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liver, heart, and skeletal muscle [1]. Similar to rat, the highest levels 
of Hax-1 mRNA are found in mouse testis, followed by kidney and 
liver, while moderate levels are found in the mouse’s brain and heart, 
and the lowest levels are in mouse’s lung, spleen, and skeletal muscle 
[17]. Notably, there is a discrepancy in Hax-1 expression between the 
amounts of Hax-1 mRNA and its corresponding protein levels in rat or 
in mouse.For example, although Hax-1 mRNA levels are significantly 
different among testis, liver, and brain in rat, protein analysis assays 
indicated that protein levels of Hax-1 were approximately same in 
all three tissues [1]. Discrepancies inHax-1 expression were also 
found in mouse’s organs [17]. Mouse heart showed high expression 
of Hax-1mRNA, whereas protein expression of Hax-1 is only on 
a comparable level to its level in spleen and lung. In mouse brain, 
the mRNA levels of Hax-1 are moderate, whereas the protein levels 
of Hax-1are considerably high, and high level of Hax-1 mRNA in 
mouse testis does not match the moderate levels of its protein [17]. 
These discrepancies suggest that there exists a tissue-specific post-
transcriptional or post-translational regulation of the Hax-1 gene, 
such as transcript stability, translation efficiency and protein stability, 
in rats and mice [4,15]. We anticipate these discrepancies also exist in 
human in a similar or different pattern.There are somestudies on the 
expression of Hax-1 in rodent central nervous system. Most of these 
studies indicate that Hax-1 is primarily expressed by neurons [18,19]. 
Shi et al. reported that Hax-1 was expressed by neurons, but was 
undetectable in astrocytes and microglia [19], and similarly, Rami et 
al. also found Hax-1 in neurons and only very low levels of Hax-1 in 
astrocytes and microglia[18]. In consistent with previous studies, we 
found that Hax-1 was highly expressed in neurons of  mouse cortex, 

Introduction
Hax-1was firstly identified in B cell signal transduction by a yeast 

two-hybrid assay [1-3]. The prototypical Hax-1 is a 35KDa protein, but 
its size varies from ~26 to ~35KDa due to alternative splicing patterns 
of the Hax-1 gene [1,4]. Hax-1 protein contains two putative Bcl-2 
homology (BH1 and BH2) domains, a PEST motif (proline, glutamic 
acid, serine, threonine), and a COOH-terminal transmembrane 
(TM) domain, which contains several protein-binding regions. The 
NH2-terminal of Hax-1 has an acid box (amino acids 30–41) with 
unknown function, composed mostly of glutamic and aspartic acids 
[4]. The putative PEST sequence of Hax-1 (amino acids 104–117) 
suggests its rapidly degradation (Figure 1). Due to its homology and 
structural similarities to the Bcl-2, it was thought as a novel protein 
that regulates apoptosis and promotes cell survival [5,6]. The Hax-1 is 
mainly localized in mitochondria, the endoplasmatic reticulum and 
the nuclear envelope [3], which indicates different functions of Hax-
1. The studies have found that Hax-1 interacts with various proteins 
to regulate cell apoptosis [7,8], Ca2+ homeostasis [5,9], cell mobility, 
migration [10,11], transcript stability and transport [12-14]. Although 
Hax-1 plays key roles in a various of cellular functions mentioned 
above, in this review, we focus on the anti-apoptotic property of Hax-
1 and its involvement in neuronal degeneration and apoptosis.

Expression of Hax-1
Hax-1 is ubiquitously but differentially expressed among human 

and rodent tissues [15]. The mRNA of Hax-1 is highly expressed in 
the skeletal muscles, heart, colon and testis, whereas relatively low 
expressed in the kidney, liver, brain, pancreas, lung, and placentain 
human [15,16].  Mouse Hax-1 shares about 86% identities to human 
Hax-1 [17] suggesting a similar functional importance in human. 
However, in contrast to humans, testis has the highest Hax-1 mRNA 
level compared to all other tissues in rat [1].  The Hax-1 mRNA levels 
are about 15 times higher in rat testis than that of the lungs, brain in 
rat, whereas there are intermediate levels of mRNA observed in rat 
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HS-1 associated protein X-1 (Hax-1), an intracellular protein, with molecular 
weight of 35-kDa is encoded by the Hax-1 gene. It was first discovered as 
a binding partner of hematopoietic cell-specific protein 1 (HS-1), a protein 
involved in the maturation of T cells, which indicates involvement of Hax-1 in 
immune response. In addition to its involvement in immune response, Hax-1 is 
recently found to be involved in cell apoptosis. Hax-1 interacts with a number of 
intracellular substances including caspase-3, caspase-9 and the mitochondrial 
proteases to inhibit apoptosis and promote cell survival and proliferation. It has 
been found that Hax-1 plays an important role in the development of the central 
nervous systemand the pathophysiology of some neurological diseases. Thus, 
this molecule may represent a new target for therapy of some neurological 
diseases with Hax-1 dysfunction. However, themechanism of action of Hax-1 
in these processes remains unclear. This review aims to summarize the current 
knowledge regarding therole of Hax-1 in neuronal death. 
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 Figure 1: Domain structure of human Hax-1 protein.
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striatum, brain stem and cerebellum, and there were no differences 
in the protein levelsof Hax-1 among these areas [20].  The widely and 
highly expressions of Hax-1 in brain may suggest its important role in 
regulation of neuron functions.

The Molecular Targets Involved in Anti-
Apoptotic Function of Hax-1
Caspase-9 and caspase-3

Caspase-9 is an important initiator caspase, and activation of 
caspas-9 promotes the activation of death effectors caspase-3,-6 and 
-7 leading to cell apoptosis. Recent studies have found that Hax-
1 executes its anti-apoptotic function by interacting directly with 
caspase-9 in the mitochondria at an early stage of apoptosis [6,21]. 
In a cell free caspase activation system, recombinant Hax-1 showed 
inhibitory effect on the processing of both caspase-9 and caspase-3 
in a dose-dependent manner [6]. Both caspase-9 activation and cell 
death induced by hypoxia/reoxygenation(H/R)were significantly 
attenuated by overexpression of Hax-1, and knockdown of Hax-
1 gene with Hax-1 siRNA dramatically enhanced cell death under 
H/R condition [6]. Furthermore, the subcellular locations of these 
two proteins were changed after H/R: there existed enhanced co-
localization of the Hax-1 and caspase-9 in mitochondria, and partial 
translocation of caspase-9 [6]. These results suggest that interaction 
between Hax-1 and caspase-9 in mitochondria inhibits caspase-9 
activation, which promotes cell survival. The interaction between 
caspase-9 and Hax-1 is through direct binding of caspase-9 to its 
binding domain, which is the amino acid sequence of 175 to 206 
in Hax-1[6]. This is an important finding because the inhibitor 
of apoptosis proteins (IAPs) was previously thought the only class 
of protein to directly inhibit caspase-9 [21]. Additionally, it was 
found thatcaspase-3 cleaves Hax-1 at Asp127 to execute apoptosis, 
and overexpression of Hax-1 significantly inhibited the activity of 
caspase-3 and therefore suppressed cell apoptosis [8]. 

High temperature-regulated A2 (HtrA2) and X-linked 
inhibitor of apoptosis (XIAP)

HtrA2, also known as Omi, is a mitochondrial serine protease. 
HtrA2 processing in mitochondria is required for its normal 
function. Upon apoptosis, HtrA2 is released to cytosol and then binds 
and degradesIAPs to execute pro-apoptotic effect [22]. Association 
between Hax-1 and HtrA2 has been demonstrated to be involved 
in apoptosis [7,23].Cilenti et al. reported that Hax-1 was degraded 
by HtrA2 in mitochondria upon apoptosis stimuli, and Hax-1 
expression was reduced significantly during apoptosis [23]. In the 
presence of inhibitor of HtrA2, cell death and Hax-1 degradation 
were dramatically suppressed. Furthermore, cell apoptosis was 
significantly reduced and no Hax-1 degradation was observed in 
HtrA2 mutant cells. All these results indicate that the pro-apoptotic 
property of HtrA2 causes Hax-1degradation leads to suppress the 
anti-apoptotic effect of Hax-1. Conversely, Chao et al. demonstrated 
Hax-1 is essential to inhibit apoptosis in lymphocytes and neurons 
by interacting with HtrA2 [7]. The interaction between Hax-1 and 
mitochondrial proteases, Parl (presenilin-associated, rhomboid-like) 
and HtrA2, is required to suppress apoptosis [7]. This interaction 
allows Hax-1 to present HtrA2 to Parl, and thereby facilitates the 
processing of HtrA2 to the active protease. Once processed, the mature 
HtrA2 is released into the intermembrane space of mitochondria and 

provides protection from apoptosis by inhibiting the accumulation 
of pro-apoptotic Bax. Furthermore, XIAPis a protein of IAP family, 
which prevents apoptosis by interacting and inhibiting caspase-3,-7 
and -9. Kang et al. identified XIAP as an interactor of Hax-1, and 
also determined thebinding domain and binding affinity of Hax-
1 to XIAP. Hax-1 formed a complex with XIAP and significantly 
inhibited ubiquitination of XIAP, which increases XIAP level.  Hax-
1-XIAP complex significantly enhanced cell survival in theHEK 
293T cells [24]. Therefore, inhibition of XIAP degradation is one 
of the mechanisms in Hax-1-mediated anti-apoptosis. In addition 
to interacting with above mentioned molecules, Hax-1 also inhibits 
cell apoptosis and promotes cell survival bystabilizing mitochondrial 
membrane potential [25] and interacting with other partner like PrP 
[26]. Recent reports show that Hax-1 also regulates contractility and 
calcium cycling in the cardiac myocytes [9] implicating its importance 
in calcium homeostasis in cell survival.Although these mechanisms 
were not described in neurons, they give us a clue to understand the 
effect of Hax-1 in neuronal apoptosis.

The Role of Hax-1 in Neuronal Death
Congenital neutropenia

The defects and dysfunctionscaused by deficiency of Hax-1 
mainly appear in the immune system and central nerve system [7]. 
Till recent years, studies indicate that Hax-1 plays an important role 
in the development of the nervous systemand pathophysiology of 
some neurological diseases.Hax-1 deficiency has been identified as a 
cause of severe congenital neutropenia (SCN), which is a rare disease 
of myelopoiesis resulting in life-threatening infections due to a lack 
of neutrophils [27-29]. Notably, in addition to myelopoiesis the SCN 
patients also have epilepsy and severe neurodevelopmental delay such 
as delay of motor, cognitive, and intellectual development [29,30]. In 
animal studies, the Hax-1 knock-out mice failed to survive longer 
than 14 weeks. Death was caused by failure of motor coordination and 
functions, ultimately leading to failure to eat or drink. Histological 
analysis showed that there existed extensive apoptosis of neurons 
and astrocyte infiltration in the striatum and the cerebellum in 
Hax-1 knock-out mice [7]. Extensive astrocyte infiltration observed 
in theHax-1 knockout mouse brain suggests an inhibitory role of 
Hax-1 in neuroinflammation. Above studies suggest that Hax-1 
play an important role in neural development and normal neuronal 
functions.

Epilepticus

Accumulation of cytochrome-c and activation of caspasa-3 
and -9,which lead to cell apoptosis, were observed in the seizures-
induced hippocampal injury rat model. Protein level of Hax-1 was 
dramatically increased at 6h post-injury, but there were no significant 
change at 12h and 24h after injury. Significantly increased levels of 
HtrA2 were also detected at 6, 12, and 24h post-seizure. In the co-
localization experiments, the researchers identified two groups of 
Hax-1 expressing cells: caspase-3 free and caspase-3 positive. Both 
of the cell populations are Hax-1 and HtrA2 positive cells but their 
fates are different, which is the first cell population should be survived 
cells and the second cell population underwent apoptosis. These 
observations suggest interactions between Hax-1 and HtrA2 may 
have different outcomes by activation different signaling pathways. 
In caspase-3 positive cells, HtrA2 cleaved and degraded Hax-1, 
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inhibiting anti-apoptotic effect of Hax-1 and leading to cell apoptosis. 
However, in caspase-negative cells, Hax-1 facilitates processing of 
HtrA2 by recruiting Parl and processed HtrA2 inhibits pro-apoptotic 
Bax-1 accumulation to promote cell survival [31]. These results 
suggested that Hax-1 is involved in the pathophysiology of cell death 
induced by epilepsy.

Traumatic brain injury(TBI) and cerebral ischemia

Shi et al. found that progressive upregulation of Hax-1 in 
rat brain from 12h, and its level was reached to the peak at day 3 
after traumatic injury and then slowly reduced to normal level. 
Immunostaining of Hax-1 showed that neurons around the lesion 
site highly expressed Hax-1at day-3 after TBI. At the same time, 
significant enhanced neuron apoptosis was identified with extensive 
activation of caspase-3 and decreased level of anti-apoptotic protein 
Bcl-2 in rats with TBI. All these results suggested that Hax-1 may be 
involved in the pathophysiology of TBI. Up-regulation of Hax-1 may 
protect neurons from death after TBI possibly through inhibition of 
caspase-3 activity [19]. However, another study by Rami et al.showed 
that Hax-1 expression was dramatically decreased at 6,24, and 48h 
post-ischemiain mice, andcaspase-3 was also significantly activated 
from 6h and accumulation of cleaved caspase-3 was observed at 24h 
and 48h after ischemia. Notably, the HtrA2/Hax-1 ratio positively 
correlatedto cell injury in ischemic brain, which HtrA2/Hax-1 ratio 
and cell apoptosis both reached the peak at 24 h after ischemia. 
Furthermore, Hax-1 negative or Hax-1 moderately positive cells 
were caspase-3 positive and TUNEL positive cells; most Hax-1 
positive cells were TUNEL-negative and caspase-3 free. These results 
suggested that Hax-1 level correlates well to cell survival [18]. In 
consistent with Rami’s study, our previous study also indicated that 
Hax-1 level was significantly reduced at 24h after ischemia in the 
ischemic hemisphere. There was a reverse correlation between Hax-1 
expression and infarct size. We also performed in-vitro experiments 
using oxygen/glucose deprivation (OGD) condition. OGD induced 
cell apoptosis and down-regulation of Hax-1 in both brain endothelial 
cell line (bEnd5 cells) and neuronal cell line (neuro-2a cells) [20]. 
Above studies indicate that Hax-1 isinvolved in progress of neuron 
apoptosis in cerebral ischemia and TBI, however, further study will 
be needed to elucidate the mechanism involved in Hax-1 protection 
against brain injury.     

Conclusion
The fate of the cells under disease conditions is determined by 

the balance between pro- and anti-apoptotic signaling pathways. 
Similarity of Hax-1 to anti-apoptotic protein Bcl-2 leads to a number 
of studies, which investigated the role of Hax-1 in regulating cell 
apoptosis. Hax-1 undergoes subcellular translocation to bind to its 
partners in response to a variety of cellular stimuli and inhibits both 
the death receptor- and mitochondria-mediated apoptosis pathways 
[6,23,32]. To date, Hax-1 has been known as an anti-apoptotic 
protein expressed in the various tissues and regulates cell survival and 
apoptosis in various disease conditions. Down-regulation of Hax-1 
will shift the balance to the pro-apoptosis leading to the cell death 
in some conditions. Although Hax-1 was discovered 10 years ago 
and has been intensively studied, the role of Hax-1 in neurological 
diseases is not well defined. More efforts should be made to investigate 
the molecular mechanisms underlying Hax-1 anti-apoptotic action 

in neurological diseases, which will help us to better understand the 
pathophysiology of neurodegeneration, and may find a new target to 
treat these diseases.
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