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Abstract Higd1a is a conserved gene in evolution which is widely expressed in many tissues in
mammals. Accumulating evidence has revealed multiple functions of Higd1a, as a mitochon-
drial inner membrane protein, in the regulation of metabolic homeostasis. It plays an impor-
tant role in anti-apoptosis and promotes cellular survival in several cell types under hypoxic
condition. And the survival of porcine Sertoli cells facilitated by Higd1a helps to support repro-
duction. In some cases, Higd1a can serve as a sign of metabolic stress. Over the past several
years, a considerable amount of studies about how tumor fate is determined and how
cancerous proliferation is regulated by Higd1a have been performed. In this review, we sum-
marize the physiological functions of Higd1a in metabolic homeostasis and its pathophysiolog-
ical roles in distinct diseases including cancer, nonalcoholic fatty liver disease (NAFLD), type II
diabetes and mitochondrial diseases. The prospect of Higd1a with potential to preserve
mammal health is also discussed. This review might pave the way for Higd1a-based research
and application in clinical practice.
ª 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
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An overview of Higd1a and its other family
members

Hypoxia induced gene domain family-1a (Higd1a) is a
10.4 kDa protein attached to mitochondrial inner mem-
brane, also known as HIMP1a, HIG1 and Rcf1, whose
expression could be induced under the conditions of hypo-
glycemia and hypoxia.1 It has two transmembrane domains
with a loop-like structure inside of mitochondrial inner
membrane (MIM) and both its N-terminal and C-terminal are
presented outside of MIM (Fig. 1). Higd1a, expressed in eu-
karyotes ranging from fungi to human, is a member of hyp-
oxia inducible gene domain (HIGD) family that is conserved
Figure 1 Higd1a, as a mitochondrial inner protein, plays importan
Higd1a has two transmembrane domains with a loop-like structure ins
C-terminal are presented outside of mitochondrial inner membrane
inhibiting apoptosis of the cells, facilitating electron transport chain
lating the function of reproduction system and the development of n
diverse roles in regulating tumor growth, displays protective roles aga
known that the roles of Higd1a in the processes of hepatic lipotoxicity
been labeled by “*”. However, whether the functions of Higd1a in
dependent or not needs further investigation. MOM: mitochondria ou
in eukaryotes.2e4 Initially, it was discovered in cultured
human cervical epithelial cells, hypoxic neuron-enriched
primary cultures, and mouse embryo fibroblasts treated
with nickel.5,6 Then, it was found to be ubiquitously
expressed in many tissues, such as colon, heart, brain, kid-
ney and liver, with high expression levels in cerebellum,
frontal lobe and cortex in mice.5

Members of HIGD family regulate multiple critical bio-
logical processes. Besides Higd1a, there are several ho-
mologous proteins like Higd1b, Higd1c, Higd1d, Higd2a in
HIDG family with tissue specific expression profiles
(Fig. 2A). Higd1b is regarded as a substitutional formation
of Higd1a on account of its N-terminal 17 amino acids that
t roles in various physiological and pathophysiological processes.
ide ofmitochondrial innermembrane and both its N-terminal and
. Higd1a is involved in multiple physiological processes, such as
(ETC) assembly, maintaining mitochondrial homeostasis, regu-
ervous system. In pathophysiological processes, Higd1a exhibits
inst hepatic lipotoxicity, diabetes andmitochondrial diseases. It is
, tumor growth and diabetes are hypoxia-dependent, which have
other processes, which are not labeled with “*”, are hypoxia-
ter membrane; MIM: mitochondria inner membrane.



Figure 2 Tissue expression profiles of hypoxia inducible gene
domain (HIGD) family genes, and sequence alignment of Higd1a
proteins among species. (A) The tissue expression profiles of
HIGD family genes in mammals, including Higd1a, Higd1b,
Higd1c, Higd1d and Higd2a. Rcf1 and Rcf2 are the names for
HIGD genes in yeast. The yeast Rcf1 is also found in mammals,
but Rcf2 merely exists in yeast. Higd1a and Higd2a are the
mammalian homologs of Rcf1. (B) Comparison of Higd1a pro-
tein sequences of human, rhesus macaque, mouse, rat and pig.
Among the 5 sequences, 3 identical residues are represented in
blue; 4 identical residues are represented in red; 5 identical
residues are represented in dark blue.
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are different from those of Higd1a.6,7 Higd1a and Higd2a
are primarily expressed in brain, heart, kidney and leuko-
cyte, while Higd1b is highly expressed in lung and subcu-
taneous adipose tissue and Higd1c is expressed in kidney
and colon. In the yeast, Higd proteins are recognized as
respiratory supercomplex factors (Rcfs), mediating the
organization of the components of respiratory chain. The
yeast Rcf1 is also found in mammals but Rcf2 merely exists
in yeast. Higd1a and Higd2a are the mammalian homologs
of Rcf1. Rcf1 an Rcf2 cooperatively stabilize the oligo-
merization of a subclass in respiratory chain
supercomplex.8e11

The homology among human, rhesus macaque, mouse,
rat and pig Higd1a proteins is as high as 92% by comparison
of protein sequence (Fig. 2B). The high homology of Higd1a
among species suggests a critical role of Higd1a in biological
processes. Indeed, accumulating evidence indicates that
Higd1a is involved in multiple physiological and patho-
physiological processes (Fig. 1), which will be reviewed and
discussed here.
Functional role of Higd1a

Inhibiting apoptosis and promoting survival under
hypoxia

Hypoxia is an important cellular stress threatening cellular
survival, resulting in severe cellular destruction and even
apoptosis.12 It has been broadly recognized that apoptosis
is an evolutionarily conserved form of programmed cell
death with little ability to induce inflammatory responses.
Apoptosis is mediated by the effect of a kind of serine
proteases known as caspases, which is activated by the
death signals.13e15 Higd1a, which is induced by hypoxia-
inducible factor-1 a (HIF1a), is proved to exert its anti-
apoptotic effect mainly through restraining cytochrome C
(Cc) release and inhibiting the activation of caspases. Cc
could act as a pro-apoptotic protein because its release into
the cytosol from the mitochondria is the initiative step of
apoptotic process.16

Hyun-Jung An et al disclosed the effect of Higd1a on Cc
release and caspases activation. Higd1a increased cell
survival by inhibiting Cc release and reducing the activities of
caspases. RAWMock, RAWHigd1a (RAW264.7 macrophages stably
transfected with Higd1a) and RAWHigd�1a�DNT (RAW264.7
macrophages stably transfectedwithHigd1awith thedeletion
of its N-terminal 26 amino acids) cells were cultured under
hypoxia for 4 days. Then they performed an immunoblot
analysis after fractionating the cells into mitochondrial and
cytosolic fractions. Four days of hypoxia led to the release of
Cc from the mitochondria of the RAWMock and RAWHigd�1a�DNT

cells, but not from those of the RAWHigd1a cells. Moreover,
stably transfected cells were cultured in hypoxia for 6 days to
examine the activation of caspases. The RAWHigd1a cells con-
tained less caspase 3 and caspase 9 activity than the RAWMock

cells.7 The N-terminal 26 amino acids region of Higd1a turned
out to be essential for the survival effect of Higd1a. Further-
more, Higd1a not only helps to inhibit Cc release, but also
directly bindwith Cc to protect cells fromdeath. The result of
co-immunoprecipitation assay illustrated the interaction be-
tween Cc and Higd1a. And confocal analysis displayed that
Higd1a-mCherry appeared in the same position as Cc-GFP in
Heltog cells (a HeLa cell line constitutively expressing green
fluorescent protein (GFP)-taggedCc),8which indicates the co-
localization of Higd1a and Cc. When Higd1a cooperated with
Y97pCMF, a phosphomimetic Cc mutant, higher efficiency of
electron transport chain (ETC) flow was evidenced than with
wild typeCc,which indicates that phosphorylation ofCc could
promote the collaborative effect of Higd1a and Cc on facili-
tating proper cellular response to hypoxic stress.4

Apart from Cc, Higd1a interacts with cytochrome c oxi-
dase (CcO) to protect cells from apoptosis as well. The ETC
complex IV, or CcO is the terminal complex of eukaryotic
mitochondrial respiratory chain in mitochondria. This com-
plex couples the reduction ofmolecular oxygen (O2) towater
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(H2O) and migration of protons from the internal mitochon-
drial matrix to the inter membrane space (IMS). Adenosine
triphosphate (ATP), as the chemical energy required for
many biological processes, is produced during this pro-
cess.17,18 Recently, Higd1a is reported to directly interact
with CcO after screening hypoxia-inducible genes in car-
diomyocytes. Higd1a binds to CcO, leading to its structural
alternation at heme A (the active center of CcO), thereby
promoting CcO activity and subsequent mitochondrial
oxidative phosphorylation and ATP synthesis. In this case,
downregulating endogenous Higd1a caused increased
cellular apoptosis under hypoxia owing to decreased oxygen
consumption and ATP synthesis as tested by mitochondria-
targeted ATP biosensor. On the contrary, exogenous
expression of Higd1a was able to reverse the above effect.19

Moreover, despite of the fact that Higd1a is highly
expressed in pancreatic a cells but not b cells, it still
regulates the survival of b cells upon ectopic expression.
Higd1a is defined as an anti-apoptosis factor for the
apoptosis rate of MIN6 and bTC3 cells with ectopic
expression of Higd1a was significantly lower than the
control cells under hypoxic or low glucose situation.4

Further research applying the methods of trypan blue
staining, immunoblot, intraperitoneal glucose tolerance
test (IPGTT), and glucose-stimulated insulin secretion
(GSIS) showed that b-cell lines transfected with Higd1a
cDNAs, which expressed relative lower level of Higd1a
rather than high level of Higd1a, strengthened the toler-
ance of the cells to low oxygen/low glucose insults, and
promoted insulin biosynthesis, as well as insulin secre-
tion.20 Therefore, Higd1a might be beneficial for insulin
production and secretion and protect against diabetes by
promoting b cells survival and preserving the mass of
pancreatic b cells.21 Taken together, Higd1a preserves
cells from apoptosis mainly via influencing some important
components involved in mitochondrial homeostasis and
such effects of Higd1a remain to be further explored and
investigated whether the anti-apoptosis effect of Higd1a is
ubiquitous.

Facilitating electron transport chain (ETC)
assembly

To prohibit the production of reactive oxygen species
(ROS), the components of ETC are installed into massive
conduction machines as a supercomplexes (SCs) to accel-
erate electronic flow.22 Higd1a can participate in the as-
sembly of complex III, complex IV and the SCs. The SCs are
composed of both complex III (cytochrome bc1 complex)
and complex IV (cytochrome c oxidase complex) and
perhaps complex II in Saccharomyces cerevisiae. In mam-
mals, SCs usually also contain complex I. Higd1a is
involved in the assembling of them by interacting with
AAC2 and cytochrome C oxidase 13 (COX13). AAC2 is the
yeast homologous protein of human adenine nucleotide
translocase 1 (ANT1) and was demonstrated to participate
in assembling the ETC complexes.23,24 And the loss of AAC2
caused a synergistic survival defect in both the Higd1a
deficient and cardiolipin synthase deficient mutants. The
mutant with double deficiency of Rcf1 (Higd1a homolog in
yeast) and COX13, on the other hand, demonstrated a
more substantial loss of the III2/IV2 complex than the
mutant with single deficiency of either gene. Other studies
reported a similar role of Higd1a in human embryonic
kidney 293T (HEK293T) cells grown under standard nor-
moxic conditions. Higd1a was found to interact with
complex IV subunits COX4 and COX5 to further participate
in SCs assembly as tested by BN-PAGE analysis and immu-
noblot. In addition, Higd1a plays a significant role in the
final stage of maturation in complex III2 to which Higd1a
boosts the fusion of ubiquinol-cytochrome c reductase,
Rieske iron-sulfur polypeptide 1 (UQCRFS1) into final
assembling stage of complex III as the incorporation of the
Rieske FeeS protein UQCRFS1 to the complex III2 structure
was attenuated in the mitochondria of cells with Higd1a
deficiency.25,26 The roles of Higd1a described above are
illustrated in Figure 3A.

In the yeast, Higd1a interplays with complex IV via COX3
(Fig. 3B).27 It prevents complex IV from inactivation
through impeding lipid loss of COX3 protein in order to
block proton leak because the leaking extent showed a
positive correlation with the degree of inactive CIV in MIM
in the yeast strains lacking Higd1a (Fig. 3B).28 Besides,
through mediating the formation of electron-transfer
bridge between complex III and complex IV by a tightly
bound cytochrome c, Higd1a is able to stimulate activity of
complex IV.29 Moreover, quantitative mass spectrometry
analysis modified the cytochrome c oxidase assembly model
from a sequential pathway to a module-based process, and
it has been verified that Higd1a is engaged in the beginning
stage of modular assembly. Higd1a combines with the CcO
subunit 1 (MT-Co1), which is inserted in the MIM, to regulate
activation of CcO.19,30

In conclusion, Higd1a is involved in the assembling pro-
cesses of complex III, complex IV and supercomplex to
improve the efficiency of ETC (Fig. 3), highlighting the
essential role of Higd1a in the function of mitochondrial
respiratory chain.

Maintaining dynamic equilibrium of mitochondria

Regular mitochondrial function is preserved by dynamic
fusion and fission process.31 Higd1a contributes to the fusion
of mitochondrial inner membrane by means of interacting
with optic atrophy 1 (OPa1) on its N-terminal tail and
inhibiting the cleavage of the long Opa1 isoform (L-Opa1) to
short Opa1 (S-Opa1) isoform to keep mitochondrial homeo-
stasis.32,33 The L-Opa1 anchors on MIM and is generated by
cleavage of the mitochondrial targeting sequence of Opa1
precursor protein. The S-Opa1 is produced by further pro-
teolyzing the N terminus of L-Opa1. The reciprocal co-IP
experiments proved that Higd1a mutant without the N-ter-
minal 26 amino acids totally lost the ability to interact with
OPa1. And L OPa1 isoform was found cracked at once in HEK-
293T cells under hypoxia, but such event could be dulled by
Higd1a. Moreover, dysfunction such as loss of mtDNA,
disorganization of cristae, and growth retardation of the
cells occurs in the absence of Higd1a.34

Furthermore, the fact that 53e93 aa of the trans-
membrane domain of Higd1a is necessary for its connection
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with g secretase complex was sought out, which illustrates
the critical role of Higd1a in supporting mitochondrial
function. Higd1a is verified as a negative regulator of g
secretase complex activation via high-throughput screening.
g-Secretase complex is a multi-subunit enzyme composed of
catalytic presenilin (PSEN), presenilin enhancer-2 (PEN-2),
anterior pharynx defective-1 (APH-1), and Nicastrin (NCT).
Its activity drives the cleavage procedure of multiple type-I
transmembrane substrates. One of the cleavage products is
amyloid-b (Ab), which induces excessive fragmentation of
mitochondria and causes defective mitophagy, thereby
impairing the dynamic equilibrium of mitochondria and
promoting neurodegeneration.35e37 Some studies uncovered
that low oxygen induces the activation of the g secretase
complex in neuronal cells. Nonetheless, stable expression of
Higd1a attenuated this effect to a great extent, with a 50.8%
reduction examined in SK-N-SH cells, the human neuroblas-
toma cells. Consistent with less activation of g secretase
complex, Higd1a also brings about less mitochondrial dam-
age as indicated by reduced ROS production and mitochon-
drial swelling, restored mitochondrial cristae and increased
ATP production.38
Figure 3 Higd1a is involved in electron transport chain (ETC) ass
reductase, Rieske iron-sulfur polypeptide 1 (UQCRFS1) into final ass
of maturation in complex III2. Higd1a is involved in the assembling o
COX13. Higd1a could interact with complex IV subunits COX4 and
assembly. (B) Higd1a is able to stimulate activity of complex IV th
tween complex III and complex IV by a tightly bound cytochrome
complex IV from inactivation through impeding lipid loss of COX
intermembrane space.
All of these results suggest that, under hypoxia, Higd1a
plays an important role in blunting g secretase complex
activation and alleviating mitochondrial disorder.38 To sum
up, Higd1a, through interplaying with Opa1 and g secretase
complex, keeps mitochondrial viability and integrity to
maintain the dynamic balance of mitochondria (Fig. 4),
which is pivotal to mitochondrial function.
Higd1a as potential marker of metabolic stress

Usually, metabolic stress in vivo ultimately causes detri-
mental clinical illness such as cancer and heart dis-
ease.39,40 Apoptosis-inducing factor (AIF) is a flavoprotein
originally identified as a soluble 57-kDa protein, and it
responds to metabolic stress through subcellular re-
localization. Cleaved AIF triggered by metabolic stress is
released from mitochondria to cytosol and then moves to
nucleus in a caspase-independent manner.41 In the anal-
ysis of immunofluorescence confocal laser scanning mi-
croscopy, co-staining for Higd1a-GFP and AIF showed the
presence of both factors within the nucleus after exposure
embly. (A) Higd1a boosts the fusion of ubiquinol-cytochrome c
embling stage of complex III, thereby facilitating the final stage
f respiratory chain supercomplex by interacting with AAC2 and
COX5 to further participate in respiratory chain supercomplex
rough mediating the formation of electron-transfer bridge be-
c. Higd1a interplays with complex IV via Cox3, which prevents
3 protein in order to block proton leak. IMS: mitochondrial



Figure 4 Higd1a regulates the dynamic equilibrium of
mitochondria. By interacting with OPa1, Higd1a postpones the
cleavage of the long Opa1 (L-Opa1) isoform to the short Opa1
(S-Opa1) isoform, which facilitates the fusion of mitochondria.
The L-Opa1 anchors on MIM and is generated by cleavage of the
mitochondrial targeting sequence of Opa1 precursor protein.
The S-Opa1 is produced by further proteolyzing the N terminus
of L-Opa1. Silencing of Higd1a leads to impaired mitochondrial
fusion, loss of mtDNA, disorganization of cristae, and growth
retardation of the cells. Higd1a functions as a negative regu-
lator of g secretase complex activation to decrease the pro-
duction of amyloid-b (Ab), which induces excessive
fragmentation of mitochondria and causes defective mitoph-
agy. Consistent with less activation of g secretase complex,
Higd1a attenuates mitochondrial damage as indicated by
reduced reactive oxygen species (ROS) production, less severe
mitochondrial swelling and increased ATP production, which
indicates improved dynamic equilibrium of mitochondria.
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to etoposide, an apoptotic stimuli inducing DNA damage.
Cells treated by etoposide demonstrated a greater extent
of nuclear Higd1a accumulation, which was further
confirmed by experiment of immunoblot analyses. Addi-
tionally, Higd1a interacted and co-localized with AIF in
nucleus in a BAX and BAK dependent manner. In mouse
embryonic fibroblasts (MEFs) with BAX/BAK double
knockout, etoposide-induced localization of Higd1a and
AIF within nucleus was attenuated. Moreover, in some
disease models, such as myocardial infarction, hypoxic-
ischemic encephalopathy (HIE), and different types of
cancer, co-location of Higd1a and AIF in the nucleus was
also observed.5 These studies demonstrate the correlation
between nuclear Higd1a and metabolic disease under
certain harmful stimuli. Consequently, Higd1a could serve
as a warning signal of metabolic stress, which merits
further investigation.
A critical role of Higd1a in reproduction

Higd1a also exerts beneficial effects on procreative sys-
tem. Sertoli (ST) cells, an important type of supportive
cells of spermatogenesis, facilitate male germ cell pro-
liferation and differentiation. Thus, Sertoli cells are crit-
ical for male mammals in aspect of sperm fertility.42 Guo
et al demonstrated that Higd1a plays a significant role in
the development of testicular tissue and interacts with
miR-375 to regulate proliferation of pig Sertoli cells. miR-
375 is an important factor in functional reproductive sys-
tem of mammals. It inhibits estradiol (E2) synthesis by
means of controlling corticotropin releasing hormone
(CRH) pathway.43 Moreover, Higd1a has been proclaimed
acting as the target gene of miR-375 and the special tar-
geting of Higd1a mRNA by miR-375 was verified by lucif-
erase assays.44 Another related research demonstrated
that ST cells derived from Junmu No. 1 white pigs over-
expressing miR-375 showed a significantly higher apoptotic
rate than those cells overexpressing Higd1a. In addition,
sertoli cells transfected with miR-375 mimic was able to
expedite apoptosis in high-glucose or low-glucose condi-
tion yet Higd1a curbed such effect.45 As mentioned
before, Higd1a is the target gene of miR-375, suggesting
that Higd1a can induce a reduction in apoptosis and miR-
375 can promote apoptosis at least partially by down-
regulating the expression level of Higd1a.45 Collectively,
these results demonstrate a close connection of miR-375
and Higd1a with the survival of ST cells. Therefore,
Higd1a emerges as a functional regulator in reproduction
system.
Potential role of Higd1a in nervous system

Higd1a is shown to play a significant role in nervous system.
The expression of Higd1a in central nervous system (CNS)
exhibits great plasticity as the level of its mRNA shows a
gradually increasing trend in the spinal cord in 15 days after
parturition in rats.46 Higd1a expression level is significantly
increased in the parietal cortex in both male and female
rats at day 8 after parturition and reaches the peak at day
15 in either parietal cortex or diencephalon. In the mean-
time, it exhibits a tendency to be higher at day 5 after
parturition in the spinal cord. These results indicate that
the significant expression level change of Higd1a is distinct
in different ages and in different parts of CNS.46 Other
features of Higd1a expression in nervous system include
spatial specificity and high expression in amygdala and in
many nuclei of the brainstem. Also, diverse expression
patterns of Higd1a protein in the nervous system of male
Wistar rats were discovered, shifting from neurons at first
day of postnatal life to glial cells at the ninetieth day of
postnatal life.47 In short, Higd1a is expressed in different
kinds of cells in central nervous system with temporal
change, strongly hinting its significance in physiological
processes of neural proliferation, cell fate specification and
neuronal migration and its potential role in cellular pres-
ervation when programmed cell death occurs during CNS
maturation.



Figure 5 Diverse roles of Higd1a in cancers. (A) In the peri-necrotic area of some solid tumors, where serious hypoxia and poor
vascularity occur, Higd1a expression is elevated, which is owing to decreased expression of DNMT1 that leads to the decreased DNA
methylation on Higd1a promoter. In this area, Higd1a inhibits mitochondrial respiration of the tumor cells, which will elevate
mitochondrial superoxide (O2�) to activate AMPK pathway for adaptive response. Activation of AMPK pathway will attenuate
oxidative stress and finally bring about dormancy of tumor cells. In this way, Higd1a hijacks the tumors to deter further devel-
opment of cancers and keeps them in dormancy. In contrast, in the distal region to necrosis with mild to moderate hypoxia, Higd1a
expression is inhibited as a result of up-regulation of DNMT1. In this area, Higd1a functions as suppressor for the growth of tumor
cells. Cancer cell shows a rapid growth when Higd1a expression level is repressed in this area. (B, C) However, in some other cases,
Higd1a has the ability to expedite the proliferation of tumor cells. (B) In glioma, miR-489-3p can bind to the mRNA of Higd1a to
inhibit Higd1a expression, while LEF1-AS1 can bind to miR-489-3p to block the inhibitory effect of miR-489-3p on Higd1a expression.
Higd1a could facilitate LEF1-AS1-mediated inhibition of apoptosis as indicated by the decrease of cleaved caspase 3 and Bax
expression, along with the increase of Bcl-2 expression, which will promote the growth of glioma. (C) In pancreatic cancer cells,
Higd1a will increase ERK activity, thereby decreasing the expression of p27KIP1 and increasing the expression of cyclin D1. Moreover,
decreased p27KIP1 boosts phosphorylation of Rb protein to repress the function of Rb protein. The effects above will ultimately
promote the proliferation of pancreatic cancer cells.
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Role of Higd1a in diseases

Higd1a in cancers

Higd1a possesses an important role in tumorigenesis, with
both tumor-promoting and tumor-suppressing function.
Higd1a was supposed to be the target gene of HIF-1a.
However, recent research demonstrated that it could be
induced in an HIF-1a independent manner in certain region
of solid tumor. The core zone of the solid tumor is basically
necrotic and the area around the core zone called the peri-
necrotic region is usually exposed to serious hypoxia and



1840 J.-Y. Zhu et al.
poor vascularity, resulting in nutrient deficiency all the
time (Fig. 5A). In the peri-necrotic area around the necrotic
core, the activity of DNA methyltransferase 1 (DNMT1),
which is in charge of DNA methylation in cells of mammals,
is inhibited due to serious glucose deprivation and
ischemia. Therefore, the expression of Higd1a is enhanced
since the human Higd1a gene is found in the location of
many tumor suppressor genes that are repressed by DNA
methylation.3,48 In these settings, Higd1a reduced mito-
chondrial respiration during glucose deprivation with the
subsequent total ROS reduction relieving cell death. This
may be because that Higd1a-triggered mitochondrial su-
peroxide (O2�) summons activation of AMPK pathway for
adaptive response. A considerable leap of AMPK activity in
HIF-1a-deficient MEFs expressing Higd1a during glucose
starvation was observed but MitoQ, acting as mitochondria-
specific antioxidant, dulled such effect. Activation of AMPK
pathway improves pentose phosphate shunt-mediated
NADPH production, attenuates oxidative stress49 and
finally brings about dormancy of tumor cells. Thus, Higd1a
hijacked the tumors to deter further development of can-
cers and kept them in dormancy (Fig. 5A).

However, in addition to the dormant effect of Higd1a in
tumorous cell, it has been proved that tumor proliferation
might be controlled as long as Higd1a is expressed in the
distal region to necrosis with mild to moderate hypoxia
(Fig. 5A). In general, expression of HIF-1a is increased in
the tumor region of less severe nutritious deprivation, but
together with up-regulation of DNMT1, Higd1a expression
was inhibited as a result of elevated DNA methylation.
Cancer cell shows a rapid growth if Higd1a expression level
is repressed.3 In this case, Higd1a functions as suppressor
for the growth of tumor cells. HIF-1a-deficient transformed
mouse embryonic fibroblasts (MEFs) were generated and
xenografts were established in order to construct the state
that Higd1a is induced in HIF-1a independent manner. It
turns out that tumor mass formed from the HIF-1a-defi-
cient MEFs with the overexpression of Higd1a was obviously
less than their HIF-1a-deficient counterparts without
Higd1a over-expression. Therefore, it could be speculated
that Higd1a undermines the proliferation of tumor cells
and keeps them in dormancy in core zone of the
tumors.3,50

However, some studies showed that, not only in glioma
but also in pancreatic cancer, Higd1a has the ability to
expedite the proliferation of tumor cells (Fig. 5B, C). The
fact that long non-coding (lncRNA) lymphoid enhancer-
binding factor 1 antisense RNA 1 (LEF1-AS1) causes carci-
nogenesis in multiple kinds of cancers is well recog-
nized.51,52 With the evidence from flow cytometry analysis
and TUNEL assay, Higd1a hindered apoptosis of glioma cells
caused by the silence of LEF1-AS1. LEF-AS1 can suppress
the function of MiR-489-3p, which targets Higd1a mRNA to
impede its translation into Higd1a protein, thus enhancing
the expression of Higd1a and eventually promoting glioma
cells survival (Fig. 5B). Consistently, depletion of LEF1-AS1
promoted apoptosis as indicated by the increase of cleaved
caspase 3 and Bax expression, along with the decrease of
Bcl-2 expression (Fig. 5B). In this case, aiming to curb gli-
oma proliferating, miR-489-3p-mediated downregulation of
Higd1a might restrict the developing process of glioma.53 In
line with antiapoptotic consequence of Higd1a in glioma,
An and Ryu also noticed that knockdown of Higd1a results in
growth retardation of cancer cells without cell death in the
pancreas. Upon the deficiency of Higd1a induced by short
hairpin RNA (shRNA) in both pancreatic cancer cells PANC-1
and ASPC-1, phosphorylated level of extracellular regulated
protein kinases (pERK) cuts back, which increases the
expression of p27KIP1 and inhibits the expression of G0/G1
check point gene cyclin D1 (Fig. 5C). Then, when applying
10 mM U0126 (the chemical inhibitor of MEK) to AsPC-1 cells
to suppress ERK activation, p27KIP1 level was observed to
increase, suggesting that cell cycle arrest is mediated by
the downregulation of the ERK activity and the subsequent
induction of p27KIP1 in pancreatic cancer cells. Moreover,
increased p27KIP1 dents phosphorylation of Rb protein to
enhance the function of Rb protein (Fig. 5C). These data
suggest an important role of Higd1a in promoting the pro-
liferation of pancreatic cancer cells through blocking the
p27KIP1/Rb pathway.53 In addition, Higd1a is highly relevant
to cell senescence as its depletion increases the number of
flattened and enlarged cells, which are proposed to be the
hallmark of senescence. Meanwhile, cells infected with
lentiviruses expressing Higd-1a shRNA seemed to induce SA-
b-gal activity, which is considered as a specific marker of
senescence.54 Hence, it is likely that depletion of Higd1a
blunts tumor growth via blocking the cell cycle in phase of
G0/G1 and promoting senescence phenotype through the
pERK/p27kip1/pRB axis.1

To sum up, Higd1a seems to play distinct roles in tumor
growth. In some cases, it acts as a negative regulator in
tumorous proliferation since the bulk of tumorous mass of
some solid tumors is tremendously less in the presence of
Higd1a. When exposed to an extremely tough environment,
the process of tumor dormancy is initiated by Higd1a.
Nonetheless, in some other cases, Higd1a might play an
opposite role. As a result, the relationship between Higd1a
and tumor growth fails to be straightforward or black and
white. Whether it acts as a mediator in other pathways in
tumor growth or whether there is an expression level-
dependent effect of Higd1a on tumor biology remains to be
explored.
Protective role of Higd1a against lipotoxicity in the
liver

It has been predicted that incidence of worldwide popu-
lation suffering from nonalcoholic fatty liver disease
(NAFLD) is about 25% and NAFLD is already the fastest
growing cause of hepatocellular carcinoma (HCC) in many
developed countries.55e57 NAFLD is a recapitulative term
including a continuum of liver abnormalities ranging from
nonalcoholic fatty liver (NAFL) to nonalcoholic steatohe-
patitis (NASH), which has a variable course and can lead to
cirrhosis and liver cancer.58,59,60 In the process of NAFLD,
the liver’s capacity to handle the primary metabolic energy
substrates, including carbohydrates and fatty acids, is
overwhelmed, leading to the accumulation of toxic lipid
species in hepatocytes.61 Higd1a is shown to effectively
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improve lipotoxicity of hepatocytes and prevent those cells
from apoptosis. The 0.4 mM oleic acid and 0.2 mM palmi-
tate were added to the growth media of HepG2 and LO2
cells for 72 h to establish the lipotoxicity model of hepa-
tocytes. The role of Higd1a in regulating apoptosis rate and
mitochondrial transmembrane potential (MMP) in the
above cells was examined. It was discovered that over-
expression of Higd1a brings about a lower risk of apoptosis,
indicating the protective effect of Higd1a against the stress
induced by high-fat exposure. On the contrary, knockdown
of Higd1a led to an opposite result. Further experiment
manifests that Higd1a is induced by PGC-1a and HIF-1a in a
synergistic effect. PGC-1a and HIF1a expression is elevated
by ROS, which is induced upon high-fat exposure, to in-
crease Higd1a expression in order to preserve HepG2 and
LO2 cells from lipotoxic attack. Collectively, Higd1a,
induced by PGC-1a and HIF-1a under the oxidative stress
condition, can help to protect hepatocytes from lip-
otoxicity and cell death.2 These data suggest a potential
protective role of Higd1a against NAFLD, which merits
further investigation.
Protective role of Higd1a in type II diabetes

Type 2 Diabetes Mellitus (T2DM) is a common but compli-
cated metabolic dysfunction triggered by both genetic and
environmental factors.62e65 The main symptoms of it is islet
failure resulting from mass and function loss of pancreatic b
cells together with more glucagon secretion, which triggers
insulin resistance.66,67 Experiments in vivo and ex vivo have
uncovered that the damage of b cell can be partly rescued
via ectopic expression of Higd1a. Wang and coworkers
discovered that Higd1a expressing in MIN b cells triggers a
protective procedure against mitochondrial stress and ex-
erts a positive effect on b cells survival and protects b cells
from apoptosis under low glucose or low O2 condition.
Higd1a is identified to be expressed in pancreatic a cells
rather than b cells according to double immunostaining of
pancreas sections. However, there was a higher percentage
of viability in the models of MIN6 and bTC3 cells transfected
with Higd1a than control cells under a 5% hypoxic envi-
ronment. Furthermore, when facing either high (25 mM) or
low glucose (2.5 mM) levels, bTC3 cells with ectopic
expression of Higd1a had markedly lower rate of apoptosis
than that of control cells, strongly suggesting the protec-
tive role of Higd1a in the survival of pancreatic b cells.4

Later study applying a DNA fragment (364 bp) specifically
from the MIP-Higd1a expression cassette, which allows
ectopic Higd1a overexpression merely within pancreatic b
cells by the control of mouse insulin 1 gene promoter (MIP)
in rodents to steadily enhance Higd1a expression at three
distinct levels in pancreatic b cells, revealed a more con-
crete result. Relatively lower extent of Higd1a over-
expression (least level of overexpression) effectively
facilitated the tolerance of the mice to low oxygen and low
glucose threats, and promoted basal insulin secretion and
basal (pro)insulin biosynthesis.20 In short, mitochondrial
stress could be alleviated through appropriate over-
expression of Higd1a, which protects pancreatic b cells
from apoptosis under low/high glucose or hypoxia condi-
tions and boosts inulin synthesis and secretion, which are
beneficial effects in rivalry to T2DM.
Role of Higd1a in mitochondrial diseases

Mitochondrial diseases are defined as inherited disorders
due to dysregulated oxidative phosphorylation originating
from impaired function of electronic transport chain (ETC).
It has been discovered that mutations in either mitochon-
drial function-related nuclear genes or mitochondrial genes
had negative effects on oxidative phosphorylation
(OXPHOS), bringing about a group of lethal dysfunctions.68

The whole process of oxidative phosphorylation occurs in
mitochondria. The normal function of ETC is required for
OXPHOS, exerting the redox reactions of cellular respira-
tion and generating the proton motive force for the syn-
thesis of ATP.37 Mitochondrial dysfunction could cause
detrimental consequences because mitochondria is the
power source of the body.69,70

Higd1a has been shown to have beneficial roles either
in vivo or in vitro in maintaining functional respiration
chain as suggested by various kinds of models of mito-
chondrial disease. It has been verified that the activity of
respiratory chain complex IV would be depressed under
hypoxia, and results in dysfunction of respiratory chain,
such as decline of proton pumping and mitochondrial ATP
production. All of these are the main characteristics of
mitochondrial diseases.71 Zebrafish hypoxia model is
applied to explore the role of Higd1a in mitochondrial
disease. In a zebrafish model, which contain the
mitochondria-targeted FRET-based ATP sensor to evaluate
ATP synthesis in time in heart, Higd1a was expressed
exogenously via tol2 transposon system. As an autonomous
transposable element, tol2 itself can encode a trans-
posase, and so far, it is the only transposon with autono-
mous transposable activity found in vertebrates. In this
way, the exogenous gene can replace the transposase
coding sequence to construct a Tol2 transposable vector,
and be transformed into the host cell with the transposase
cDNA vector plasmid, and the exogenous gene will be in-
tegrated into the genome without causing any rearrange-
ment and modification of target sites in a “cut-and-paste”
manner. Via fluorescent, it is likely to observe embryos
and detect heart motion at the same time after inducing
Higd1a by a tol2 vector with transposes in oocytes from
the casper zebrafish lacking pigmentation. The result is
that heart beat better and mitochondrial ATP production
was higher in those zebrafish with exogenous expression of
Higd1a compared with the control group under low oxy-
gen, suggesting an ameliorative effect of Higd1a in mito-
chondrial diseases in vivo.72

The role of ectopic expression of Higd1a was also
assessed in four distinct models of mitochondrial dysfunc-
tion, NDUFS4 depleted HEK293T cell line, NSUN3 knockout
cells, and A3243G mutation-induced mitochondrial ence-
phalomyopathy, lactic acidosis and stroke-like episodes
(MELAS), respectively. NDUFS4 is a subunit of complex I of
the ETC and its loss leads to mitochondrial dysfunction
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characterized by progressive focal neurodegenerative le-
sions in specific regions of the brain.73 NSUN3 is the 5-
methylcytosine (5mC) methyltransferase, which is enco-
ded by NOP2/Sun RNA methyltransferase 3 (NSUN3). Muta-
tions of NSUN3 had multisystem mitochondrial disease
associated with a combined oxidative phosphorylation
(OXPHOS) deficiency.74 And MELAS is a rare mitochondrial
disease with various manifestations induced by multisystem
disorder,23,75 which was due to damaged respiratory chain
components. In those mitochondrial disease models,
dysfunction of mitochondria was improved by exogenous
expression of Higd1a, in which CcO activity was increased,
and OCR and ATP level was elevated after exogenous
Higd1a introduction.72 What is more, the correlation be-
tween mitochondrial dysfunction and neurodegeneration
has been evidenced.76,77 Higd1a, as previously mentioned,
interplays with g secretase to reduce excessive fragmen-
tation of mitochondria to protect against Alzheimer’s Dis-
ease. Those findings imply that Higd1a-based therapeutic
strategies to treat mitochondrial diseases merits further
investigation.
Conclusions

Higd1a was originally found in cervical epithelial cells
from human as a protein of mitochondrial inner mem-
brane. It plays important roles in multiple biological
processes and diseases. Higd1a can communicate with
most parts of respiratory chain (mainly with Complex III
and IV) and participate in supercomplex assembling to
boost ETC function. Through interacting with Opa1 to
improve fusion of mitochondrial inner membrane and
with g secretase complex to rescue mitochondrial
dysfunction, Higd1a contributes to maintaining the bal-
ance of mitochondrial function. Consistent with these
data, mitochondrial disease is improved by Higd1a to a
certain degree. Based on these results, we reasoned that
Higd1a may participate in mediating the functions of
skeletal muscle tissue, brown adipose tissue and
myocardial tissue since mitochondria are enriched in
those tissue. Because skeletal muscle and heart are two
important organs involving in exercise,78e80 Higd1a could
play a part in exercise-mediated improvement of health,
which needs further investigation.

In terms of cancer, Higd1a is able to activate AMPK
pathway to cut down total ROS and push tumorous cells into
dormant status in serious oxygen and glucose deprivation.
In less severe condition, however, Higd1a could inhibit the
growth of some tumors. In other cases, Higd1a may function
to promote tumor growth. Moreover, Higd1a is regarded as
a positive regulator to raise ST cell survival rate and to
attenuate the lipotoxicity of hepatocytes in high fat con-
dition. Thus, distinct roles of Higd1a are proved in the
regulation of tumor growth and in response to various
harmful stimulation. And exploration of novel Higd1a-based
therapeutic strategies and underlying mechanisms are
needed for better application of this target. Besides,
identifying the functions of the other HIGD family members
would provide more detailed understanding of the roles of
this class of hypoxia-induced proteins in various kinds of
physiological and pathophysiological processes.
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Abbreviations

5mC 5-methylcytosine
AIF apoptosis-inducing factor
ANT1 adenine nucleotide translocase 1
APH-1 anterior pharynx defective-1
ATP adenosine triphosphate
Ab amyloid-b
Cc cytochrome C
CcO cytochrome c oxidase
CNS central nervous system
COX13 cytochrome C oxidase 13
CRH corticotropin releasing hormone
DNMT1 DNA methyltransferase1
ETC electron transport chain
E2 estradiol
GFP green fluorescent protein
GSIS glucose-stimulated insulin secretion
HCC hepatocellular carcinoma
HEK293T human embryonic kidney 293T
Higd1a hypoxia induced gene domain family-1a
HIGD hypoxia inducible gene domain
HIF1a hypoxia-inducible factor-1 a
HIE hypoxic-ischemic encephalopathy
IMS inter membrane space
IPGTT intraperitoneal glucose tolerance test
lncRNA long non-coding RNA
LEF1-AS1 lymphoid enhancer-binding factor 1 antisense

RNA 1
MEFs mouse embryonic fibroblasts
MELAS mitochondrial encephalomyopathy, lactic acidosis

and stroke-like episodes
MIM mitochondrial inner membrane
MIP mouse insulin 1 gene promoter
MMP mitochondrial transmembrane potential
MOM mitochondria outer membrane
MT-Co1 CcO subunit 1
NCT Nicastrin
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NAFLD nonalcoholic fatty liver disease
NAFL nonalcoholic fatty liver
NASH nonalcoholic steatohepatitis
OPa1 optic atrophy 1
OXPHOS oxidative phosphorylation
O2 oxygen
O2� superoxide
PEN-2 presenilin enhancer-2
PSEN presenilin
Rcfs respiratory supercomplex factors
ROS reactive oxygen species
shRNA short hairpin RNA
SCs supercomplexes
ST Sertoli
T2DM type 2 diabetes mellitus
UQCRFS1 ubiquinol-cytochrome c reductase, Rieske iron-

sulfur polypeptide 1
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