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The role of heme oxygenase-1 in resisting oxidative stress and cell protection has always been a hot research
topic. With the continuous deepening of research, in addition to directly regulating redox by catalyzing the
degradation of heme, HO-1 protein also participates in the gene expression level in a great diversity of methods,
thereby initiating cell defense. Particularly the non-canonical nuclear-localized HO-1 and HO-1 protein in-
teractions play the role of a warrior against oxidative stress. Besides, HO-1 may be a promising marker for disease

prediction and detection in many clinical trials. Especially for malignant diseases, there may be new advances in
the treatment of HO-1 by regulating abnormal ROS and metabolic signaling. The purpose of this review is to
systematically sort out and describe several aspects of research to facilitate further detailed mechanism research
and clinical application promotion in the future.

1. Introduction

As early as the late 1960s, Tenhunen et al. found heme oxygenase in
the microsomes of rat spleen, kidney, liver, which was a rate-limiting
enzyme that can catalyze the degradation of heme into biliverdin Ixa,
carbon monoxide (CO), and iron [1,2]. The HO system, along with its
catabolism products, is involved in a good supply of crucial physiolog-
ical functions in the cell. In addition to playing the role of anti-oxidative
stress, heme oxygenase also has anti-inflammatory and anti-apoptosis
effects [3]. Three heme oxygenase isoforms have been defined: HO-1,
HO-2, and HO-3 are HSP32 protein cognates [4]. Among them, HO-1
and HO-2 share 43% amino acid sequence homology in mammalian
cells [5]. HO-1, an inducible 32-kDa protein that is up-regulated in
response to oxidative stress [6], while HO-2 is a constitutively expressed
36-kDa protein at a high level in some cells and is hardly inducible [7,8].
A third isoform, HO-3, is still considered a pseudogene of the HO-2 gene
[9]. The expression of inducible HO-1 can be stimulated by many con-
ditions. The molecular mechanism regulating the HMOX1 gene will also
be described and summarized in this article. It also helps to understand
the multiple possible ways HO-1 can induce expression under diversified
stimuli.

Human HO-1 protein is composed of 288 amino acids, and no signal

peptide region has been found in its protein structure, but a hydrophobic
fragment containing 22 amino acid residues at the C-terminus is seen as
a sequence anchoring endoplasmic reticulum (ER) [10]. HO-1 generally
only appears in the ER components. In the face of various stimuli, HO-1
is rapidly induced, and can also be observed in other cellular compo-
nents [11]. Recently, numerous pieces of evidence indicate that HO-1
may have great physiological functions, which is not related to its
enzymatic activity. We started using “non-canonical functions” to
describe HO-1 effects in addition to being recognized by the public [12].
Among them, the two most particular aspects are the nuclear localiza-
tion of HO-1 and the protein-protein interaction. There is a partial
overlap in the mechanism of these two parts. In other words, HO-1 not
only plays a role through its catalysis of heme and degradation
by-products but also participates in antioxidant stress and cell protection
through its “non-canonical” functions.

In this paper, we mainly focus that HO-1 is involved in cellular redox
regulation through its canonical functions and non-canonical functions.
Mostly including the nuclear localization of HO-1, protein-protein
interaction, and potential biomarkers of diseases. The possible rela-
tionship between these mechanisms and diseases may provide a new
potential direction for the treatment, especially tumor disease.
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2. Molecular mechanism of HMOX1 regulation

The HO-1 gene (HMOX1) is usually activated under a wide range of
stress conditions. The transcriptional control of HMOX]1 is determined
by inducible regulatory elements located in the 5’ end of the promoter
[13]. Under different stimuli, the redox-sensitive transcription factor
binds to the stress response element upstream of the promoter and in-
duces HMOX1 expression.

The classic regulation of HMOX1 is mainly the combination of
transcription factors and corresponding response elements upstream of
the promoter to initiate the large-scale expression of HMOX1. The most
important of these is the Nrf2-ARE-HO-1 axis. Under normal circum-
stances, nuclear factor—erythroid 2-related factor 2 (Nrf2) and its
repressor Kelch-like ECH-associated protein 1 (Keapl) combine to form
a complex, and the activity of Nrf2 is inhibited and it remains in the
cytoplasm. However, when the cell is stimulated by some electrophiles
and ROS, it will change the protein conformation of Keapl and disrupt
the Nrf2-Keapl interaction, thereby releasing Nrf2 and transferring it
into the nucleus [14]. Nrf2 binds to small Maf protein forming a het-
erodimer, and then this dimer can bind to the antioxidant response
element (ARE) or Maf recognition elements (MAREs), which sequences
are present at the HO-1 promoter [15]. In addition, there is a tran-
scription repressor Bachl that competes with the small Maf protein to
bind and form a heterodimer. This dimer also binds to MARE, thereby
inhibiting HO-1 transcription [16]. The activator protein 1 (AP-1)
transcription factor as a dimer of Jun and Fos family proteins, bind to
enhancers flanking the promoter region of HMOX1 [17]. The induction
of HMOX1 expression requires AP-1 activation to respond to some
oxidative inducers to initiate cell protection and defense. Of course, in
addition to transcription factors, multiple signaling pathways including
AKT, MAPK, and STAT3 can all participate in regulating the expression
of HMOX1 [18].

In recent years, the regulation of microRNA on HMOX1 has attracted
more and more attention. MicroRNA (miRNA), a type of small (about 22
nucleotides) non-coding RNA that can directly bind to the 3'-untrans-
lated region (3'-UTR) of the target, and can be sensitively controlled by
mRNA degradation or translation inhibition gene expression [19]. It can
be concluded from the existing studies that the gene regulation effect of
miRNA on HMOX1 is mainly divided into two ways: direct and indirect.
The indirect effect is mostly through targeting HMOX1-related tran-
scription factors (Nrf2/Bachl, etc.), thereby indirectly regulating the
expression of HMOX1. For example, miR-143 targets Bachl to partici-
pate in the regulation of HMOX1 expression [20], while miR-140-5p
and miR-93 can directly target Nrf2 [21,22]. When miRNA directly
targets HMOX1 mRNA, it directly regulates the expression of HMOX1.
Some miRNAs participate in regulation through direct and indirect ef-
fects at the same time. miR-1254 directly targets HMOX1 3'-UTR
through its seed region, and inhibits HMOX1 transcription by the
expression of HO-1’s transcription activator, transcription factor AP-2a
(TFAP2A), through its non-seed region [23]. All in all, the expression of
HMOX1 can be involved in multiple ways to ensure the surefire regu-
lation of gene expression in cells, which also increases the difficulty of
exploring the occurrence and development of diseases and the prognosis
of treatment.

3. Subcellular localization of HO-1

The HO-1 protein was initially identified as being present in the
endoplasmic reticulum, and the carboxy-terminal 22 bases in the protein
structure were called the endoplasmic reticulum-anchored sequence.
HO-1 protein is fixed on the endoplasmic reticulum membrane through
this section of TMS, and most of the remaining protein structure faces
the cytoplasm, which is convenient for binding to heme. With the further
progress of research, more special subcellular locations of HO-1 are
gradually revealed [12]. The earliest scientists discovered that HO-1
binds to caveolin (CAV) and locates in the caveolae [10,24]. The
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caveolae are one of the specialized microdomains on the plasma mem-
brane. The signal protein is located in these lipid-rich areas and is used
for vesicle transport and rapid induction of signal cascades in response
to external stimuli. CAV is a membrane protein that mainly exists in the
caveolae to form a scaffold, where the signal molecules can be assem-
bled to promote rapid cell signal response [25]. Although HO-1 protein
binds to caveolin-1 (CAV-1), the enzyme activity is negatively regulated,
but this provides a possible basis for the active extracellular transfer of
HO-1 protein.

Converso DP et al. demonstrated for the first time that HO-1 protein
is localized and expressed in mitochondria and is accompanied by HO
activity [26,27]. In another research work, chemical or physiological
hypoxia can induce an increase in HO-1 expression and significant
translocation to mitochondria. At the same time, deleting the N-terminal
ER-targeted domain of HO-1 protein also evidently increased mito-
chondrial translocation [27]. And surprisingly, the
mitochondrial-targeted HO-1 protein is contrary to the well-known
cytoprotective effect of ER-associated HO-1, which leads to the loss of
heme aa-3 and cytochrome c oxidase (CcO) activity, causing mito-
chondrial dysfunction and higher levels of ROS.

What attracts attention more is the nuclear transfer of HO-1 protein.
In the rat astrocytes [28] and brown adipocytes [29], after stimulation,
HO-1 protein appeared the nuclear localization. After hypoxia exposure
in neonatal mouse lung tissue [30] and a variety of human malignant
tumor cells [5,31], the highly expressed nuclear HO-1 plays a particular
role that cannot be ignored. It can be concluded that after the cell is
subjected to certain stress stimulation, the carboxyl end of the protein
will be cut and removed, and a large number of free truncated proteins
appear in the cytoplasm and further translocate into the nucleus. By
regulating the level of cell genes in the nucleus, it can resist redox
stimulation and protect cells from the threat of death or disease [31].
Due to the peculiar mechanism and function of nuclear HO-1, it will be
described separately in detail later.

4. Particular modifications in HO-1 enzyme activity

The biological activity of HO-1 mainly focuses on its enzymatic ac-
tivity. It is the first rate-limiting enzyme that degrades heme into free
iron, carbon monoxide (CO), and biliverdin. CO, under physiological
and pathological conditions, plays a role in cell protection and signal
transduction, including cell apoptosis, cell proliferation, inflammation,
and immune regulation [32,33]. Free iron, which is necessary for the
synthesis of ferritin and hemoglobin, plays a role in cell protection [34].
Biliverdin is converted into bilirubin under the action of biliverdin
reductase (BVR). Excessively high concentration of bilirubin has great
cytotoxicity, but at physiological levels, bilirubin is a good antioxidant
[35,36], which is crucial in the pathogenesis and development of car-
diovascular diseases [37]. Therefore, HO-1 may play a protective role
through its metabolites. It is worth noting that HO-1 enzyme activity has
been found in many studies to be affected by certain factors, such as
HO-1 integrity. It has been suggested that the truncated HO-1 protein
completely loses its activity and thus plays an exceptional role through
other mechanisms [31]. However, some experiments have found that
HO-1 with C-terminal deletion still has partial enzyme activity rather
than complete inactivation [38]. The specific compartmentalization of
HO-1 also affects enzyme activity. After being treated with various
stimulations (heme, LPS, hypoxia), not only does the HO-1 expression
level in the cell increase sharply but also HO-1 was localized in mito-
chondria [27], caveolin-containing caveolae [24,39], and nuclear
components [12]. As mentioned earlier, when HO-1 protein appears in
mitochondria and caveolae, it often co-localizes with biliverdin reduc-
tase (BVR) and cytochrome P450 reductase (CPR), indicating that its
major function may still be enzymatic activity. However, the interaction
with CAV-1 makes the activity of HO-1 negatively regulated, and HO-1
in the mitochondria even induces more ROS production. The
nuclear-localized HO-1 protein, that is, truncated HO-1, has various
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changes in its enzymatic activity. But it may also play a more vital role
without relying on activity. It shows that the HO-1 protein of different
subcellular localization has varying degrees of influence on its cyto-
protective function.

5. Nuclear transfer HO-1 participates in gene expression
regulation, independent of enzyme activity

Regarding the HO-1 subcellular localization that changes when
encountering different stimuli, the nuclear localization shows a more
vital function. Plenties of experiments have demonstrated that the HO-1
located in the nucleus is an incomplete and truncated form, and lacks its
carboxy-terminal amino acid sequence. Previously, the HO-1 protein in
the nucleus after hypoxia was purified and identified. It was pointed out
that nuclear HO-1 proteins were truncated and the molecular weight
was nicely equivalent to the initial 237 amino acids of the rat HO-1
protein [31]. T Yoshida et al. found that the membrane-anchored end
of HO-1 was cleaved from the membrane by a low concentration of
trypsin to form a 28 kDa fragment [40]. Also, after being treated with
cysteine inhibitor E64d, the nuclear HO-1 was significantly reduced,
indicating that the 28 kDa HO-1 protein was obtained by cleavage of the
full-length HO-1 protein [31]. Analogously, Boname JM et al. confirm
that HO-1 is the direct substrate of SPP [41]. Then, under certain specific
stimuli, does the expression and functional activity of SPP change and
affect the hydrolysis of HO-1? In HEK293 cells, under hypoxia condi-
tions or when exogenously overexpressed SPP, HO-1 was hydrolyzed
and translocated. And it was confirmed that the sites of cleavage of HO-1
by SPP were S275 and F276 [42]. Is the truncated HO-1 completely
degraded after SPP cutting, or does it have other effects? These all need
to be continuously studied. Moreover, when CPR promotes HO-1 olig-
omerization to form higher-order complexes, it can prevent the trypsin
cleavage and nuclear translocation of HO-1 under hypoxia. It is specu-
lated that the HO-1 binding protein may cover its specific cleavage sites
[43].

When the molecular weight of the protein is less than 40 kDa, it can
be transferred by diffusion, while active transfer into and out of the
nucleus requires the mediation of specific signals, including nuclear
localization signal (NLS) and nuclear export signal (NES) [44]. For the
majority of nuclear transfer proteins, nuclear localization sequence is
crucial, but unfortunately, there is no evidence of a definite NLS in HO-1
currently. However, there is a highly conserved leucine-rich region in
the rat HO-1 protein, located at amino acid 207-221, referred to as
nuclear shutting sequence (NSS) [31]. A recent study has suggested that
several structural sequences at the carboxyl terminus of HO-1 protein
are necessary for nuclear transfer, including the PEST domain (Rich in
four amino acids, Pro-Glu-Ser-Thr) and NSS [45]. Besides, the cellular
localization of alternative splicing of the HMOX1 gene, a 14 kDa form,
was different from full-length HO-1 under UV irradiation [46]. So far,
the specific mechanism of truncated HO-1 protein transfer into the nu-
cleus remains to be verified by further studies.

The HO-1 truncation and nuclear translocation initiated spontane-
ously when encountering pathological conditions or external stimuli
must play a specific role. In a rat model of spinal cord injury (SCI), the
function of the damaged spinal cord was significantly recovered by
intrathecal injection of adenovirus vector carrying nuclear HO-1 (Ad-
GFP-HO-1CA23) into the tenth thoracic vertebra (T10) [47]. It has been
confirmed in other experiments that nuclear localization of HO-1 reg-
ulates the DNA binding activity of key transcription factors and activates
the expression of significant genes in oxidative stress response. Include
activating AP-1 [31] and HMOX1 its promoter [48]. However, the
mechanism by which nuclear HO-1 enhances the DNA binding activity
of transcription factors has not been studied clearly. It was noteworthy
that both enzymatically active and inactive HO-1 proteins activated the
transcription factors, including AP-1, Brn-3, and CBF [31]. It suggests
that the HO-1 protein itself may play a role in cellular signaling , that
nuclear localization of HO-1 may be a part of an important signaling

Redox Biology 47 (2021) 102170

pathway to protect cells from oxidative stress.

In the work of Elguero B et al. [49], the association between HO-1
protein and promoter was demonstrated by anti-HO-1 CHIP-qPCR for
the first time. HO-1 was significantly enriched at the pPA, MMP9, and
PSA proximal promoter regions in testosterone-stimulated LNCaP cells.
However, the DNA binding motif of typical transcription factors has not
been detected in the HO-1 protein structure, and in other studies, direct
recruitment of HO-1 on DNA has not been found [48]. Therefore, nu-
clear HO-1 is unlikely to regulate the expression level of genes by
directly binding them to DNA. Of course, there is further speculation
that HO-1 might serve as a transcriptional co-regulator protein to
regulate the DNA-binding activities of crucial transcription factors,
thereby influencing the expression levels of the corresponding gene. A
potential mechanism could involve the binding of HO-1 to a transcrip-
tion factor or a complex, serving as the non-DNA-binding form, which
increases the DNA-binding affinity of transcriptional factors while
making no direct contact with the DNA. This hypothetical mechanism
has received the support of many experiments. Using H25A mutant
HO-1, which has no enzyme activity, increased cell resistance to H202
through the up-regulating the expression of catalase and the content of
reduced glutathione, and thereby protected cells from oxidative
stress-induced by hydrogen peroxide [50]. As previously confirmed,
Oxidative stress induced the nuclear localization of 28 kDa HO-1 [51].
This form of nuclear HO-1 protected Nrf2 from GSK3p-mediated pro-
teolytic degradation, stabilizing intracellular Nrf2 protein levels to
regulate the transcription of specific downstream antioxidants and
metabolic genes [51]. In general, the anti-stress function of nuclear
HO-1 may be achieved by regulating the expression of crucial genes in
processes such as anti-oxidative stress and oxidative DNA damage
repair. Otherwise, this ability to resist oxidative stress does not require
the presence of its enzymatic activity. Similarly, in yeast, a simple
eukaryotic cell model, the cellular antioxidant protection of the HO-1
homolog Hmx1p also does not require oxygenase activity [52]. The
HO-1 yeast homolog mediates resistance to oxidative stress through an
adaptive response involving the transcriptional control of antioxidant
genes.

The above possible mechanisms are summarized as followed: the
truncated HO-1 is transferred into the nucleus and plays a protective role
by regulating the expression level of key genes or participating in the
signaling pathway, independent of HO activity (Fig. 1).

6. The heme-binding ability of nuclear HO-1 and the G-
quadruplexes

As mentioned earlier, whether nuclear HO-1 has enzyme activity
remains a controversial topic [12]. However, the heme-binding capacity
retained by nuclear HO-1 may also contribute to the regulation of
heme-dependent gene expression in cells [53], which are regulated by
the heme response element (HRE) and the mammalian transcriptional
repressor Bachl. Studies have found that there is a subtle correlation
between heme, HO-1, and G quadruplexes. G-quadruplexes (G4) are
non-canonical structures (non-B form) of DNA, formed by guanine-rich
sequences and comprise two or more self-stacking G-quartets (made by
four guanines held in a plane by Hoogsteen hydrogen bonding) [54].
The G4 structures are thought to affect DNA replication, gene tran-
scription, and translation. In addition, the presence of G4 may cause
replication fork stagnation during DNA synthesis resulting in replication
stress, a major source of genome instability. One of the G4-stabilizing
ligands is heme, a ubiquitous cellular cofactor. Heme binding to G4
can stabilize G4 maintain normal levels of free heme in the nucleus [53].
But numerous G4-heme binding can lead to increased oxidative stress on
the DNA and G4 toxicity [55]. When the high-affinity ligand of G4 was
used to compete with heme for G4 binding, the isolated heme in the
nucleus was released and the expression of downstream target genes was
regulated [53]. Alternatively, nuclear HO-1 does not catalyze the
degradation of heme, but only binds to heme, thereby isolating heme
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from G4. It may also cause the stability of G4 to decrease and analyze,
and the expression of heme-dependent genes may be affected. Even
more remarkably, recent research results confirmed that HO-1 and G4
were co-localized (<40 nm) in the nucleus by a proximity ligation assay
(PLA), although this did not indicate a direct binding relationship be-
tween the two [55]. What’s more, nuclear-localized HO-1 can promote
G4 removal. One possibility is that the nuclear HO-1 removes excess
heme locally, thereby more effectively destabilizes G4. Another proba-
bility is that HO-1 is a part of the G4-resolving complex or facilitates the
formation of such a complex. Taken together, this potential mechanism
between HO-1 and G4 enriches the function of HO-1 in the nucleus.

7. The protein-protein interaction of HO-1 protein

The protein-protein interaction is a considerable non-canonical
function of HO-1 [11]. In recent years, with the development of
various technical methods, many HO-1-binding proteins have been
detected. The enzymatic proteins involved in important physiological
processes and the signal molecules involved in the transmission of
intracellular and extracellular signals are the main members. By study-
ing the functions of HO-1-binding proteins and the signal pathways they
may be involved in, the new unknown mechanism of HO-1 was pre-
dicted and explored.

Multiple experiments previously have confirmed that HO-1 protein
does have a binding relationship with a variety of enzyme proteins.
Through this protein binding, the localization of HO-1 in the cell and the
activity of the enzyme protein are affected, which influences the normal
catalytic process. First, both intracellular and extracellular experiments
confirmed that HO-1 protein can self-assemble to form oligomers. And in
this assembly, the TMS region in the protein structure is necessary [56].
Moreover, this combination of the two TMS regions may affect the
interaction between HO-1 protein and other proteins at the same site,
such as SPP [41,42]. Except for the HO-1 protein itself, it also has a
direct binding relationship with its isoform HO-2 [57]. More strikingly,
the relative loss of HO activity was detected when HO-1 and HO-2 were
brought together to form a complex. Despite the protective effect of
HO-1 at a certain intracellular level, under various stimuli, the HO-1
whose expression level increases rapidly can reverse the protective
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Fig. 1. The nuclear location of HO-1

Under scores of stress stimuli, heme
oxygenase-1 initiates certain protein cleav-
age mechanisms in cells, hydrolyzes, and
removes the carboxy-terminal amino acid
sequence to form a truncated protein form.
The truncated HO-1 dissociates in the cyto-
plasm and then is transported into the cell
under some vital mechanisms. What follows

| mu Heme . 2 next, nuclear HO-1 responds to the initial
= ARE P . emergency stimulus by regulating the
\ / I expression level of the target gene. That
Transcription factor contains a variety of potential new regula-
regulation tory mechanisms.

effect [58]. Therefore, when the cells or tissues co-located with two HO
isoforms rapidly induced HO-1 overexpression in disease states,
HO-1-HO-2 complex may be formed to keep HO activity within the safe
threshold.

Poly (ADP-ribose) polymerase (PARP) is one of the candidated
binding partners of nuclear HO-1 detected in vitro [30], which is the
major source of poly (ADP-ribose) produced during the cellular response
to DNA damage. When cells are subjected to a variety of stresses, they
may cause serious damage to the nuclear DNA. Once PARP detects DNA
single-strand breaks and then will bind to DNA and begin to synthesize
poly (ADP-ribose) chain, which is catalyzed by poly (ADP-ribose) gly-
cohydrolase (PARG) for degradation [59,60]. It is a clear binding be-
tween HO-1 and PARG, which may limit PARG-mediated PAR hydrolysis
and lead to PAR accumulation [61]. As a result, HO-1 can play a role in
PARP-dependent cell death [62]. Owing to PARG’s role in DNA damage
repair, the authors hypothesized that reduced PARG activity resulted in
persistent DNA damage that led to the phenotype of emphysema in the
lungs. It was further confirmed that nuclear HO-1 inhibited the repair of
lung tissue after hyperoxia injury by inhibiting DNA repair mediated by
nuclear HO-1 binding to PARG in alveolar type II cells. Therefore, the
binding of HO-1 with other proteins may affect the intracellular distri-
bution and enzyme activity, including the catalytic activity of HO-1 it-
self and the binding proteins. As previously mentioned, HO-1
localization also affects its enzyme activity.

Recently, substantial studies have found that the HO-1 protein is
related to some well-known signal molecules. That implies that HO-1
may become a direct or indirect signal molecule through protein-
protein binding, which participates in important signal cascades and
regulates various physiological processes in the body.

(1) Wnt/p-Catenin signaling pathway

According to previous studies, hnRNPK interacted with p-catenin
[63]. Yang, G., et al. found that HO-1 and hnRNPK can be
co-precipitated by immunoprecipitation, but the direct relationship
between HO-1 and p-catenin was not detected [30]. However, HO-1 may
be involved in the p-catenin signaling pathway by bridging with
hnRNPK. In mouse lung tissues, nuclear HO-1 and hnRNPK levels are
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significantly correlated, supporting the hypothesis that HO-1 is vital to
retain hnRNPK in the nucleus. Therefore, enhanced retention of nuclear
hnRNPK resulted in an increase in cell cycle-related gene transcription
and a decrease in global protein levels [30], which is consistent with the
previous conclusion that the cytoplasmic function of hnRNPK was to
inhibit protein translation [64]. Thus, the role that the HO-1 protein
plays in the Wnt/p-catenin signaling pathway deserves continuous
exploration.

(2) Antiviral-IFN-p production

The specific binding of HO-1 to IRF3 was observed, and the combi-
nation of HO-1 and IRF3 promoted its phosphorylation and affected the
subsequent nuclear translocation of IRF3. In the absence of HO-1, the
binding forms of IRF3 (IRF3/P300/CBP coactivators; (IRF-3) 2) were
significantly reduced [65]. IRF3 mainly exists in two forms: a monomer,
which freely shuttles between cytoplasm and nucleus, with nuclear
export as the major form; and a dimer form accumulates in the nucleus
due to its C-terminal phosphorylation [66]. Therefore, it can be
explained that when the interaction between HO-1 and IRF-3 is lost,
IRF-3 mainly exists in the form of a monomer, which leads to a signifi-
cant decrease in the nuclear accumulation of IRF3. The activation of the
transcription factor IRF-3 is necessary for synergistic activation of the
IFN-B promoter, which in turn stimulates substantial amounts of IFN-f
production [67]. Therefore, the authors hypothesized that early acti-
vation of the TRIF-IRF3 and RIG-I-IRF3 pathways requires the involve-
ment of HO-1. Through their specific interactions, it regulates the
production of downstream antiviral cytokine IFN-p and the development
of an adaptive immune response. It suggests that in addition to its
anti-inflammatory effects through enzymatic activity, HO-1 also has
other ways to regulate immune responses.

(3) Keapl-Nrf2-ARE antioxidant stress pathway

The interaction between HO-1 protein and Nrf2 protein has been
mentioned above. Previously, the association between HO-1 and Nrf2
was limited to the fact that Nrf2 is transferred into the nucleus and can
regulate the expression of the antioxidant HO-1. Later, this knowledge

Redox Biology 47 (2021) 102170

was further updated. HO-1 also can regulate Nrf2 proteins by protecting
them from GSK3p-mediated ubiquitin-proteasome degradation. It not
only further enriches the correlation and regulatory relationship be-
tween the Nrf2/HO-1 axis but also helps us to explore the pathogenesis
of more diseases.

As is known for all, HO-1 protein is a kind of heat shock protein
(HSP32). It was predicted by modeling and molecular docking software
that HO-1 might be bound to CD91 [68], and the first proposed HSP
receptor was the oxidized LDL binding protein CD91/LRP found in
antigen-presenting cells and other cell types [69]. CD91 plays a signif-
icant role in antigen cross-presentation of HSP, suggesting that HO-1
may have a role in the regulation of immune response as a novel
chaperone [70,71], but experimental data have not yet been supported.
Potential HO-1 binding proteins, including poly (ADP-Ribose)
polymerase-1, were obtained by LC/MS/MS analysis [30], indicating
that HO-1 may enrich its effects by binding with proteins, independent
of its activity (Fig. 2).

8. The association between HO-1 and abnormal oxidative stress
in cancer diseases

Abnormally elevated levels of oxidative stress (ROS) are widely
accepted as one of the hallmarks of cancer [72]. ROS is usually regarded
as a toxic substance in cells, and when high ROS cannot be metabolized
properly, cells will die or become cancerous. Tumor cells in the tumor
microenvironment are overgrown, suggesting they are more resistant to
oxidative stress or other harmful factors. Indeed, tumor cells have been
found to reprogram their internal metabolization-redox circuits to pro-
liferate and survive [73,74].

Heme oxygenase-1, a vital enzyme in anti-oxidative stress, is often
observed to be significantly elevated in tumor diseases [7,75]. More-
over, recent evidence suggests that the “non-canonical” functions of
HO-1 also play a non-negligible role in tumor disease. For example, the
nuclear localization of the HO-1 protein is associated with the malignant
progression of tumor cells independently of its enzymatic activity. In
human head and neck squamous cell carcinoma (SCC) cells [5],
compared with nonmalignant cells and normal cells, nuclear HO-1 was
substantially increased. In addition, the nuclear localization of HO-1 was

HO-1 ollgomer

% /\ PiR chain
"

Fig. 2. The protein-protein interaction of
Heme oxygenase-1

Heme oxygenase-1 protein combines with a
variety of proteins, not only determines the
cellular location of HO-1 but also partici-
pates in a variety of intracellular signal
transduction pathways. HO-1 , heme
oxygenase-1; CPR, cytochrome P450 reduc-
tase; PARP, poly (ADP-ribose) polymerase;
PARG, poly (ADP-ribose) glycohydrolase;
Ub, ubiquitin; CO, carbon monoxide; CAV,
caveolin.
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associated with a histological grade that poorly differentiated tumors
showed more nuclear HO-1. Equally, this tumor-promoting effect of
nuclear HO-1 also appeared in breast cancer cell lines [75]. It is
demonstrated that it is the nuclear translocation of HO-1 that promoted
the proliferation and migration/invasion of tumor cells rather than the
enzyme activity. Nuclear HO-1 may also be additional post-translational
modified, which can lead to the loss of HO activity, although this has not
been defined yet [76]. P300/CBP mediated the acetylation of the nu-
clear t-HO-1 protein. The acetylated HO-1 protein can interact with
JunD, enhance the transcriptional activation of AP-1, and promote the
growth and migration/invasion of cancer cells.

Besides, the possible role of HO-1 in several classical tumor
proliferation-related signaling pathways has also been explored. HO-1,
which is highly expressed in melanoma cells, promotes the prolifera-
tion of tumor cells, at least partly through the binding of HO-1 with B-
Raf. By activating the b-Raf/ERK pathway in melanoma, HO-1 protein
increases the expression of cyclin E/CDK2 and promotes the cell cycle
progression of melanoma [77]. In prostate cancer cells, HO-1 is directly
related to the STAT3 signaling pathway through protein binding. HO-1
and STATS3 bind to each other, thus inhibiting the phosphorylation of
STAT3 and subsequent nuclear translocation of pSTAT3 [49]. In other
words, it leads to an increase in the cytoplasmic retention of pSTAT3, a
significant decrease in the nuclear co-localization of AR and STAT3,
leading to a decrease in the expression level of STAT3-targeted genes.
These significantly reduced expression genes illustrate that HO-1 was a
negative regulator of STAT3 and reduced STAT3 trans-activation in
LNCaP cells. That is to say, the STAT3 signaling pathway of prostate
cancer cells with high expression of HO-1 was inhibited, and the
downstream target genes were reduced. It is also confirmed the
conclusion that HO-1 in PCa cells has an anti-tumor effect previously
reported [78,79].

However, the role of HO-1 in cancer cells is cell-specific. The up-
regulation of HO-1 was associated with cell cycle arrest and death in
some malignant tumors, while in other malignant tumors, HO-1 over-
expression may be related to tumor progression and survival. For
example, in hepatocellular carcinoma, enhanced HO-1 expression pro-
motes the rapid growth and malignant progression of the tumor. In HCC
cells, 14-3-3¢ can inhibit its ubiquitination and subsequent proteasome
degradation by binding to HO-1 protein, stabilize the HO-1 protein and
maintain a high intracellular level [80]. Previous studies have discov-
ered that the activation of transcription factors, including STATS3,
increased after overexpression of HO-1 [31]. STAT3 in HCC cells often
fails to show negative feedback inhibition in HCC cells and is in a state of
continuous activation. Additional detection of the STAT3 pathway
showed that the 14-3-3¢/HO-1 axis promoted STAT3 activation and
nuclear metastasis through highly expressed HO-1, thereby regulating
the growth and malignant progression of liver cancer [80].

Past studies have shown that tumor cells have been found to repro-
gram their internal metabolization-redox circuits to proliferate and
survive [73,74]. Indeed, one of the hallmarks of cancer cells is increased
aerobic glycolysis (Warburg effect). The available evidence indicated
that a preferential induction of NQO1 and glucose-6-phosphate dehy-
drogenase (G6PDH) by Nrf2-HO-1 interaction [51], which favors cell
survival by shifting the metabolism to the hexose monophosphate
pathway. Even scarier than endless growth, the complex and precise
metabolism-redox circuitry in cancer cells may make them more resis-
tant to physical radiotherapy [81]. Meanwhile, HO-1 has been shown to
have an enormous impact on the chemotherapy of tumors. During the
treatment of chronic myeloid leukemia cells with imatinib, HO-1 nu-
clear translocation has a protective effect on CML cells, and this pro-
tective effect has nothing to do with the by-products of HO-1 catalytic
activity [82]. Therefore, nuclear HO-1 may be involved in the mecha-
nism of imatinib resistance in BCR/ABL-positive cells. In the chemo-
therapy of multiple myeloma (MM), the nuclear translocation of HO-1
was also found to enhance the chemical resistance of bortezomib (BTZ)
[83].
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In summary, it is increasingly recognized that metabolic and
signaling abnormalities in cancer cells limit the effectiveness of tradi-
tional tumor therapies. Therefore, treatment regimens targeting high
ROS and oxidative stress may be more promising. As mentioned before,
in many cases, it is the effect of nuclear HO-1 on the malignant pro-
gression and therapeutic tolerance of tumors that provides an additional
clinical target for the treatment of malignant tumors.

9. Possible assessment markers for disease

In recent years, studies have found that the presence of HO-1 can be
detected in extracellular components, including plasma [84], cerebro-
spinal fluid [85], and urine [86]. Meanwhile, more data remains us that
the appearance of HO-1 protein extracellular localization is more likely
to be through a mysterious secretion mechanism, rather than the result
of cell necrosis and passive release [86,87]. It may be through the
secretion of exosomes or other active mechanisms.

In many cases, the level of extracellular HO-1 is often associated with
the severity, progression, and prognosis of the disease, suggesting its
potential as a biological marker of disease. It means that HO-1 is
conducive to the rapid and specific detection of the disease in the future.
In pregnant women with preeclampsia (PE), their serum HO1 levels are
increased compared with control normal pregnant women [88], and
even the severity of PE is also related to the increase in serum HO-1
levels before and after delivery [89]. In a recent study, hypoxia
up-regulated HO-1 expression could result in insufficient STAT3 phos-
phorylation and impaired JAK-STATS3 signal transduction, which may
be the pathogenesis of PE [90]. In experiments using mice to construct
an AKI model, the plasma and urine HO-1 levels in mice correspond to
the HO-1 gene expression levels in the kidney, throughout the whole
process of AKI (including induction, maintenance, and recovery phases).
It implies that the HO-1 protein level in the blood and urine of AKI mice
is an excellent biomarker of Hmox1 gene activity in the kidney. In
addition, a 16 kDa HO-1 protein was detected in the fresh plasma and
urine of AKI mice [86]. Although the site, mechanism, and function of
HO-1 protein breakage remain to be studied.

Interestingly, accumulated evidence has demonstrated its protective
capabilities for the cardiovascular system through its heme degradation
activity and non-enzymatic activity [91-93]. It needs to draw attention
to the HO-1 protein since peripheral artery disease (PAD) patients show
low HO-1 plasma levels, unlike the elevated plasma levels of HO-1 seen
in coronary artery disease [94,95]. In other words, HO-1 levels were
inversely associated with PAD, and multivariate analysis showed that
HO-1 could be an independent predictor of the presence or severity of
PAD [96]. HO-1 combats the progression of atherosclerotic diseases
since anti-inflammatory, anti-oxidant, and anti-thrombotic properties
have been demonstrated [91,97]. The mechanism of nuclear HO-1’s
involvement in p53-dependent vascular endothelial cell senescence
through its interaction with NPM1 has also been discovered [93]. As a
result, reduced HO-1 plasma levels demonstrated impairment in the
protective properties of HO-1 in PAD patients. Although there was no
relationship between HO-1 plasma levels with the progressive stages of
PAD [95], plasma HO-1 levels are still a potential therapeutic target and
an indicator of the diagnosis and prognosis of PAD.

Furthermore, the level of HO-1 in plasma can also be used as an
effective indicator of drug toxicity [98]. Overdose of acetaminophen
(APAP) can cause drug-induced hepatotoxicity and may lead to acute
liver failure. However, in clinical practice, there is no specific indicator
for monitoring drug-induced liver injury. In a study, by detecting the
plasma of 6h and 24h after APAP treatment, it was found that plasma
HMOX1 showed a sharp increase (about 150 times) [98]. It means that
liver injury was detected with a 100% sensitivity to plasma HMOX1.
Cross-species analysis of HMOX1 in mice with acute liver injury
confirmed that the increase of this protein in plasma was closely related
to the severity of liver toxicity and histopathological changes, which
suggests that HMOX]1 is a potential plasma biomarker of liver injury.
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Given the function of HO-1 in tumor diseases, the HO-1 level in
extracellular components is also a key research direction for indicating
the occurrence and development of tumors. For example, chronic my-
elogenous leukemia [99]. Studies have found that the level of HO-1
mRNA in the peripheral blood of CML patients is significantly higher
than that of healthy people, and there is an apparent linear relationship
between the expression of HO-1 and the ratio of original CML cells. This
close relationship between the level of HO-1 and the recurrence and
progression of CML may make HO-1 protein in peripheral blood a new
predictive molecular marker for monitoring the condition of chronic
myeloid leukemia (CML).

In addition to the extracellular HO-1 that potentially becomes a
disease detection indicator, in recent years, more and more studies have
been conducted on the relationship between HMOX1 gene promoter
polymorphism and disease. Existing studies have found that there are
functional polymorphisms in the promoter region of the HO-1 gene: (1)
T (—413) A single nucleotide polymorphism (SNP); (2) guanidine
thymidine dinucleotide ([GT]n) repeat polymorphism [100]. Studies on
T (—413) A SNPs in the HO-1 promoter region are relatively few and
often have conflicting conclusions, while (GT)n polymorphism has been
widely studied. The length of (GT)n repeats typically varies between 12
and 45 repeats, presenting a bimodal or trimodal distribution, among
which 23 and 30 repeats are the most common. Specifically, shorter
(GT)n repeat lengths produce higher basal promoter activity and higher
promoter inducibility in response to various stimuli, including oxidative
stress [101,102]. However, some studies have shown that these poly-
morphisms failed to detect any obvious differences in the transcriptional
activity of the HO-1 gene, which may be due to the role of other regu-
latory elements upstream of transcriptional initiation site (TSS) or 5’
-untranslated region (UTR) [103]. In continuous research in recent
years, the polymorphism of the HO-1 gene promoter has been found to
have a certain correlation with a growing number of disease states. In a
deal of past clinical work, the association between (GT)n repeat length
polymorphism and the risk of various diseases has been reported,
including respiratory system diseases [104], malignant tumor [105,
1061, and others. The epidemiological correlation may be used as a risk
index to evaluate the susceptibility and prognosis of the disease, and also
be beneficial to the study of disease pathogenesis and potential thera-
peutic targets. It is worth noting that there are racial differences in the
distribution of HO-1 (GT)n repeat length that will affect the judgment,
and this should be taken into account when summarizing the experi-
mental data [107,108]. Unfortunately, up to now, the exact molecular
mechanism that explains the modulation of HO-1 promoter activity by
the (GT)n repeats is unclear. However, this may have no impact that the
promoter polymorphism of HO-1 becomes a promising target for disease
prevention and treatment in the future.

10. Conclusions and future perspectives

In summary, these years of data show that HO-1 is involved in
resisting oxidative stress, and maintaining cell homeostasis is not only
dependent on its enzyme activity and degradation products but also
includes more unknown mechanisms. In this review, we briefly discuss
the following perspectives: (1)HMOX1 gene expression regulation,
subcellular localization, and basic functions; (2) The possible mecha-
nism of nuclear-localized HO-1 protein involved in cell protection; (3)
HO-1 connects to importance intracellular physiological processes and
signaling pathways through protein-protein interactions; (4) The bright
prospects of HO-1 in tumor oxidative stress therapy; (5) As a potential
detection indicator, HO-1 is associated with disease status to some
extent. Strictly speaking, these aspects are often intersected and inter-
related. For example, nuclear HO-1 in human lung cancer tissue is
acetylated by p300/CBP, which can bind with JunD to enhance AP-1
transcriptional activation, thereby promoting the malignant progres-
sion of cancer cells in vivo and in vitro [76]. These are consistent with
the clinical findings of differences in the HO-1 acetylation modification
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between normal lung tissue and lung cancer tissue. At the same time,
because this acetylation modification can be removed by classic histone
deacetylase (HDAC), acetylation of HO-1 in the tumor cell nucleus may
become a screening indicator of whether HDAC inhibitors can be used
for anti-cancer therapy [109].

Of course, there are still many questions about the mechanisms of
HO-1 in the above aspects, and there are still enormous vacancies for
research. Especially in tumor diseases, HO-1 protein may not only play
an opposite role in different tumors but also participate in the survival
and progression of tumor cells through multiple pathways in the same
cell [110]. Understanding the specific functions of HO-1 and identifying
the underlying mechanisms by which they affect disease generation or
treatment could help to produce targeted therapeutic tools, which is one
of the clinical intervention measures with broad prospects for oxidative
damage, disease monitoring, and cancer treatment in the future.
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