myocardial infarction. A, schematic of Hax-1 variants
showing predicted protein domains, corresponding exons (light gray boxes), and introns (dark gray boxes). MTS, mitochondrial targeting sequence; EE, acidic
box; BH1 and BH2, Bcl-2 homology domains 1 and 2; PEST, proline (P), glutamic acid (E), serine (S), and threonine (T)-rich motif; TM, predicted transmembrane
domain; �6, integrin �6 binding domain. The numbers on top indicate amino acid residues defining protein domains. The location of the primers that were
used for amplification of Hax-1 variants in quantitative RT-PCR is denoted with arrows. Of note is that we adopted the Hax-1 structural organization presented
by Suzuki and colleagues (3) for consistency purposes, although the presence of the BH1, BH2, and transmembrane domains has been disputed recently (5).
B, quantitative RT-PCR analysis of the expression levels of Hax-1 v1, v2, v4, and v6 in rat myocardium prior to and 12 weeks post-induction of myocardial
infarction (MI). Notably, the v2 transcript was up-regulated �12-fold following myocardial infarction (n � 3, Student’s t test). *, p � 0.05. Error bars show mean 	
S.E. C, immunoblot analysis of Hax-1 v1 and v2 in lysates prepared from rat myocardium prior to and 12 weeks post-induction of myocardial infarction using
antibodies to Hax-1. Equal loading was ensured by probing for tubulin. D, quantification of the relative protein levels of Hax-1 v1 and v2 with densitometry and
ImageJ software demonstrated that v2 levels are increased �1.5-fold 12 weeks post-induction of myocardial infarction (n � 3, Student’s t test). *, p � 0.03. Error
bars show mean 	 S.E.
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1 and 4 affected apoptosis of HEK293 cells following exposure
to H2O2. We performed measurements of annexin V PE and
7-amino-actinomycin D at 4 and 24 h post-treatment to cap-
ture early and late cell responses. Approximately 90% of
HEK293 cells expressing rat v1, human v1, or a control empty
vector were alive at 4 h following H2O2 treatment (Fig. 3A).
Interestingly, only �80% of HEK293 cells expressing either rat
v2 or human v4 were alive at the same time point (Fig. 3A). We
then measured the levels of annexin V PE and 7ADD 24 h
post-treatment with H2O2. Approximately 80% of HEK293
cells expressing rat or human v1 remained alive at 24 h com-
pared with 50% of control cells, demonstrating the protec-
tive effects of rat and human v1 (Fig. 3B). In contrast, �40%
of cells expressing rat v2 or human v4 were alive at 24 h,
indicating the prodeath effects of rat v2 and human v4 (Fig.
3B). Similar measurements in HEK293 cells coexpressing
equivalent amounts of rat v1 and v2 or human v1 and v4 (Fig.
2A) demonstrated that �90% of cells were alive at 4 h,
whereas 50% of cells remained alive at 24 h, similar to control
cells expressing empty vectors at the same time points (Fig.
3, A and B). Taken together, these results demonstrate that
rat and human v1 promote cell survival under specific stress
conditions (i.e. oxidative stress) by diminishing apoptosis,

whereas rat v2 and human v4 exacerbate cell death under the
same stress conditions by increasing apoptosis. Interest-
ingly, coexpression of anti-apoptotic v1 and prodeath v2/v4
counteracts their individual effects, resulting in apoptotic
levels similar to those of control cells.

The Hax-1 Variants Can Form Homotypic and Heterotypic
Dimers with High Affinity—To study the molecular mechanism
through which Hax-1 v1 and v2/v4 counteract the effect of each
other in regulating cell apoptosis, we examined their ability to
form homotypic and heterotypic dimers, a property described
previously for other members of the Bcl2 family (30, 31). We
generated full-length recombinant rat Hax-1 v1 and v2 as GST-
and His-tagged proteins (Fig. 4A) and performed a pulldown
assay (B). Notably, both v1 and v2 were able to specifically and
efficiently form homo- and heterodimers. To quantitate the
binding affinity of these homo- and heterotypic interactions in
real time, we performed surface plasmon resonance using a
Biacore 3000 instrument (Fig. 4, C and D). v1 formed
homodimers with a Kd of �4 nM and heterodimers with v2 with
a Kd of �97 nM. Although the binding affinity of the v1
homodimer is �25-fold higher than the binding affinity of the
v1/v2 heterodimer, both interactions are strong and, most
likely, of physiological significance.

FIGURE 2. Effects of Hax-1 variants on cell viability following exposure to different insults. A, immunoblot analyses of lysates collected from HEK293 cells
24 h post-transfection overexpressing rat Hax-1 v1 (RV1), v2 (RV2), RV1 and RV2, human v1 (HV1), v4 (HV4), or HV1 and HV4 and probed with a Hax-1 antibody
(ab). Immunoreactive bands are denoted with colored dots for ease of identification. Red, endogenous human v1; green, exogenous rat v1; orange, exogenous rat v2;
blue, endogenous and exogenous human v1, which comigrate; yellow, exogenous human v4. It is of interest to note that HEK293 cells to do not express detectable
levels of endogenous Hax-1 v4 under normal conditions and that endogenous and exogenous HV1 migrate slightly faster than exogenous RV1 in our gel system. To
ensure equal loading, a replica immunoblot analysis was probed with an antibody to tubulin. B–E, HEK293 cells overexpressing rat Hax-1 v1 or v2 were treated with 2
�m thapsigargin for 24 h (B) or 4 �m calcimycin for 24 h (C) or were serum-starved (-FBS, lacking FBS) for 24 h (D) or exposed to 0.33 mM H2O2 for 4 h (E). Cell viability
was measured using the XTT assay. Rat Hax-1 v1 protected H2O2-treated cells from cell death, as evidenced by the �1.4-fold increase in cell viability compared with
control cells (n � 3; Student’s t test; *, p � 0.001; error bars show mean 	 S.E.) but failed to protect thapsigargin- and calcimycin-treated or serum-starved cells.
Conversely, rat Hax-1 v2 decreased cell viability of H2O2-treated cells by �0.8-fold compared with control cells (n � 3; Student’s t test; *, p � 0.04; error bars show
mean	S.E.) but not of thapsigargin- and calcimycin-treated or serum-starved cells. F, HEK293 cells overexpressing RV1, RV2, or RV1 and RV2 and HV1, HV4, or HV1 and
HV4 were treated with 0.33 mM H2O2 for 4 h as in D, followed by evaluation of cell viability using the XTT assay. Similarly to the rat variants, human v1 and v4 decreased
and exacerbated cell death of H2O2-treated cells by 20 and 10%, respectively, compared with control cells. Importantly, coexpression of rat v1 and v2 or human v1 and
v4 counteracted the antiapoptotic effect of v1 and the prodeath effect of v2/v4, resulting in cell viability levels similar to those observed in control cells expressing
empty vectors (n � 3; Student’s t test; **, p � 0.01; ***, p � 0.03; error bars show mean 	 S.E.).
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We were unable to efficiently capture Hax-1 v2 to CM5 or
nitrilotriacetic acid chips as GST or His fusion proteins, respec-
tively. Therefore, kinetic measurements for the v2 homodimer
were not feasible.

The COOH Terminus of Hax-1 Supports Its Ability to Homo-
and Heterodimerize—To determine the minimal region that
supports the formation of Hax-1 homo- and heterodimers, we
generated a series of deletion constructs and tested their ability
to interact in the yeast two-hybrid system. We used full-length
rat Hax-1 v1 as bait and three consecutive deletion constructs,
referred to as A-C, as prey, containing amino acids 1– 43,
35–102, and 97–278, respectively, and spanning the entire
length of v1 (Fig. 5A). We also generated prey construct D,
containing amino acid residues 79 –106, which are unique to
v7. Prey construct C, including amino acids 97–278, interacted
specifically and efficiently with full-length v1 under high-strin-
gency conditions in the yeast system (Fig. 5B). Further deletion
analysis of fragment C (aa 97–278) and generation of constructs
C1 (aa 97–193) and C2 (aa 189 –278) demonstrated that both
C1 and C2 were able to support binding to full-length v1. How-
ever, C1 did so more efficiently and to the same extent as con-
struct C. Additional deletion analysis and generation of con-
structs C3 (aa 97–148), C4 (aa 127–202), C5 (aa 188 –224), and
C6 (aa 225–278) resulted in complete abolishment of binding to
full-length v1 (Fig. 5B).

We then tested the ability of constructs C (aa 97–278), C1 (aa
97–193), and C2 (aa 189 –278) to directly bind to full-length
Hax-1 v1 in a pulldown assay. Therefore, we generated recom-
binant GST-Hax-1 v1, which was immobilized to glutathione
matrices and allowed to incubate with equivalent amounts of
His-tagged C, C1, or C2 proteins (Fig. 5C). We observed that
His-C, His-C1, and His-C2 proteins were able to specifically
and directly bind to GST-Hax-1 v1 but not control GST protein
(Fig. 5D). Similarly to the yeast two-hybrid data, we consistently

observed that His-C and His-C1 were retained more efficiently
by GST-Hax-1 v1 compared with His-C2. Thus, it appears that
the C1 region containing residues 97–193 is the minimal site
that mediates the ability of Hax-1 to form homotypic and het-
erotypic dimers, whereas the C2 region containing amino acids
189 –278 may further contribute to the homo- or het-
erodimerization capability of Hax-1.

Notably, the COOH-terminal region of Hax-1 (aa 97–278),
which also contains the homo- and heterodimerization site, as
our experiments indicated, is shared by all known Hax-1 vari-
ants and supports binding to a number of other proteins, as
reported previously, including phospholamban, SERCA2,
HtrA2, PARL, caspase 9, and HS1 (4).

Overexpression of Antiapoptotic or Prodeath Hax-1 Variants
Fails to Modulate the Levels of Intracellular ROS but Alters the
Cytoplasmic Levels of Cytochrome c following H2O2 Treatment—
We then investigated whether the antiapoptotic effects of rat
and human v1 and the prodeath effects of rat v2 and human v4
are due to their ability to regulate intracellular ROS levels.
HEK293 cells overexpressing rat Hax-1 v1, v2, or v1 and v2 and
human Hax-1 v1, v4, or v1 and v4 were treated with H2O2, and
the levels of intracellular ROS were measured 1 and 4 h post-
treatment. As expected, all cell populations exposed to H2O2
exhibited significantly higher levels of intracellular ROS com-
pared with untreated HEK293 cells expressing empty vector(s)
(Fig. 6A). Interestingly though, we did not observe statistically
significant differences in the levels of intracellular ROS at 1 h
(Fig. 6A) or 4 h (not shown) following H2O2 treatment among
cell groups overexpressing v1 or v2/v4 or cell groups coexpress-
ing v1 and v2/v4 compared with control cells containing empty
vector(s). Therefore, we then examined whether the opposing
effects of v1 and v2/v4 are exerted via regulation of the levels of
cytosolic cytochrome c, which we measured in the aforemen-
tioned HEK293 cell groups (Fig. 6B). We initially performed a

FIGURE 3. Effects of Hax-1 variants on early and late apoptosis following treatment with H2O2. A, HEK293 cells overexpressing rat Hax-1 v1 (RV1), human
Hax-1 v1 (HV1), rat Hax-1 v2 (RV2), human Hax-1 v1 (HV4), RV1 and RV2, or HV1 and HV4 were treated with 0.33 mM H2O2 for 4 h. Apoptosis levels were evaluated
by FACS analysis via staining with annexin V PE and 7AAD 4 h following treatment. Only fluorescing cells were included in the analysis to ensure that transfected
cells were used. Cells expressing RV1, HV1, RV1 and RV2, or HV1 and HV4 showed similar levels of apoptosis to those of control cells transduced with empty
vector(s). In contrast, cells expressing RV2 or HV4 exhibited a 10% increase in apoptosis levels relative to control cells (n � 3, Student’s t test). *, p � 0.13. Error
bars show mean 	 S.E. B, HEK293 cells were transfected and treated as in A but were incubated for an additional 24 h following H2O2 treatment. Cells expressing
RV1 or HV1 showed a �30% decrease in apoptosis levels compared with control cells expressing the empty vector (n � 3; Student’s t test; **, p � 0.01; error bars
show mean 	 S.E.). In contrast, cells expressing RV2 or HV4 exhibited a �10% increase in apoptosis levels relative to control cells (n � 3; Student’s t test; ***, p �
0.03; error bars show mean 	 S.E.). Importantly, cells coexpressing RV1 and RV2 or HV1 and HV4 showed similar levels of apoptosis to control cells, indicating
that coexpression of v1 and v2/v4 eliminated their protective and prodeath effects, respectively.
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time course (0.5–24 h, data not shown) to determine the time
point of maximal cytochrome c release, which we found to be
2 h post-treatment. HEK293 cells overexpressing rat v2 or
human v4 exhibited significantly higher levels of cytosolic cyto-
chrome c (Fig. 6B, �1.4-fold increase) compared with cells
overexpressing rat or human v1, rat v1 and v2, human v1 and v4,
or empty vector(s), as evidenced by densitometry of the respec-
tive immunoreactive bands. Taken together, these findings
indicate that the antagonistic roles of v1 and v2/v4 are not
exerted via modulation of intracellular ROS levels but through
regulation of cytochrome c release.

DISCUSSION

Hax-1 v1 is a ubiquitously expressed protein with established
antiapoptotic activity that has been studied extensively in
humans and rodents (4, 19). Contrary to the mouse gene, the
human and rat HAX-1 genes are heavily spliced, giving rise to at
least seven distinct variants that primarily differ in the NH2
terminus (1). In this study, we examined the expression profile

of Hax-1 variants in normal and stressed rat myocardia. We
observed a significant increase in the transcript and protein
levels of Hax-1 v2 12 weeks post-induction of myocardial
infarction. Consistent with this, rat v2 and its human homo-
logue v4 exacerbated cell death under select stress conditions
that led to oxidative stress and abrogated the antiapoptotic
effect of rat and human v1, respectively. Rat v2 and human v4
are structurally similar to the rat and human v1. They only
differ in the retention of exon 2, which is present in all known v1
proteins but is partly spliced out in the rat v2 and human v4
isoforms (1). The spliced-out portion of exon 2 encodes 61
amino acids in rats and 48 amino acids in humans, comprising
the predicted BH1 and BH2 domains and flanking sequence.
Therefore, it appears that the BH1 and BH2 domains present in
Hax-1 v1 confer their antiapoptotic activity, as reported previ-
ously for antiapoptotic members of the BCL2 family (32–34).
Notably, although the existence of the BH1 and BH2 domains in
Hax-1 is controversial, our findings highlight the functional
importance of this region of Hax-1 encoded by exon 2.

FIGURE 4. Hax-1 variants can form homotypic and heterotypic dimers. A, Coomassie Blue-stained gel showing bacterially expressed rat Hax-1 v1 and v2
produced as GST- and His-tagged proteins. B, GST pulldown assays were performed using equivalent amounts of control GST protein, GST-Hax-1 v1, or
GST-Hax-1 v2 bound to glutathione matrices and His-Hax-1 v1 or His-Hax-1 v2. Retention of His-Hax-1 v1 or His-Hax-1 v2 was determined by immunoblot
analysis using antibodies (ab) to the His tag. GST-Hax-1 v1, but not control GST protein, specifically and efficiently precipitated both His-Hax-1 v1 and His-Hax-1
v2. Similarly, GST-Hax-1 v2 specifically and efficiently retained His-Hax-1 v2. C, evaluation of the binding affinity of the Hax-1 v1 homodimer in real time using
surface plasmon resonance and a Biacore 3000 instrument. GST-Hax-1 v1 was used as a ligand, and His-Hax-1 v1 was used as analyte at five different
concentrations ranging from 0 – 400 nM. A Kd of �4 nM was calculated with a �2 � 0.2 for fitted and obtained sensograms. D, evaluation of the binding affinity
of the Hax-1 v1/v2 heterodimer in real time using surface plasmon resonance and a Biacore 3000 instrument. GST-Hax-1 v1 was used as ligand, and His-Hax-1
v2 was used as analyte at five different concentrations, ranging from 0 –200 nM. A Kd of �97 nM was calculated with a �2 � 0.06 for fitted and obtained
sensograms.
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Previous studies have demonstrated that Hax-1 v1 can inter-
act specifically and directly with several proteins that are inti-
mately involved in the regulation of apoptosis via distinct
mechanisms. These include phospholamban (9) and SERCA
(14), which are major modulators of Ca2� cycling; mitochon-
drial proteases presenilins-associated rhomboid-like protein
(PARL); high temperature-regulated A2 (HtrA2) (18); and cyto-
plasmic procaspase 9 (5, 18). Consistent with these findings, it
has been postulated that direct binding of Hax-1 v1 to phospho-
lamban and SERCA modulates Ca2� homeostasis (14, 17, 35).
Alternatively, direct binding of Hax-1 v1 to HtrA2 and PARL
facilitates the PARL-mediated activation of HtrA2 (18). Acti-
vated HtrA2 prevents the accumulation of proapoptotic BAX
(BCL2-associated X protein) in the mitochondrial outer mem-
brane, thus inhibiting mitochondrial pore opening, loss of
membrane potential, and cytochrome c release (18). Moreover,
direct binding of Hax-1 v1 to initiator procaspase 9 precludes
its activation, leading to failure of activation of death pro-
caspase 3 (8, 9).

Our studies demonstrate that Hax-1 proteins can also form
homotypic and heterotypic dimers with affinities in the low
nanomolar range, suggesting that these are strong physiological
interactions that take place within the cell. Whether Hax-1 v1
interacts with the battery of identified binding partners as a
monomer, homodimer, or heterodimer is currently unknown.
Interestingly, though, nearly all known binding interactions of
Hax-1 v1, including the formation of homo- and heterodimers,
are mediated by amino acid residues present in the COOH-
terminal region of the molecule (amino acids 97–278). This
finding has two important implications. First, there is likely
competition among the partners of Hax-1 v1 for binding, which

may be regulated by their relative expression levels, activation
status, or subcellular distribution, given that v1 may localize to
and possibly oscillate between the sarco/endoplasmic reticu-
lum and the mitochondria (19, 36). Secondly, the COOH-ter-
minal region that contains all currently identified binding sites
is shared by all known Hax-1 isoforms, indicating that other
Hax-1 variants with potentially distinct, if not opposing, roles
from v1 (e.g. v2/v4) may interact directly with the same proteins
and, thus, antagonize the anti-apoptotic activity of v1. There-
fore, it is possible that Hax-1 v2/v4 may directly bind to HtrA2
and PARL, leading to their inactivation.

Conversely, Hax-1 homodimers or heterodimers may act
independently of other Hax-1 binding partners. Thus,
homodimerization may be required for v1 to exert its antiapo-
ptotic effect, and for v2/v4 to potentiate cell death following
insult. Alternatively, heterodimerization may neutralize the
individual effects of v1 or v2/v4 via sequestration. Thus, over-
expression of rat v2 or human v4 may promote cytochrome c
release following H2O2 treatment by heterodimerizing and
sequestering endogenous v1, thus preventing it from facilitat-
ing PARL-mediated activation of HtrA2 and BAX removal
from the outer mitochondrial membrane (18). Therefore, it
becomes apparent that there is a high degree of previously
unforeseen complexity that characterizes the homotypic, het-
erotypic, and allotypic binding interactions of the Hax-1 pro-
teins, which may depend on their ratio and subcellular localiza-
tion as well as the presence and type of stress exerted to the cell.

The antagonistic roles of Hax-1 v1 and v2/v4 are reminiscent
of the opposing roles of the BCL-X splice variants, BCL-Xl and
BCL-Xs (37, 38). BCL-Xl binds to and sequesters BAX and BAK
(BCL2 homologous antagonist/killer), inhibiting them from

FIGURE 5. Identification of the minimal binding site that supports the formation of Hax-1 homodimers and heterodimers. A, schematic of the Hax-1 bait
and prey clones that were used in the yeast two-hybrid screen, denoting the amino acid residues that were included in each construct. MTS, mitochondrial
targeting sequence; EE, acidic box; BH1 and BH2, Bcl-2 homology domains 1 and 2; PEST, proline (P), glutamic acid (E), serine (S), and threonine (T)-rich motif; TM,
predicted transmembrane domain; �6, integrin �6 binding domain. B, prey clones C (aa 97–278), C1 (aa 97–193), and C2 (aa 189 –278) were able to support
binding to bait construct Hax-1 v1, although to different extents, with constructs C and C1 exhibiting a similar and higher affinity than construct C2. C,
Coomassie Blue-stained gel showing bacterially expressed GST-Hax-1 v1 and His-Hax-1 clone C, His-Hax-1 clone C1, and His-Hax-1 clone C2 proteins. D, GST
pulldown assays were performed using equivalent amounts of control GST-protein and GST-Hax-1 v1 bound to glutathione matrices and His-Hax-1 clone C,
His-Hax-1 clone C1, or His-Hax-1 clone C2 proteins. Retention of His-tagged proteins was examined by immunoblot analysis using antibodies to the His tag.
GST-Hax-1 v1, but not control GST protein, specifically precipitated all three His-Hax-1 proteins, although with different efficiencies.
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forming pores in the outer mitochondrial membrane and, thus,
preventing cytochrome c release (33, 37). BCL-Xs, similarly to
Hax-1 v2/v4, lacks the BH1 and BH2 domains present in
BCL-Xl and Hax-1 v1 and promotes cell death in the presence
of a stress stimulus (39). Although the exact mechanism of
action of BCL-Xs is still unknown, it has been shown that it can
bind to and inhibit or sequester antiapoptotic proteins BCL-Xl
and BCL2 (32, 38, 40 – 42). Notably, the proapoptotic effect of
BCL-Xs is counteracted by overexpression of BCL2 or BCL-Xl
(30), similarly to Hax-1 v2/v4 and v1.

Several antiapoptotic BCL2 family members, such as BCL2
and BCL-Xl, have been shown to prevent the accumulation of
ROS within cells, thus protecting against ROS-induced apopto-
sis (43, 44). Interestingly, cells overexpressing Hax-1 v1 failed to
reduce the levels of intracellular ROS following H2O2 treat-

ment, compared with control cells, but exhibited reduced levels
of cytoplasmic cytochrome c. Conversely, cells overexpressing
Hax-1 v2/v4 failed to increase the levels of intracellular ROS but
displayed increased levels of cytoplasmic cytochrome c. These
findings indicate that the antiapoptotic and prodeath effects of
Hax-1 proteins are not mediated via regulation of intracellular
ROS levels but through modulation of cytochrome c release,
possibly via the HtrA2/PARL pathway (18, 45).

Taken together, our findings demonstrate that Hax-1 com-
prises a family of apoptotic regulators with antagonistic roles in
response to oxidative stress. The ability of Hax-1 proteins to
form homo- and heterodimers and to interact with diverse pro-
teins involved in the regulation of cell fate indicates that mod-
ulation of cell survival or death via the Hax-1 family is highly
complex and manifold. Further work is required to delineate
the precise molecular mechanisms via which Hax-1 proteins
may promote cell survival or apoptosis and to establish how
their ratio; subcellular distribution; and preferential homo-
typic, heterotypic, or allotypic binding interactions contribute
to the determination of cell fate under stress conditions.
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