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Abstract

Background Heme oxygenase-1 (HO-1), a heme-degrading enzyme, is proven to have anti-apoptotic effects in
several malignancies. In addition, HO-1 is reported to cause chemoresistance and increase cell survival. Growing
evidence indicates that HO-1 contributes to the course of hematological malignancies as well. Here, the expression
pattern, prognostic value, and the effect of HO-1 targeting in HMs are discussed.

Main body According to the recent literature, it was discovered that HO-1 is overexpressed in myelodysplastic
syndromes (MDS), chronic myeloid leukemia (CML), acute myeloblastic leukemia (AML), and acute lymphoblastic
leukemia (ALL) cells and is associated with high-risk disease. Furthermore, in addition to HO-1 expression by leukemic
and MDS cells, CML, AML, and ALL leukemic stem cells express this protein as well, making it a potential target for
eliminating minimal residual disease (MRD). Moreover, it was concluded that HO-1 induces tumor progression and
prevents apoptosis through various pathways.

Conclusion HO-1 has great potential in determining the prognosis of leukemia and MDS patients. HO-1 induces
resistance to several chemotherapeutic agents as well as tyrosine kinase inhibitors and following its inhibition,
chemo-sensitivity increases. Moreover, the exact role of HO-1 in Chronic Lymphocytic Leukemia (CLL) is yet unknown.
While findings illustrate that MDS and other leukemic patients could benefit from HO-1 targeting. Future studies can
help broaden our knowledge regarding the role of HO-1 in MDS and leukemia.
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Background

Myelodysplastic Syndromes (MDSs), a group of blood
disorders with poorly defined pathophysiology, are
known as conditions in which impaired maturation of
blood cells in Bone Marrow (BM) is observed, result-
ing in different degrees of cytopenia in the Peripheral
Blood (PB) [1]. Near one-third of MDS progress to Acute
Myeloid Leukemia (AML), while the other two-thirds are
transformed into high-risk MDS [2].

Leukemia is characterized by the excess of White Blood
Cells (WBCs) in the PB and BM of patients [3-5]. Clini-
cally, this disease can be divided into 4 major categories;
based on the origin of the affected cells to lymphoid
and myeloid and based on the percentage of blasts to
chronic and acute leukemia. The major groups of leuke-
mia comprise four common categories including Acute
Lymphoblastic Leukemia (ALL), Chronic Lymphoblas-
tic Leukemia (CLL), Chronic Myeloid Leukemia (CML),
and AML. Treatment of leukemia depends on the type
of disease, the patient’s age, and general health. The first-
line treatment for all types of leukemia is mainly chemo-
therapy, except for CML which involves Tyrosine Kinase
Inhibitors (TKIs) [6]. However, radiation therapy, Hemat-
opoietic Stem Cell Transplantation (HSCT), targeted
therapy, as well as a combination of these approaches
may also be utilized. Despite this, due to the high toxic-
ity of the chemotherapeutics [7], and the possibility of
rising chemo-resistant clones of malignant cells in many
patients, there is a need for novel treatment approaches
that efficiently kill chemo-resistant clones and reduce the
required dose of the drugs [3, 8, 9]. Numerous factors
can contribute to resistance to chemotherapy. A crucial
factor is the increased or abnormal expression of Heme
Oxygenase-1 (HO-1). HO-1 causes treatment resist-
ance by several mechanisms including the induction of
autophagy [10], cell survival, and by its anti-inflamma-
tion, and anti-oxidant properties [11], etc. discussed in
the following paragraphs [12]. In most solid tumors, this
enzyme is known as a main factor leading to treatment
resistance [13]. Therefore, numerous studies are also con-
ducted regarding the role of HO-1 in different Hemato-
logical Malignancies (HMs).

In this article, the role of HO-1 in MDS and leukemia
is reviewed and its prognostic role as well as its targeting
effect in different leukemias and MDS is determined.

Heme oxygenase

Heme oxygenases (HO) are enzymes coded by the
HMOX genes. HO includes three forms, HO-1 or heat
shock protein 32 (Hsp32), which is an inducible form,
HO-2, which has a constitutive expression [14], and
HO-3 which seems to be a pseudogene derived from
HO-2 transcripts [15] and is only expressed in rat
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neurons [16]. The HO-1 coding gene called HMOX1 is
located on chromosome 22q13.1 and the HO-2 coding
gene called HMOX2 is located on chromosome 16p13.3.
Both genes encode enzymes that have the same func-
tion [14]. HO-1 expression is induced by a large number
of drugs and chemicals including statins, aspirin, niacin,
oxidants, inflammatory mediators, heme, [17-19] and
physical stimulation (Radiation; ultraviolet for instance
[16]). Both enzymes are similar in function, mechanism,
cofactors, required substrates, and sensitivity to inhibi-
tion by metalloporphyrins, molecules in which the cen-
tral iron atom is replaced by elements such as tin, zinc,
cobalt, and chromium [17-19]. HO catabolizes the heme
molecules (the prosthetic group of hemoproteins) into
arbon monoxide (CO), biliverdin, and ferrous iron (Fe?*)
[20]. Heme can produce free radicals by the means of its
pro-oxidant catalytic activity of the Fe?* atom, which can
act as a cytotoxic agent [21]. Over time, HO-1 activity
reduces the number of free heme, therefore, preventing
Reactive Oxygen Species (ROS) production, resulting in
decreased cell damage. HO-2 (the non-inducible form) is
less important than HO-1 in heme catabolism [21, 22].

HO-1 transcriptional regulation

Oxidative stress is a strong regulator of HMOXI tran-
scription through several signaling pathways and tran-
scription factors [23]. Oxidative stress causes the release
of heme from the pocket of hemoproteins. Free heme
binds to BTB and CNC homolog 1 (Bachl) (a tran-
scription inhibitor of HMOX1I) and causes a conforma-
tional change in its structure, resulting in unbinding of
Bachl from the Stress-Responsive Elements (StREs) of
the HMOX1 gene, leading to increased transcription of
HO-1 in the cell. Simultaneously, the increased ROS lev-
els, cause Kelch-like ECH-associated protein 1 (Keapl)
detachment from NF-E2-related Factor 2 (Nrf2) allowing
it to translocate into the nucleus and bind Antioxidant
Response Elements (AREs) of the HOMXI gene. Fol-
lowing the release of Bachl from the StREs of the gene
and binding of Nrf2 to the ARE, HMOX1 transcription is
increased [21, 24—27]. Another study reports that HO-1
expression is induced by a ROS/Protein Kinase C (PKC)
8/c-Jun N-terminal Kinase (JNK) 1/2-dependent axis in
mouse brain endothelial cells [28]. According to Koy-
ani et al,, ROS induction in MG-63 cells promoted P38
Mitogen-Activated Protein Kinases (p38-MAPK) activa-
tion and subsequent Protein Kinase B (PKB) phospho-
rylation which in turn resulted in nuclear expression of
Nrf2 and Early growth response protein 1 (Egrl), leading
to HO-1 increased transcription [29]. Several other path-
ways have also been observed to induce HO-1 through
Phosphatidylinositol 3-Kinase (PI3K)/AKT, Hypoxia-
Inducible Factor-1 alpha (HIF-la), etc. [30]. Following
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HIF-1a inhibition, HO-1 induction was suppressed, indi-
cating that HIF-1a is an inducer of HO-1 [31]. Moreover,
according to Rushworth et al., HO-1 expression is nega-
tively regulated by NF-KB (P50/NF-KB1 and P65 subu-
nits) in AML cells [32]. Therefore, HO-1 expression is
regulated by several factors.

Roles of HO-1 in protecting cancer cells

Tumor cells have an extremely high need for nutri-
ents to meet their demanding anabolic requirements
and energy production [33]. Metabolic plasticity, which
can be achieved by changes or mutations in the expres-
sion of metabolic genes, is essential for tumor survival
[34]. Since malignant cells consume a lot of nutrients,
thus, produce large quantities of ROS therefore, HO-1 is
involved in the survival of leukemic cells. In addition to
cell metabolism, HO-1 appears to play roles in the tumor
microenvironment as well. The BM microenvironment,
a tissue composed of cellular and non-cellular compo-
nents, acts as a niche for maintaining and regulating stem
cells [35]. The BM microenvironment has been an inter-
esting topic for scientists in recent years since it has been
proven that certain changes, even if small, in this tissue
can lead to leukemia, and this microenvironment plays
role in the pathology of leukemia [34]. In the following,
the studies that investigated the role of HO-1 in the leu-
kemic microenvironment have been reviewed. In this
section, the role of HO-1 in protecting cancer cells from
apoptosis is discussed.

The cytoprotective effects of HO-1 are exerted by itself
or mediated by its products [21]. HO-1 activity prevents
the apoptosis of cells in response to Tumor Necrosis
Factor (TNF) treatment, mediated by detoxifying heme
[22]. Besides protection against TNF-mediated apopto-
sis, HO-1 induces the expression of B-cell lymphoma-
extra-large (Bcl-XI), and B-cell lymphoma-2 (Bcl-2)
and inhibits the expression of Bcl-2 associated X (Bax)
and Bcl-2 homologous antagonist/killer (Bak) result-
ing in decreased apoptosis through P38-MAPK and
PI3K pathways [36—39]. HO-1 activity is also found to
be associated with autophagy, a main mechanism lead-
ing to chemoresistance which appears to be mediated by
the inhibition of the mammalian Target of Rapamycin
(mTOR) activity [10]. Moreover, HO-1 is also reported to
induce Enhancer of Zest Homolog 2 (EZH2) expression,
an anti-oncogene repressor, resulting in the methylation
of anti-oncogenes such as P53, P15, and P16 [40]. Addi-
tionally, HO-1 induces Vascular Endothelial Growth Fac-
tor (VEGF) and CXCL12 expression by BM stromal cells
(BMSCs) through the PI3K/AKT pathway, providing a
tumor-nurturing microenvironment [41].

Other tumor-favored functions of HO-1 are exerted
by its products [42]. Following the catabolism of heme
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to Fe?*, CO, and biliverdin (which is then converted into
bilirubin by a reaction mediated by biliverdin reductase)
each of these products exerts different mechanisms to
protect the cell. CO, by binding to cytochrome c oxi-
dase induces signaling through the P38-MAPK isoform,
resulting in increased cell survival, which resembles the
previously mentioned activity of HO-1 [21, 43]. It has
also been proven that CO possesses immunomodulatory
properties by inhibiting the function of T and dendritic
cells [27]. Fe?" atom released from the protoporphyrin
ring, compared to the Fe’™ atom in the heme pocket,
is neutralized by sequestration into the ferritin struc-
ture and the activity of the Fe efflux pump, resulting in
decreased ROS generation [21, 44—47]. The last prod-
uct of the enzyme, bilirubin (derived from biliverdin by
the activity of biliverdin reductase), is proven to possess
strong antioxidant properties [48] at micromolar con-
centrations [49]. The main anti-oxidant effect of bilirubin
results from the biliverdin-bilirubin cycle. A mechanism
in which bilirubin is converted to biliverdin by react-
ing with ROS and therefore neutralizing it, followed by
the reduction into bilirubin by the activity of biliverdin
reductase [50]. Moreover, bilirubin decreases the expres-
sion of P and E selectins [11, 51, 52] therefore, possessing
anti-inflammatory properties as well [12, 53]. Thus, HO-1
can increase cell survival from a variety of pathways.

A brief conclusion about the various roles of HO-1 in
protecting malignant cells is presented in Fig. 1.

HO-1 expression pattern and its prognostic value
in MDS and leukemia

An elevated level of ROS is generated in cancer cells,
which is in part due to the increased metabolism of neo-
plastic cells. Cancer cells utilize different antioxidant
proteins including HO-1 to ensure adaptations to ele-
vated levels of ROS and oxidative stress [54, 55]. Thus,
an abnormal or increased expression of HO-1 is pre-
dicted to be observed in HMs. Here we review the data
regarding the expression of HO-1 in MDS and different
leukemias. A brief review of conducted studies on the
expression pattern and prognostic value of HO-1 is pro-
vided in Table 1.

MDS
According to several studies, HO-1 expression in MDS is
abnormal. In this section, we review the altered expres-
sion pattern of HO-1 and its prognostic value in MDS.
Nybakken et al. studied HO-1 expression in MDS
patients. MDS patients were categorized into lower-
grade and higher-grade MDS. They assessed HO-1
expression in BM macrophages along with other fac-
tors such as CD163" macrophage population and iron
storage. CD163 is a scavenger receptor for hemoglobin
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Various roles of HO-1 in protecting malignant cells
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Fig. 1 Various roles of HO-1 in protecting malignant cells. An abstract of different roles of HO-1 in malignant as well as in adjacent stromal cells is
provided. Ara-c: Cytarabine; Bcl-2: B-cell lymphoma-2; DNR: Daunorubicin; EZH2: Enhancer of Zeste Homolog 2; HO-1: Heme Oxygenase-1; NHE1:
Na*-H* Exchanger 1; ROS: Reactive Oxygen Species; TNF: Tumor Necrosis Factor; TNFR: TNF Receptor; VEGF: Vascular Endothelial Growth Factor;
VEGFR: VEGF Receptor; mTOR: mammalian Target Of Rapamycin
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Table 1 HO-1 expression pattern and prognostic value in leukemia and MDS

Disease Expression status Expressing cells Main claim Ref.

MDS Increased BM macrophages HO-1 overexpression by BM macrophages deteriorates MDS patients'prognoses  [56]

MDS Increased SKM-1 cell line and PB cells  HO-1 overexpression is associated with high-risk disease and decitabine resistance [58]

MDS Increased Primary cells HO-1 overexpression induces EZH2 through pRB-EBF, resulting in p15 and p53 [40]
silencing and more progression to AML

MDS Increased SKM-1 cell line and BM cells  HO-1 overexpression is correlated with high-risk MDS [60]

MDS Increased SKM-1 cell line and BM cells  HO-1 overexpression is more frequently seen in high-risk than low-risk MDS and [62]
contributes to AZA resistance

CML Increased Primary cells HO-1 level is strongly correlated with CML progression [69]

CML Increased Primary cells HO-1 overexpression, induced by BCR:ABL activity, results in IM resistance [70]

CML Increased CML cellline HO-1 overexpression is correlated with IM resistance in CML [71]

CML Increased Cell lines and primary cells  NHE-1 induces HO-1, through PKC-3 phosphorylation and P38-MAPK pathway [73]
activation resulting in IM resistance

CML Increased Primary cells HO-1 induces autophagy, resulting in IM resistance [10]

CML Increased Primary cells HO-1 overexpression is correlated with IM resistance and HDACs upregulation [80]

CML Increased Primary cells BCR:ABL induces HO-1 overexpression by a NOX-mediated mechanism, resulting ~ [81]
in IM resistance in CML

CML increased BMSCs of CML patients HO-1 overexpression by BMSCs induces IM resistance [41]

AML Increased Cell line & primary cells HO-1 overexpression in AML is associated with Ara-c and DNR resistance and [30]
increased relapse rate

AML Increased Cell line & primary cells HO-1 overexpression induces DNR and Ara-c resistance [82]

AML Increased primary cells HO-1 is overexpressed in AML-M2 cells [83]

AML Increased Cell line & primary cells HO-1 expression is associated with resistance to Ara-c-induced apoptosis [84]

AML Increased Cell line & primary cells HO-1 overexpression is correlated with FLT3-ITD expression and poor prognosis [88]

AML Increased Cell line & primary cells HO-1 is higher in relapsed patients compared to the controls and is correlated [90]
with poor prognosis

AML Increased Primary cells HO-1 overexpression is associated with high-risk disease and decreased OS [91]

AML Increased Primary cells In addition to leukemic cells, HO-1 is overexpressed in LSCs of AML patients [92]

AML & ALL - Primary cells HO-1 is a strong predictor of HSCT outcome in AML and ALL [93]

AML Increased Cell line & primary cells HO-1 overexpression contributes to the immune evasion of AML cells against NK  [94]
cells

ALL Increased Primary cells ALL cells, progenitor cells & LSCs of ALL patients strongly express HO-1 [95]

ALL Increased Primary cells HO-1 overexpression in BMSCs of ALL patients induces VEGF expression, therefore, [96]
vincristine resistance

ALL Increased Primary cells IK6 induces HO-1 expression by upregulating STATS5, resulting in ALL poor progno- [99]

sis and IM-resistance

ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; Ara-c, Cytarabine; AZA, 5-Azacytidine; BM, bone marrow; BMSC, bone marrow stromal cell; CML,
chronic myeloid leukemia; DNR, Daunorubicine; EZH2, enhancer of zeste homolog 2; FLT3-ITD, Fms-like tyrosine kinase 3-internal tandem duplication; HDAC, histone
deacetylase; HO-1, heme oxygenase-1; HSCT, hematopoietic stem cell transplantation; IK6, dominant-negative lkaros Isoform 6; IM, Imatinib; LSC, leukemic stem cell;
MDS, myelodysplastic syndrome; OS, overall survival; P38-MAPK, P38 mitogen-activated protein kinases; PB, peripheral blood; PKC-B, protein kinase C-f3; STAT5, signal
transducer and activator of transcription 5; K, tyrosine kinase inhibitor; VEGF, vascular endothelial growth factor

and increases HO-1 expression in CD163" M2 anti-
inflammatory macrophages. They found that HO-1 is
expressed in CD163-expressing macrophages. Moreo-
ver, the CD163" macrophage population along with
HO-1 expression was increased in MDS samples com-
pared to benign cytopenic samples. After the follow-up
of patients, they found that in MDS, and not in benign
cytopenic patients, HO-1 overexpression was associated
with lower Overall Survival (OS) [56].

It appears that increased expression of HO-1 by BM
macrophages protects MDS cells. Furthermore, it is also

possible that iron overload in MDS BM due to the inef-
fective erythropoiesis and frequent blood transfusions
[57], induces HO-1 expression, resulting in increased
HO-1 expressing macrophage differentiation, which in
turn suppresses erythropoiesis (as these macrophages
infiltrate the BM and physically interrupt erythropoie-
sis) and thus causes more cytopenia. Therefore, HO-1
expression in BM macrophages of MDS patients leads to
poor clinical outcomes.

In addition to HO-1 expression by BM macrophages,
other studies investigated the expression of HO-1 by
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MDS cells. Decitabine is an inhibitor of cytosine methyla-
tion and is approved for the treatment of high-risk MDS.
A study reported the increased expression of HO-1 in
MDS cells, which was associated with increased cell via-
bility and resistance to decitabine treatment. Addition-
ally, HO-1 overexpression was correlated with higher-risk
disease [58]. Thus, in addition to the prognostic role of
HO-1 in MDS, it can be said that HO-1 overexpression is
associated with resistance to certain chemotherapeutics
such as decitabine.

Enhancer of Zest Homolog 2 (EZH2), the core subunit
of Polycomb Repressive Complex 2 (PRC2), is responsi-
ble for trimethylating and therefore silencing several tar-
get genes. EZH2 is highly dysregulated in cancers [59].
In a study conducted by Wang et al., the role of HO-1
and its association with the EZH2 was studied in MDS.
They found higher expression of HO-1 and EZH2 in
high-risk MDS patients compared to normal controls.
Also, patients who progressed to AML had higher lev-
els of HO-1 compared to other MDS groups. However,
no such increased expression was observed in the lower-
risk group. They found that HO-1 can stimulate the tran-
scription, as well as the activation of EZH2 through the
Retinoblastoma protein (pRB)- Early B-cell Factors (EBF)
pathway resulting in the decreased expression of p15™K48
and p53 in MDS cells [40]. The data indicate that HO-1
overexpression in MDS cells is associated with a poor
prognosis. Also, it appears that HO-1 overexpression
can induce EZH2 activity (through pRB-EBF), which in
turn results in decreased expression of anti-tumor genes,
which are considered the main targets of decitabine.

Furthermore, Wang et al. in a study on MDS patients
showed that both mRNA and protein expression levels of
HO-1 were increased compared to controls. HO-1 over-
expression was mostly evident in high-risk MDS groups
[60].

Another study group investigated the role of HO-1 in
resistance to 5-Azacytidine (AZA), a DNA methyltrans-
ferase inhibitor used for treating MDS and AML patients
[61]. Following the treatment of MDS cells with AZA,
HO-1 expression was increased which was correlated
with AZA resistance. Also, Bone Marrow Mononuclear
Cells (BMMC:s) of patients with high-risk disease had sig-
nificantly higher HO-1 levels compared to the low-risk
groups [62]. Thus, it appears that the HO-1 expression
pattern is a main factor determining MDS response to
AZA and decitabine.

Overall, HO-1 overexpression (either by MDS cells or
by BM macrophages) is associated with a higher risk of
MDS and more progression to AML. HO-1 through the
pRB-EBF pathway blocks the demethylation of p15™K4E,
which is an important tumor suppressor. Clinical tri-
als targeting HO-1 in combination with decitabine or
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AZA are needed to prove this in practice. Also, due to
the integrity of the data from the mentioned studies, it is
safe to state that HO-1 possesses high prognostic value
in MDS and can help determine the response to conven-
tional treatments such as AZA, and decitabine.

CML

CML, a stem cell disease, is known to be associated with
the presence of the Philadelphia chromosome (Ph), a
result of chromosomal translocation t(9;22) [63, 64]. In
the mentioned translocation, the c-ABL gene on chro-
mosome 9 is fused to the BCR gene on chromosome
22, resulting in BCR::ABLI oncogene formation, which
encodes for the BCR-ABL1 protein (a constantly active
tyrosine kinase) [65—67]. The constant activity of BCR-
ABLI1 tyrosine kinase induces proliferation and decreases
apoptosis in leukemic cells [64]. The main therapy for
CML, Imatinib (IM), a Tyrosine Kinase Inhibitor (TKI),
is associated with resistance occurring in approximately
40% of patients [6, 68]. Several mechanisms are proposed
for this resistance. Many researchers have reported that
HO-1 is involved in IM resistance.

Wei et al. investigated the correlation between HO-1
expression and CML progression. They found that the
HO-1 mRNA level was significantly higher in patients
compared to the healthy controls. Moreover, the HO-1
level rose when relapse occurred. Finally, the expression
of HO-1 was strongly correlated with the disease pro-
gression, indicating that HO-1 possesses a valuable prog-
nostic value in CML [69].

According to a study performed by Mayerhofer et al. on
the role of HO-1 in CML, increased mRNA and protein
levels of HO-1 were reported in patients. They found that
HO-1 transcription was induced by BCR-ABL tyrosine
kinase activity. HO-1 constitutive expression by CML
cells increased cell survival in response to IM. Further,
HO-1 overexpression seemed to counteract the apoptosis
induced by IM [70].

Tibullo et al., also showed that HO-1 mRNA level was
significantly higher in IM-resistant cells compared to IM-
sensitive cells [71].

According to these studies, HO-1 overexpression in
CML cells causes IM resistance by several pathways
that are discussed in the following. A possible explana-
tion for the induction of HO-1 expression by BCR-ABL
tyrosine kinase could be due to the increased production
of ROS in BCR: ABL" cells, resulting from the increased
metabolism of these cells [72]. The elevation in ROS lev-
els induces HO-1 expression. For the same reason, BCR-
ABL blocking by IM reduces HO-1 expression in CML
cells.

In another study, Ma et al. evaluated the contribution
of Na"—H* exchanger 1 (NHE1) to HO-1-mediated IM
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resistance in CML cells. They found excess mRNA and
protein expression levels of HO-1 in IM-resistant cells
compared to IM-sensitive cells, which was correlated
with a higher PH; index. They found that NHE1 acti-
vation resulted in Protein Kinase C-  (PKC- ) phos-
phorylation and P38-MAPK pathway activation, which
in turn upregulated HO-1 [73]. The study was contin-
ued by targeting these genes, discussed in the following
sections.

Autophagy is a natural way of removing unneces-
sary and dysfunctional proteins and organelles through
lysosome-dependent mechanisms [74, 75]. It has been
demonstrated that autophagy has an important role
in inducing chemoresistance [76]. A protein named
mTOR is crucial for autophagy regulation. Accordingly,
Cao et al. evaluated the correlation between HO-1 and
autophagy in CML resistance to IM. They showed that
the mRNA and the protein expression of HO-1 were
higher in IM-resistant CML cells compared to non-
resistant cells. In addition, IM-resistant cells had higher
levels of HO-1 and lower levels of mTOR expression,
which was accompanied by Light Chain-3 (LC3)-1/-1I
autophagy-related proteins expression and elevated lev-
els of autophagy occurring in cells, indicating that HO-1
induces autophagy, resulting in IM resistance [10]. There-
fore, another mechanism by which HO-1 desensitizes
CML cells to IM is the induction of autophagy.

Histone deacetylases (HDACs) are enzymes that
remove acetyl groups from N-acetyl lysine of histones
and non-histone proteins [77, 78]. HDAC overexpression
in malignant cells is associated with increased tumor sur-
vival, proliferation, and angiogenesis [79]. In a study by
Wei et al., on the role of HO-1 in IM resistance, higher
mRNA and protein levels of HO-1 and HDAC in IM-
resistant cells compared to IM-sensitive cells were found.
Also, HO-1 expression in CML cells correlated with obvi-
ous HDACs upregulation [80]. Therefore, HO-1 is co-
expressed with other informants of poor prognosis such
as HDACs.

In another study, the role of nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase (NOX) was
evaluated in HO-1-mediated resistance to IM. Higher
levels of HO-1 expression were observed in CML patients
with blast crisis compared to patients with chronic or
accelerated phase CML. Thus, HO-1 overexpression is
associated with a higher risk of disease and poor prog-
nosis. Moreover, BCR: ABL™ cells expressed higher levels
of HO-1 compared to BCR: ABL™ cells. They found that
BCR-ABL, by upregulating the 47 kD cytosolic subunit
of NOX (p47phox), increases ROS generation, which in
turn leads to increased HO-1 expression and thus IM
resistance [81]. Therefore, it can be confirmed that BCR:
ABL is a strong inducer of HO-1 expression and one can
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expect that targeting HO-1 in BCR:ABL™ CML cells may
be more beneficial than in BCR: ABL™ CML cells.

In addition to leukemic cells, BMSCs of CML patients
also show an increased HO-1 expression. Liu et al. inves-
tigated the role of HO-1 expression by BMSCs in IM
resistance. The mRNA and protein expression levels of
HO-1 in BMSCs of IM-resistant patients were higher
than in IM-sensitive patients [41]. They also targeted
HO-1 in BMSCs and proposed a mechanism, which we
discussed in the targeting section.

Considering the consistency of the obtained data, it
is concluded that HO-1 in CML cells is overexpressed
by both CML cells and BMSCs of CML patients com-
pared to healthy controls and that BCR-ABL activity
induces HO-1 expression either by regulating NOX2
complex or induction of ROS formation due to increased
metabolism. HO-1 increased levels lead to IM resistance
through various pathways such as induction of HDACs,
autophagy induction, and self-mediated functions of the
HO-1, thereby, weakening the patient’s prognosis.

AML
Several studies have investigated the expression pattern
of HO-1 in AML, which are discussed in this section.

Zhe et al. investigated the role of HO-1 in AML cells.
They found higher levels of HO-1 expression both at
mRNA and protein levels in Cytarabine (Ara-c) (the
main chemotherapy regimen for AML along with Dau-
norubicin (DNR))-resistant cells compared to Ara-c-
sensitive cells. Moreover, high HO-1-expressing cells
were resistant to apoptosis induced by Ara-c and DNR.
HO-1 expression levels in relapsed patients were higher
compared to patients with complete remission and con-
trols. Patients’ cells with high HO-1 expression also co-
expressed high levels of HIF-1 and glucose transporter-1
(GLUT1) [30].

A study reported that treating AML cells with Ara-c
and DNR, increased HO-1 mRNA and protein expres-
sion. Also, it was discovered that Ara-c and DNR-medi-
ated apoptosis induction was dependent up to certain
levels on ROS formation, and HO-1 induction limited
the response to these chemotherapeutics [82]. Simi-
larly, patients with AML (M2) had higher levels of HO-1
expression compared to controls [83].

Also, another study reported that AML patients had
higher levels of HO-1 mRNA and protein expression
compared to controls. AML-M5 patients were reported
to have elevated levels of HO-1 compared to other sub-
types. HO-1 overexpression was correlated with leuko-
cytosis. Following cell incubation with Ara-c, cells with
high HO-1 expression had lower apoptosis rates and
lower caspase 3, 8, and 9 expressions. Also, HO-1 expres-
sion increased after Ara-c treatment [84].
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According to the studies, it can be confirmed that
HO-1 overexpression contributes to Ara-c and DNR
resistance. Moreover, HO-1 expression is induced in
response to Ara-c and DNR treatment (the main chem-
otherapy regimens of AML patients), probably through
a ROS-dependent pathway. This could be utilized as a
means by AML cells to escape chemotherapy-induced
apoptosis. Moreover, it may be possible that HO-1
expression is heterogeneous by different AML sub-
types, leading to heterogeneous responses to HO-1
targeting.

The most common mutation in AML, Fms-Like Tyros-
ine kinase receptor 3 (FLT3) gene Internal Tandem
Duplication (ITD) is associated with poor prognosis
[85, 86]. It has been proven that the constant activity of
FLT3-ITD produces elevated levels of ROS in the cells,
which in turn induces the expression of HO-1 [87]. Kan-
nan et al. evaluated the role of HO-1 in FLT3-ITDt AML
cells. They found that HO-1 expression was higher in
FLT-ITD" cells compared to FLT3-wild type AML cells.
Moreover, patients with higher levels of HO-1 in AML
cells had decreased survival compared to the patients
with lower HO-1 levels. The overexpression of HO-1 was
associated with quizartinib (FLT3 inhibitor) resistance
[88].

Growth Factor Independent-1 (GFI-1) (a transcrip-
tional repressor) inhibits the acetylation of target genes
and is proven to prevent several malignancies. Low
GFI-1 expression is associated with myeloid malignan-
cies and resistance to HDAC inhibitors [89]. The cor-
relation between GFI-1 and HO-1 expression in AML
patients was evaluated by Cheng et al. They found that
HO-1 expression in relapsed patients’ samples was higher
compared to patients with complete remission or healthy
controls, and was associated with HDAC1, HDAC2, and
HDACS3 upregulation and was reversely correlated with
GFI-1 expression. HO-1 overexpression was strongly
associated with inferior prognosis and Panobinostat (a
pan-HDAC inhibitor) resistance. It was discovered that
GFI-1 low expression upregulates HO-1 through a PI3K/
AKT pathway resulting in Panobinostat resistance [90].

Also, the prognostic value of HO-1 expression was
investigated in another study. The study reported that
HO-1 expression was directly correlated with patients’
prognosis, as high-risk patients expressed higher levels
of HO-1 mRNA and protein compared to other groups.
After 3 years of patient follow-up, HO-1 overexpression
was associated with decreased OS and relapse-free sur-
vival [91].

According to the mentioned studies, it can be con-
cluded that HO-1 is overexpressed in AML cells and is
strongly correlated with poor prognosis and high-risk
disease in AML.
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Other researchers studied the expression of HO-1 in
stem cells and BM cells of AML patients. Accordingly,
CD34"CD38" and CD347CD38™ cells of AML patients
were reported to express higher levels of HO-1 mRNA
and protein compared to normal CD34% cells [92]. The
findings of the research suggest that HO-1 can be used
as a novel target to help eliminate Minimal Residual
Disease (MRD) in AML patients since it is overex-
pressed in Leukemic Stem Cells (LSCs).

Lue et al. also evaluated the role of HO-1 in HSCT
prognosis in BMMCs of AML and ALL patients. The
research reported that HO-1 expression was higher
in BMMC:s of patients with relapse compared to non-
relapsed patients. Moreover, they found that patients
with Acute Graft Versus Host Disease (aGVHD) had
lower levels of HO-1 expression in BMMCs than those
without aGVHD pre-HSCT. However, increased HO-1
expression post-HSCT was associated with aGVHD
[93].

This study indicates that HO-1 could be used as
a strong predictor of relapse and aGVHD following
HSCT. Moreover, it is confirmed that LSCs of AML
patients overexpress HO-1 as well, which contributes in
determining the outcome of HSCT in acute leukemia.

In addition to the effect of HO-1 expression on chem-
oresistance, a study indicates that HO-1 contributes
to the immune evasion of AML cells as well. Accord-
ing to Zhang et al., HO-1 expression level is higher in
Relapsed compared to newly diagnosed AML patients’
cells and healthy controls. HO-1 overexpression in
AML cells was associated with suppressed CD48 (a
ligand for 2B4 receptor on Natural Killer (NK) cells)
expression levels. When co-culturing with NK cells,
AML cells with upregulated HO-1 had higher survival
compared to cells with low HO-1 levels. The results
indicated that HO-1 suppresses CD48 expression,
therefore, suppressing NK cell anti-tumor activity [94].

In conclusion, HO-1 has increased expression in
AML cells and causes resistance to several chemo-
therapeutics including Ara-c, DNR, quizartinib, and
HDAC inhibitors (panobinostat in particular). The high
expression level of this protein is associated with a poor
prognosis in AML patients. Also, concluding from the
two previous studies, it can be said that not only does
HO-1 expression by the leukemic stem and progenitor
cells of AML patients makes this gene a good target for
treating MRD, but also has prognostic value in deter-
mining the response to HSCT. Moreover, it has been
discovered that HO-1 contributes to immune evasion
by AML cells, further deteriorating the prognosis of
AML patients.
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ALL

In this section, the conducted studies regarding the
association between the HO-1 expression pattern and
ALL prognoses are provided.

Reiterer et al. reported that HO-1 mRNA and protein
expression was present both in (Ph)* and (Ph)~ pri-
mary cells of ALL patients, as well as CD34TCD38~
and CD347CD38" stem cells and progenitors. In Ph*
cells unlike Ph™ cells, IM treatment decreased HO-1
mRNA expression [95]. Therefore, due to the expres-
sion of HO-1 by the LSCs and progenitor cells of AML
patients, HO-1 targeting could be beneficial in treating
MRD.

In addition to leukemic cells, BMSCs of ALL patients
express HO-1. Yu et al. also analyzed the HO-1 expres-
sion pattern in BMSCs of ALL patients. They found
that HO-1 expression was higher in ALL patients com-
pared to normal controls. Also, vincristine (a plant alka-
loid) -resistant patients had higher HO-1 expression in
BMSCs compared to non-resistant patients. The study
suggested that HO-1 overexpression in BMSCs induced
VEGF expression, mediated by the PI3K/AKT pathway,
resulting in vincristine resistance [96].

Dominant-negative Ikaros Isoform 6 (IK6), a short
transcript of the IKZF1 gene, lacking coding exons 3-6,
is a transcriptional repressor [97], reported to disrupts
the differentiation and proliferation of lymphoid cells,
therefore, possessing leukemogenic potential [98]. A
study evaluated the correlation between HO-1 and IK6
and BCR:ABL" in ALL patients and showed that most
of BCR:ABL"T ALL patients are IK61. The presence of
IK6 in ALL cells was associated with higher WBC count,
higher MRD, and a poor clinical response indicating an
association between IK6 expression and prognosis. Also,
IK6" ALL cells expressed HO-1 four-fold more than
IK6™ cells. Moreover, a strong correlation between the
expression of IK6 and HO-1 was detected, which was
associated with IM resistance. It was discovered that IK6
upregulates the Signal Transducer and Activator of tran-
scription 5 (STAT5) which induces HO-1 upregulation,
resulting in IM resistance [99]. Therefore, the coexpres-
sion of IK6 and HO-1 is associated with IM resistance in
ALL. Moreover, HO-1 is coexpressed with other indica-
tors of poor prognosis in ALL.

A study suggests that certain HMOXI gene polymor-
phisms are involved in ALL disease course. This group
suggests that the presence of (GT)n repeat sequences
in the promoter of HMOX1 is more frequently found in
ALL patients compared to controls and is associated with
lower response to treatment, and increased probability
of post-chemotherapy neutropenia occurrence. It seems
that HO-1 gene polymorphisms could be used as prog-
nostic markers and should further be studied [100].
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Altogether, HO-1 overexpression is present in leukemic
cells, LSCs, and BMSCs of ALL patients and is associated
with a poor prognosis. Moreover, HO-1 is a strong con-
tributor to IM and vincristine resistance. Also, it appears
that the presence of certain HO-1 polymorphisms could
be used as important prognostic determinants.

Targeting HO-1 in MDS and leukemia

Regarding the therapeutic value of HO-1 in MDS and
leukemia, several studies have tried to target it in HMs.
Here, we tried to summarize the most important findings
in this field. A brief conclusion of the studies is presented
in Table 2.

Targeting HO-1 in MDS

Due to the increased expression of HO-1 in MDS and its
association with patient prognosis, targeting it in MDS
has been an interesting topic for researchers. As men-
tioned previously, decitabine treatment aims to demeth-
ylate anti-tumor genes to enhance apoptosis. P15™<5,
an anti-tumor gene, when hyper-methylated is an indi-
cator of MDS transformation to AML and a more blas-
tic BM [101]. In the continuum of their study Ma et al,,
upregulated HO-1 expression in MDS cells, which was
associated with increased proliferation and resistance to
apoptosis in response to decitabine. On the other hand,
HO-1 down-regulation led to significant demethylation
of the p15™%*8 gene, induced by decitabine and induc-
tion of apoptosis. While, the blocking caspase-3 pathway
inhibited apoptosis by p15™ 48, indicating that HO-1
blocking induces p15™*® and other pro-apoptotic pro-
teins resulting in caspase 3 activation, thus programmed
cell death [58].

Wang et al. also demonstrated that the expression of
HO-1 and EZH2 is increased in MDS cells and HO-1
could stimulate the transcription and activation of
EZH?2 through a pRB-EBF-dependent pathway in MDS
cells. EZH2 and HO-1 increased expression was asso-
ciated with the decreased levels of p15™¥*® and p53 in
MDS cells. Following HO-1 silencing, p15™**E, and p53
expression were increased in response to decitabine.
Moreover, they suggested that MDS cells did not respond
well to decitabine treatment because of the increased lev-
els of HO-1 which induced EZH2 and in turn reduced
p53 and p15™NfB expression in MDS cells [40].

Another study also evaluated the role of HO-1 in
decitabine resistance. Following HO-1 upregula-
tion, cell sensitivity to decitabine decreased. Also,
HO-1 increased expression was accompanied by pl5
decreased levels and demethylation by decitabine,
which was reversed by HO-1 silencing. Additionally,
they reported that DNA methyltransferase-1 (DNMT1)
activity was involved in the decreased demethylation
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Table 2 Targeting HO-1 in MDS and leukemia
Disease Type of study Samples Method of HO-1 inhibition Main claim Ref.
MDS Ex vivo SKM-1 cell line & 41 patient sample SiIRNA HO-1 silencing synergizes with decitabine [58]
in demethylating anti-oncogenes
MDS Ex vivo 58 patient sample SIRNA HO-1 silencing induces p15™ 8 expres-  [40]
sion and reverses decitabine resistance
MDS Ex vivo SKM-1 cell line SiRNA HO-1 silencing reduces DNMT1, overcom- [102]
ing decitabine resistance
MDS Ex vivo/in vivo  SKM-1 cell line & 48 patient sample SIRNA HO-1 silencing reduces DNMT1 levels [62]
resulting in cell cycle arrest in MDS cells
and increased sensitivity to AZA-induced
apoptosis
MDS Ex vivo SKM-1 cell line & 32 patient sample ZnPP HO-1 blocking exerts direct apoptotic [60]
effects sensitizing MDS cells to 45C-202
CML Ex vivo K562 cell line & 15 patient sample ZnPP HO-1 blocking induces apoptosis [70]
mediated by its products-independent
mechanism
CML Ex vivo K562 & LAMA 84 cell line SIRNA The translocation of HO-1 into the [71]
nucleus induces IM resistance
CML Ex vivo K562/K562R cell line & 12 patient sample  SIRNA/ZnPP HO-1 inhibits mTOR, inducing autophagy  [10]
and IM resistance
CML Exvivo/invivo K562 cell line & 23 patient sample SIRNA/ZnPP HO-1 inhibition synergies with IM in [103]
eliminating CML cells
CML Ex vivo K562 cell line & 30 patient sample SiIRNA HO-1 silencing in BMSCs sensitizes CML [41]
cells to IM by inhibiting VEGF and CXCL12
expression by BMSCs
CML Ex vivo K562/K562R cell line & 35 patient sample ~ ZnPP Co-inhibition of NHE1 and HO-1 could [73]
further sensitize cells to IM
CML Ex vivo K562/K562R cell line & 35 patient sample  siRNA HO-1 silencing results in HDACs down- [80]
regulation and increased sensitivity to IM
CML Ex vivo K562R cell line HO-1/IMI hybrids IM combined with HO-1 inhibition over-  [104]
comes IM resistance
CML Ex vivo K562R cell line HO-1/NILI hybrids The study suggests that HO-1 is not [105]
involved in NIL resistance
AML Ex vivo U937 & HL-60R cell line & patient sample ~ siRNA Silencing HO-1 overcomes Ara-c resist- [30]
ance
AML Ex vivo U937, HL6O, & K562 cell line & 11 patient  miRNA HO-1 protects AML cells from ROS accu-  [82]
sample mulation induced by Ara-c and DNR
AML Ex vivo/in vivo - Kasumi-1 cell line & 15 patient sample SIRNA HO-1 silencing induces caspase-3, 8, 9, [83]
dependent apoptosis in response to DNR
AML Ex vivo/in vivo U937 & THP-1 & Kasumi-1 cell line & SIRNA HO-1 activates the JNK/c-jun pathway to  [84]
patient sample protect AML cells against Ara-c
AML Ex vivo/invivo  HL60, U937 & KGT1 cell line & 58 patient ZnPP HO-1 blockade in AML cells and LSCs syn-  [92]
sample ergizes with Ara-c in inducing apoptosis
AML Ex vivo U937, HL60, & K562 cell line & 16 AL SiRNA HO-1 silencing sensitized AML cells to [107]
patient sample Ara-c
AML Ex vivo Kasumi-1 cell line SiRNA HO-1 silencing sensitizes AML cells to [108]
DNR by inducing both mitochondrial
and endoplasmic-dependent apoptosis
inductions
AML Ex vivo HL-60, THP-1, NB4, & NB4-R2 cell lines ZnPP HO-1 induces resistance to ATO, while [109]
ATRA treatment overcomes it by reducing
Nrf2 expression
AML Ex vivo/in vivo  KG-1, THP-1, MOLM13, MOLM13-TKIR, siRNA/ZnPP HO-1 silencing synergizes with quizartinib  [88]
MV411 cell lines & 18 primary samples in eliminating FLT3-ITD* quizartinib-
resistant/-sensitive cells
AML Ex vivo/ Kasumi-1 and HL-60 cell lines and 64 SIRNA HO-1 silencing overcomes HDAC inhibi-  [90]

patient samples

tor resistance in AML (even in low GFI-1
expressing cells)
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Table 2 (continued)
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Disease Type of study Samples

Method of HO-1 inhibition

Main claim Ref.

AML Ex vivo/in vivo  Kasumi-1 cell line SIRNA/ZnPP UA in combination with HO-1 silencing [110]
induces the same apoptotic response as
Ara-c
AML Ex vivo/in vivo  THP-1, U937, MV4-11, K562, HL60, and SiRNA HO-1 upregulation induces Sirt1, which in  [94]
HEK293T and 40 BM patient samples turn inhibits CD48 expression resulting in
NK-cell anti-tumor activity inhibition
AML Ex vivo THP-1 cell line SiRNA/ ZnPP/ CuPP NF- KB co-inhibition with HO-1 sensitizes  [32]
apoptosis-resistant cells to TNF
AML Ex vivo THP-1, HL60, U937, & AML 193 cell line SiRNA NF-KB should be co-inhibited with HO-1 ~ [115]
to prevent apoptosis-resistance of AML
cells
AML Ex vivo THP-1 & HL-60 cell line & patient sample SIRNA Combinational inhibition of HO-1 and [116]
FLIP, induces further apoptotic signals in
AML cells in response to TNF compared to
the mono-silencing of each gene
CLL Ex vivo MECT cell line SiRNA/ ZnPP HO-1 blocking induces MMP-9 which in [119]
turn results in ATO and probably Fludara-
bine resistance
ATL Ex vivo TaY cell line ZnPP HO-1 inhibition induces bortezomib [120]
resistance in ATL cells
CLL Ex vivo MECT cell line shRNA/ ZnBG HO-1 silencing sensitizes CLL cells to [121]
auranofin by a ROS-dependent mecha-
nism
ALL Ex vivo Several cell lines & 26 patient sample ZnPP/ siRNA HO-1 silencing sensitizes ALL cells to [95]
bendamustine and IM
ALL Ex vivo SupB15 cell line & 42 patient BM SIRNA Targeting HO-1 can attenuate the nega-  [99]
CD34+cells tive effect of IK6 in Ph 4 ALL patients
ALL Ex vivo/in vivo  CCRF-SB & Sup-B15 cell line & patient SIRNA HO-1 silencing in BMSCs sensitizes co- [96]
sample cultured ALL cells to vincristine
ALL Ex vivo 34 newly diagnosed ALL sample ZnPP Silencing HO-1 sensitizes ALL cells [123]

to LMK-235 by a Smad7-dependent
pathway

ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; Ara-c, Cytarabine; ATL, adult T-cell leukemia; ATO, arsenic trioxide; ATRA, all-trans retinoic acid; AZA,
5-azacytidine; BMSC, bone marrow stromal cell; CLL, chronic lymphocytic leukemia; CML, chronic myeloid leukemia; CuPP, cupper-protoporphyrin; CXCL12, C-X-C
motif chemokine 12; DNMT1, DNA methyltransferase 1; DNR, Daunorubicine; FLIP,, FLIC-like inhibiting protein long form; FLT3-ITD, Fms-like tyrosine kinase 3-internal
tandem duplication; GFI-1, growth factor independent-1; HDAC, histone deacetylase; HO-1, heme oxygenase-1; IK6, ikaros isoform 6; IM, Imatinib; IMI, imatinib
inhibitor; JNK, Jun N-terminal kinase; MDS, myelodysplastic syndrome; MMP-9, matrix metalloproteinase-9; mTOR, mammalian target of rapamycin; NF-KB, nuclear
factor kappa-light-chain-enhancer of activated B cells; NHE1, Na™-H* exchanger 1; NIL, nilotinib; NILI, nilotinib inhibitor; Nrf-2, nuclear factor erythroid 2-related
factor-2; Ph, philadelphia chromosome; ROS, reactive oxygen species; shRNA, short hairpin RNA; SiRNA, small interfering RNA; Sirt1, silent information regulator 1;
Smad?7, suppressor of mothers against decapentaplegic 7; TKI, tyrosine kinase inhibitor; TNF, tumor necrosis factor; UA, ursolic acid; VEGF, vascular endothelial growth
factor; ZnBG, zinc deuterophyrin IX 2, 4-Bis-ethylene glycol; ZNPP, zinc protoporphyrin

effect of decitabine. They suggested that HO-1 through
DNMTT1 reduces pl5 expression, as DNMT1 blocking
attenuated the effect of HO-1 on pl5 expression and
HO-1 inhibition reduced the expression of DNMT1
in MDS cells. Additionally, HO-1 silencing combined
with DNMT-1 inhibition induced further apoptosis in
response to decitabine [102].

Thus, HO-1 through EZH2, DNMT1, and possibly
other proteins, reduces the expression of p15™<4E and
P53, resulting in decreased apoptosis in response to
decitabine treatment. It can be concluded that HO-1
inhibition, in combination with decitabine, can over-
come decitabine resistance and enhance the treatment
result.

In another investigation, HO-1 inhibition significantly
inhibited MDS cell growth and increased the apopto-
sis rate in AZA-treated cells compared to controls. Fol-
lowing HO-1 inhibition, the expression levels of caspase
3 and 9 increased, while the expression of BcL-2 was
decreased. HO-1 induction by hemin induced MDS cell
cycle progression to the G2/M phase, while its inhibi-
tion was accompanied by GO/G1 arrest. HO-1 induction
by hemin decreased the expression of p16, and p15 and
increased the expression of BcL-2 and DNMT1. In vivo
models of MDS established from MDS cell-injected mice
demonstrated that HO-1 silenced cell recipient mice had
increased OS compared to those without HO-1 silencing
[62].
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According to this study, it is evident that HO-1 induces
DNMT1 expression resulting in AZA-chemoresistance.
Further studies simultaneously targeting HO-1 and
DNMT1 in combination with AZA appear to be helpful.

Wang et al. also studied the role of HO-1 in resist-
ance to 4Sc-202. 45¢-202, an inhibitor of histone lysine-
specific demethylase 1 and class 1 histone deacetylase,
is considered to be a potential therapeutic agent for the
treatment of MDS. They found that HO-1 has the poten-
tial to reverse the effect of 4Sc-202 in inducing apoptosis
in MDS cells. Following HO-1 upregulation by lentivi-
rus, 4Sc¢-202 failed to induce apoptosis in the cells. Cells
with HO-1 overexpression were injected into the mice
and results were compared to mice injected with control
MDS cells. Decreased apoptosis and survival in HO-1
overexpressed MDS cell recipients in response to 4Sc-
202 treatment were observed. They found that HO-1 sig-
nificantly reversed BcL-2 down-regulation by 4Sc-202.
Also, HO-1 decreased the upregulation of cleaved cas-
pases 3 and 9. Following the inhibition of HO-1, the rate
of apoptosis increased in MDS cells [60].

Overall, according to data we obtained from several
studies, HO-1 mainly functions as an inhibitor of DNA
demethylation in MDS. In addition, in vivo studies sup-
port the fact that HO-1 is an inducer of BcL-2 expres-
sion. HO-1 blockade induces the demethylations of
anti-oncogenes (including p15, p16, and p53), resulting in
improved elimination of MDS cells in response to decit-
abine and AZA.

Targeting HO-1 in CML

Due to the proven role of HO-1 in inducing resistance to
IM, its targeting effect in CML has been studied by many
researchers.

According to a study, BCR-ABL oncoprotein upregu-
lates HO-1 transcription. Moreover, HO-1 induction by
hemin decreased apoptosis rates in response to IM. Fol-
lowing HO-1 inhibition, CML cell viability decreased.
They also found that HO-1 mediates its antiapoptotic
functions apart from its enzymatic products, as single or
combinational treatment of cells with CO, biliverdin, and
Fe did not significantly enhance the survival of CML cells
in response to IM treatment [70]. Thus, other mecha-
nisms by HO-1 seem to intervene in apoptosis induction.

In another investigation, Tibullo et al. evaluated the
role of HO-1 in resistance to IM in CML. Treating cells
with IM did not significantly affect the expression of
HO-1 mRNA, which contradicts the data of the previ-
ous study. However, treating cells with hemin resulted in
IM-induced-apoptosis failure. Following HO-1 silencing,
IM resistance was reversed. Treatment of CML cells with
hemin resulted in significantly decreased ROS produc-
tion. It was discovered that HO-1 by translocation into

Page 12 of 21

the nucleus of the cell and inhibition of ROS accumula-
tion, exerts its anti-apoptotic effects, and its products are
not involved in resistance induction to IM, as inhibition
of HO-1 migration into the nucleus resulted in decreased
cell protection [71].

Based on the two previous studies, it is concluded that
HO-1 possesses other unknown anti-apoptotic functions
apart from its known enzymatic activity. For instance,
HO-1 migration to the nucleus of cells induces TKI
resistance mediated by an unknown mechanism.

In one study, following HO-1 upregulation, autophagy
and autophagy-related proteins increased; however,
HO-1 silencing reversed this effect, which was associ-
ated with the activation of the mTOR pathway. Follow-
ing HO-1 blocking, autophagy-related proteins such as
LC3I/II decreased, while mTOR protein expression was
increased and inhibited autophagy. HO-1 exerts the same
effect on autophagy as rapamycin (an mTOR inhibitor).
Moreover, it was discovered that an increase in HO-1 and
autophagy occurrence was associated with IM resistance
[10]. Thus, HO-1 induces autophagy by inhibiting the
mTOR pathway, leading to IM resistance.

In another attempt for targeting HO-1, Mayerhofer
et al. silenced HO-1 in CML cells, which led to decreased
cell viability. Moreover, the treatment of cells with Zinc
Protoporphyrin (ZnPP) (an HO-1 inhibitor), coupled
either to polyethylene glycol (PEG-ZnPP) or to a copol-
ymer of styrene-maleic acid (SMA-ZnPP), decreased
cell proliferation. Additionally, CD34%/ progenitor
cells of CML patients in response to ZnPP treatment
also showed decreased growth. Moreover, IM-resistant
CML cells in response to ZnPP treatment demonstrated
decreased proliferation. Treatment of mice injected with
IM-resistant CML cells significantly decreased tumor
growth. They found that treating CML cells with ZnPP
induces apoptosis. They also investigated the effect of
HO-1 inhibition combined with IM treatment and found
a strong synergism between the treatments. Also, the rate
of apoptosis was significantly higher in the combinational
group when compared to the groups subjected to mono-
therapies [103]. According to this study, HO-1 blockade
decreases the growth of CML and CML LSCs in response
to IM.

As stated previously, HO-1 overexpression in BMSCs
of CML patients induces IM resistance [41]. Liu et al.
aimed to investigate the mechanism behind this pro-
cess. Following HO-1 upregulating in BMSCs of CML
patients, cocultured with CML cells, increased sur-
vival of CML cells due to more VEGF and CXCL12
expression by BMSCs was observed. They found that
the binding of CXCL12 and VEGF to their receptor
resulted in the activation of the PI3K/AKT pathway in
leukemic cells leading to BcL-2 induction and therefore



Sadeghi et al. Cell Communication and Signaling (2023) 21:57

decreased apoptosis in response to IM. Interestingly,
following HO-1 downregulation in BMSC, BcL-2
expression decreased in CML cells [41]. According to
these studies, HO-1 is overexpressed by both LSCs and
BMSCs (BM tumor microenvironment). Therefore,
making HO-1 an ideal target for eliminating MRD in
CML patients.

Some researchers also investigated the effect of co-
inhibiting other molecules in combination with HO-1
in CML cells, which are discussed in the following
paragraphs.

Ma et al. aimed to investigate the correlation between
NHE1 and HO-1. They found that inhibiting NHE1
reduces HO-1 expression. They reported that NHE1
activity resulted in PKC-B phosphorylation and P38-
MAPK pathway activation, which in turn upregulated
HO-1. Also, combinational inhibition of NHE1 and HO-1
plus IM treatment significantly increased the apoptosis in
IM-resistant CML cells. HO-1 inhibition increased cas-
pase 3 activity and expression. Incubation of IM-resistant
cells of patients with ZnPP increased sensitivity towards
IM. Moreover, following a reduction in PH; by NHE1
inhibition, HO-1 expression was decreased [73].

The association between HO-1 and HDACs was
investigated in another study. Following HO-1 silenc-
ing, mRNA and protein expression levels of HDACI,
HDAC2, HDAC3, HDAC4, and HDAC7 decreased.
Combined blockade of HO-1 and HDACs resulted in sig-
nificantly higher apoptosis compared to each blockade
alone. Following HO-1 upregulation, ROS generation in
cells decreased and HDAC expression increased. It seems
that HO-1 overexpression upregulates HDAC expression
by altering ROS levels in CML cells [80].

In another study of combinational therapy, a group of
investigators designed and synthesized a series of hybrid
compounds with the ability to co-inhibit both HO-1 and
tyrosine kinase called HO-1/TKI hybrids. The hybrids
were able to decrease HO-1 expression, induce ROS
formation in cells, and elevate apoptosis, thus overcom-
ing IM resistance. The data indicate that combinational
therapy of IM and HO-1 silencing might help eliminate
IM-resistant CML cells [104]. The same group in their
subsequent research designed a new series of hybrids
by replacing the IM with a Nilotinib (NIL)-like segment.
Replacing IM inhibitor with NIL inhibitor was predicted
to exert higher toxicity. Therefore, the effect of treatment
with these compounds was evaluated on NIL-resistant
and sensitive cells. The hybrids efficiently induced apop-
tosis; however, did not significantly improve the apopto-
sis of cells compared to NIL or IM treatment, and only
a moderate blocking of HO-1 was noted. They suggested
that HO-1 is not involved in NIL resistance in CML
[105].
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To conclude, inhibition of HO-1 reduces CML IM
resistance, and the above-discussed studies confirm
this and simultaneous inhibition of HO-1 combined
with NHE1, HDACs, as well as simultaneous inhibition
of HO-1 and BCR-ABL by hybrid compounds (HO-
1+IM), have promising results and could be helpful in
the removal of IM-resistant cells. While, it appears that
HO-1 might not be involved in NIL resistance, therefore
HO-1 blockade combined with NIL treatment may not
present a favorable outcome. Also, HO-1 overexpres-
sion by stromal cells induces resistance to chemotherapy
by inducing BcL-2 expression in CML cells. Treatment
with IM in combination with HO-1 inhibition is a helpful
option for IM-resistant patients and provides new hope;
that future clinical trials can help confirm this data.

Targeting HO-1 in AML

Due to the increased expression of HO-1 in AML, as well
as the high probability of resistance to chemotherapy
in AML, many researchers have tried to target HO-1 in
combination with Ara-c and DNR treatment.

Accordingly, Zhe et al. showed that silencing HO-1
enhanced apoptosis in response to Ara-c treatment.
Moreover, following HO-1 silencing HIF-1a and GLUT1
expressions were decreased [30], which are considered
proteins responsible for chemoresistance [106].

Similarly, HO-1 downregulation in AML cells increased
apoptosis rates in another study. They proposed that
while Ara-c and DNR induce apoptosis by enhancing
ROS formation, HO-1 protects AML cells from oxidative
stress and induces chemoresistance [82].

In the support of previously mentioned studies, follow-
ing HO-1 silencing, in response to DNR treatment, sur-
vival of cells decreased, which was associated with the
upregulation of caspase 3, 8, and 9. Furthermore, survival
time was significantly higher in mice inoculated with
HO-1-silenced CML cells compared to mice injected
with HO-1-expressing cells [83].

Consistently, HO-1 silencing in AML cells enhanced
Ara-c-induced apoptosis. Also, murine models injected
with HO-1-silenced AML cells had increased survival,
less tissue infiltration, and less enlarged spleen com-
pared to HO-1-non-silenced AML cell receivers. It was
discovered that HO-1 activates the JNK/c-jun pathway
to inhibit apoptosis in AML cells. Therefore, combina-
tional inhibition of the JNK/c-jun pathway and HO-1
highly increased apoptosis compared to AML cells which
received only HO-1 inhibition [84].

Herman et al. also showed that the growth of AML
cells was inhibited in response to PEG-ZnPP or SMA-
ZnPP treatment and successful apoptosis was induced
in a dose-dependent manner. It was found that ZnPP
treatment synergizes with Ara-c in inducing apoptosis.
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Also, mice injected with SMA-ZnPP pretreated cells had
higher event-free survival compared to mice injected
with untreated cells [92].

The same results were achieved by another study
reporting that inhibition of HO-1 decreased cell survival
in response to Ara-c, whereas Bach1 inhibition, increased
HO-1 expression and increased survival [107].

In another study, the effect of silencing HO-1 on apop-
tosis induction was evaluated. HO-1 silencing in combi-
nation with DNR treatment induced significantly higher
growth inhibition in AML cells compared to DNR alone.
Also, it was associated with increased cleavage of cas-
pase 3, 8, and 9 and increased caspase 12, cytoplasmic
cytochrome ¢, and cleaved nuclear poly (ADP-ribose)
polymerase (PARP) in AML cells. Also, Ca>" accumula-
tion and ROS generation in the combinational group was
higher compared to other groups. Thus, HO-1 inhibition
results in both mitochondrial and endoplasmic-mediated
apoptosis induction [108].

Due to the uniformity of the data, it can be confirmed
that HO-1 overexpression is associated with Ara-c and
DNR resistance, and blocking its activity synergizes with
these chemotherapeutics in eliminating AML cells.

On the other hand, other studies evaluated the effect
of targeting HO-1 in combination with other anticancer
drugs.

Valenzuela et al., report that treating AML cells with
Arsenic trioxide (ATO) induces ROS formation which
results in HO-1 overexpression mediated by Nrf2 acti-
vation. Following the HO-1 blockade, cell sensitivity to
ATO increased. They found that treating AML and Acute
Promyelocytic Leukemia (APL) cells with All-Trans Reti-
noic Acid (ATRA) inhibits Nrf2 and HO-1 function, thus,
resulting in improved cell death [109].

According to a recent study, blocking HO-1 in FLT-
ITD" AML cells synergizes with quizartinib in inducing
apoptosis in TKI-resistant/-sensitive FLT3-ITD* cells.
The study reports that ROS (produced by the constitutive
activity of FLT3-ITD) induces Nrf2, which then induces
HO-1 expression resulting in quizartinib resistance [88].

According to the findings of Cheng et al., HO-1 con-
tributes in Panobinostat resistance as well. Following the
downregulation of HO-1, the sensitivity of AML cells to
panobinostat increased, while GFI-1 silencing induced
Panobinostat resistance. It was discovered that HO-1,
upregulated due to the GFI-1 low expression by a PI3K/
AKT-mediated pathway, is a potential Panobinostat-
resistance inducer in AML [90].

Ma et al. evaluated the efficacy of HO-1 blocking in
combination with ursolic acid (UA), a natural pentacyclic
triterpenoid acid used as a traditional antileukemic drug
in china, in AML cells. Following the blockade of HO-1,
cells became more susceptible to apoptosis induction by
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UA. They also investigated the combinational effect of
HO-1 silencing and UA treatment and found increased
apoptosis compared to controls. Also, mice injected with
AML cells treated with ZnPP plus UA or Ara-c showed
similar results in the rate of apoptosis with an increased
survival rate [110].

As discussed previously, HO-1 contributes to the
immune evasion of AML cells. Zhang et al. investigated
the mechanism behind the subject matter. They found
that HO-1 knocked-down AML cells had lower survival
compared to cells with upregulated HO-1 when cocul-
tured with NK cells. They found that HO-1 induced
Silent information regulator 1 (Sirtl) expression, an
HDAC, which in turn downregulated CD48 expression,
therefore inhibiting NK-cell anti-tumor functions. While
silencing HO-1 decreased Sirtl expression. Moreover,
the results of the in vivo studies in mice models also con-
firmed the role of HO-1 in promoting tumor growth and
suppressing NK-cell cytotoxic activity [94].

As discussed previously, HO-1 inhibition is highly
beneficial in reducing resistance to chemotherapy. Alto-
gether, HO-1 synergizes with several chemotherapeutics
and anticancer drugs including Ara-c and DNR, ATO,
HDAC inhibitors, TKIs, and UA. Moreover, HO-1 silenc-
ing, improves the anti-tumor responses of NK cells, indi-
cating its future immunotherapeutic application.

The role of HO-1 in TNF-induced apoptosis resistance in AML
In addition to chemotherapy drugs, HO-1 appears to be
involved in inducing resistance to TNF treatment. TNF
by binding to TNFR1 and TNFR2 has both cellular pro-
liferation and cellular death-inducing functions [111]. In
physiologic conditions, TNF-TNER signaling via NF-KB
expression induces the expression of multiple anti-apop-
totic genes and inhibits cell death. However, following
NF-KB inhibition, cells such as macrophages and mono-
cytes are highly sensitive to TNF treatment [112—114].

Rushworth et al. studied the association between
NF-KB and HO-1 in AML cells. They reported increased
expression of HO-1 in AML cells following NF-KB inhi-
bition and found that NF-KB suppresses HO-1 expres-
sion. Therefore, following NF-KB inhibition, HO-1 is
upregulated and induces a second line of apoptosis resist-
ance. Moreover, they found that the effect of HO-1 com-
bined inhibition with NF-KB was higher than silencing
each factor alone [32]. According to this study, NF-KB
inhibition should be accompanied by HO-1 inhibition to
prevent HO-1 induction following NF-KB inhibition and
efficiently kill AML cells.

The same group in their subsequent study evaluated
the role of HO-1 in resistance to TNF-induced apopto-
sis. They found that treating NF-KB-inhibited AML cell
lines with TNF, induces Nrf2 expression which results in
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HO-1 expression, therefore, preventing TNF-mediated
apoptosis. They found that HO-1 or Nrf2 blocking sensi-
tizes AML cell lines to TNF-induced apoptosis by a cas-
pase-dependent pathway [115].

Another study was also conducted by the same
researchers, reporting that treating AML cells with TNF
induces NF-KB, which in turn increases the expression of
FLIC-inhibiting protein-long form (FLIP; ). FLIP; expres-
sion results in TNF resistance while silencing it improves
cell death. Moreover, following FLIP silencing, HO-1 is
upregulated providing another obstacle for apoptosis
induction. Therefore, Rushworth et al. inhibited FLIP
in combination with HO-1 and found further sensitivity
to TNF-induced apoptosis compared to the inhibition of
either of the genes separately. They suggested that FLIP,
inhibition should be accompanied by HO-1 inhibition to
efficiently eliminate AML cells [116].

It can be concluded that AML cells use two different
mechanisms to escape TNF-induced apoptosis. First, by
FLIP; induction by NF-KB-mediated mechanism, and
the second one is the induction of Nrf2, when NF-KB is
blocked, which in turn induces HO-1 expression. There-
fore, the inhibition of NF-KB or FLIP; should be accom-
panied by HO-1 inhibition to achieve the highest levels of
apoptosis in response to TNF treatment.

Targeting HO-1 in CLL and ATL
A few studies have investigated the role of HO-1 in CLL,
reviewed here.

Matrix Metalloproteinase-9 (MMP-9) is a crucial
enzyme that plays a vital role in several biological pro-
cesses. Through proteolytic cleavage, MMP-9 can control
how the extracellular matrix (ECM) remodels by degrad-
ing numerous ECM proteins [117]. According to a study
by Jimenez et al., MMP-9 is upregulated in response to
ATO or Fludarabine treatment and correlates with ATO
and Fludarabine resistance in CLL. Also, silencing MMP9
overcomes the resistance to the mentioned chemothera-
peutics. Therefore, making it a potential target for CLL
treatment [118].

According to their subsequent study, HO-1 down-
regulates MMP-9 expression by inhibiting the activation
of the P38 MAPK-c-jun pathway. Therefore, sensitizing
CLL cells to ATO treatment. Moreover, the same study
reported that HO-1 upregulation decreased the viability
of untreated and ATO-treated CLL cells. While HMOX1
silencing reversed this effect. HMOXI silencing was cor-
related with the increase in Bcl-xL and a decrease in Bim
and Bax expression. The data indicate that HO-1 has pro-
apoptotic properties in treating CLL with ATO [119].

The same results will likely be obtained for fludara-
bine treatment of CLL, as MMP9 is increased in CLL
cells under the influence of fludarabine treatment, and
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this increase could be mediated by HO-1. Thus, silenc-
ing HO-1 in combination with Fludarabine or ATO treat-
ment in CLL cells appears to be unfavorable [118, 119].

The data is in the support of a study about the role
of HO-1 in Adult T-cell Leukemia (ATL), which states
that HO-1 increases the anticancer effects of borte-
zomib (a proteasome inhibitor) in ATL cells. Following
HO-1 induction, the bortezomib-induced apoptosis was
increased. On the other hand, HO-1 inhibiting led to
decreased apoptosis in response to bortezomib in ATL
cells [120].

However, another study reports that HO-1 silencing
synergizes with auranofin, an FDA-approved rheumatoid
arthritis (RA) drug, in inducing apoptosis in CLL cells,
which was mediated by ROS induction [121]. A support-
ing research indicated that HO-1 is indirectly involved
in the biogenesis of mitochondria. According to this
study, CLL cells possess increased metabolism result-
ing in increased ROS formation, which in turn induces
HO-1 expression, as an anti-oxidant enzyme. Next, HO-1
induces Mitochondrial Transcription Factor A (TFAM)
which results in mitochondrial biogenesis and subse-
quent ROS generation, forming a cycle. The study sug-
gests that simultaneous targeting of HO-1 and TFAM
could present a new therapeutic approach [122].

Therefore, HO-1 appears to play a variety of (pro- and
anti-apoptotic) roles in CLL, and the exact role of HO-1
in CLL remains to be discovered. According to the data,
HO-1 targetting in CLL combined with ATO treatment
and probably Fludarabine is not favorable. Despite the
scarce number of studies, the same results are available
regarding the effect of treating ATL cells with borte-
zomib. However, silencing HO-1 sensitizes CLL cells to
auranofin treatment.

Targeting HO-1 in ALL
In this section, the role of HO-1 in causing resistance to
several chemotherapeutics in ALL is discussed.

In a study, following treating ALL cells with SMA-ZnPP
and PEG-ZnPP, the growth of cells was inhibited com-
pared to normal BM cells. Also, following this treatment,
IM-resistant cells became more susceptible to apoptosis
in response to IM treatment. Combinational inhibition of
HO-1 with bendamustine (an alkylating agent) treatment
induced high levels of apoptosis and growth inhibition.
Also, a combination of HO-1 inhibition and IM treat-
ment formed a synergism to efficiently inhibit the growth
of ALL cells [95].

Another study reported that following HO-1 silenc-
ing, the growth of CD34" ALL cells was inhibited, and an
increase in caspase-3 cleavage was seen. As stated previ-
ously IK6 activates HO-1 resulting in increased prolif-
eration, decreased apoptosis, and increased resistance to
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IM. Following HO-1 silencing or blocking, sensitivity to
IM increased. It was discovered that IK6 through STAT5
activation, induces HO-1 in ALL cells [99].

It appears that HO-1 induction by IK6 through STATS5,
also by other pathways causes ALL resistance to benda-
mustine and IM. Thus, bendamustine and IM treatment
combined with HO-1 blocking are suggested in ALL.

As we previously mentioned, HO-1 is expressed in
BMSCs of ALL patients in addition to ALL cells, there-
fore a study aimed to target HO-1 in BMSCs. Enhanced
viability of ALL cells was also observed in response to
vincristine treatment following coculture with HO-1 up-
regulated BMSCs of ALL patients. In contrast, HO-1-si-
lenced BMSCs coculturing with ALL cells had a higher
apoptotic effect and upregulated expression of cleaved
caspase-3 and 9. They suggested that HO-1 induces cell
cycle arrest in GO/G1, thus, resulting in decreased apop-
tosis in response to vincristine treatment. Moreover,
xenograft models of ALL, showed that HO-1 overexpres-
sion resulted in more tumor burden and BM infiltration
by ALL cells compared to mice injected with low HO-1
expressing cells. Also, vincristine-resistant patients’
BMSCs and upregulated BMSCs produced more VEGF
by an HO-1-dependent pathway, which was associated
with vincristine resistance. It was suggested that HO-1
enhanced VEGF expression and induced vincristine
resistance in ALL cells through the PI3K/PKB path-
way [96]. Therefore, HO-1 is also involved in vincristine
resistance as well.

The expression of HDAC4/5 and Smad7 are consid-
ered poor prognostic markers and are associated with
decreased apoptosis of cells. A study on ALL patients
reported that high HO-1-expressing cells had increased
Suppressor of Mothers against Decapentaplegic 7
(Smad7) and HDAC4/5 expression compared to low HO-
1-expressing cells. Interestingly, following treatment with
ZnPP or LMK-235(an HDAC 4/5 inhibitor), decreased
Smad7 was seen in ALL cells. Also, LMK235-treated
ALL cells exhibited increased apoptosis mediated by PKB
pathway inhibition. Additionally, HO-1 upregulation led
to an increase in BcL-2 and caspase 8 expression and
activation of the PKB pathway. However Smad?7 silenc-
ing reversed these effects. The study suggested that HO-1
and Smad7 (functioning downstream of HO-1) overex-
pression induce PKB phosphorylation which results in
apoptosis resistance in response to HDAC4/5 inhibitors
while inhibiting HO-1 or Smad7 overcomes this [123].

Concluding from the last two studies, it was discovered
that HO-1 utilizes the PKB pathway in BMSCs to induce
VEGF production resulting in vincristine resistance,
while in ALL cells, this pathway is used to prevent apop-
tosis induced by HDAC inhibitors.
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In conclusion, HO-1 in ALL appears to prevent apop-
tosis in response to various drugs such as HDAC inhibi-
tors, vincristine, bendamustine, and IM mediated by
different pathways. HO-1 inhibition in ALL, according to
the studies discussed earlier, increases apoptosis and sen-
sitivity to drugs.

Conclusions

According to the literature, it has been shown that HO-1
exerts crucial functions in various malignancies. HO-1
is an essential enzyme in the heme catabolism pathway.
Through the HO-1 function, the heme molecule is bro-
ken into biliverdin, CO, and Fe?* [20]. Recent studies
investigated the role, the expression pattern, as well as the
targeting effect of HO-1 in MDS and various leukemias.

Several studies have shown a strong association
between increased HO-1 expression and more severe
disease in MDS patients as well as in vivo studies per-
formed on MDS mouse models. Hence, HO-1 has a high
potential to determine the prognosis of MDS patients.
Moreover, HO-1 through various molecules including
EZH?2 (mediated by pRB-EBF) and DNMT1 reduces the
expression of anti-oncogenes such as p15, p53, and p16,
which in turn, enervates the efficacy of AZA and decit-
abine treatment. Moreover, HO-1 overexpression by BM
macrophages is an informant of a decreased OS and can
help determine the prognosis of MDS patients along-
side other factors. Therefore, studies indicate that HO-1
mostly induces chemoresistance in MDS by inhibiting
anti-tumor gene demethylation. Due to the presence
of a hyper-methylated profile of anti-oncogene in MDS
[124, 125], the common use of drugs such as AZA and
decitabine, and also, due to the proven role of HO-1 in
preventing the demethylation of anti-oncogenes such as
pl5 and p16, as well as the induction of BcL-2, DNMT]1,
EZH2 and cell cycle progression by HO-1, it can be said
with high confidence that HO-linhibition in MDS (at
least in high-risk patients) is beneficial and increases
the effectiveness of the mentioned drugs and could even
reduce the required dose to alleviate side effects.

In the case of CML, the data from several studies
were consistent enough to conclude that HO-1 is over-
expressed in CML. In addition, this overexpression is
associated with increased resistance to IM which was
mediated by various pathways. Reduction of ROS for-
mation [80], HDAC induction [80], and autophagy [10]
are several pathways that have been investigated. While
HO-1 inhibition overcomes IM resistance in CML cells.
Certainly, HO-1 has other roles in inducing resistance
that future research will help elucidate. Therefore, treat-
ing CML with IM combined with HO-1 targeting appears
to be promising.
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The overexpression of HO-1 in AML is a fact, which
is more pronounced in Ara-c-resistant cells than in
Ara-c-sensitive cells. HO-1 expression in patients’
cells is associated with a poor prognosis. HO-1 is also
expressed in LSCs of AML patients. Therefore, it can
be a suitable target for eliminating MRD. Additionally,
its role in determining the outcome of HSCT is Note-
worthy. HO-1 appears to inhibit apoptosis by its role
in decreasing ROS formation because its inhibition is
associated with increased intracellular ROS accumu-
lation and induction of apoptosis. In vivo studies also
confirm the role of HO-1 in tumor progression. HO-1
overexpression is also involved in resistance to ATO,
quizartinib, UA, TNF, and HDAC inhibitors.

Based on the very few studies in CLL, HO-1 appears
to have a proapoptotic as well as an anti-apoptotic role
in CLL. However, its exact role in the CLL needs to be
further studied. Also, targeting HO-1 in ATL not only
is not beneficial but also worsens the response to bort-
ezomib treatment.

HO-1 in ALL has increased expression and is coex-
pressed with IK6, Smad7, and HDAC4/5, which are
considered markers of poor prognosis. Also, a special
polymorphism of HO-1 ((GT)n repeat in HMOXI pro-
moter) is found to be associated with a poor prognosis
[100]. Elevated HO-1 expression, observed in BMSCs
of ALL patients, induces VEGF production through the
PISK/AKT pathway, thereby, reducing apoptosis and
increasing the resistance of ALL cells to vincristine,
while the same pathway is utilized in ALL cells to pre-
vent apoptosis induced by HDAC inhibitors. [96]. Thus,
HO-1 is expressed by LSCs, BMSCs, and leukemic cells
of ALL patients and is an ideal target along with vin-
cristine, bendamustine, IM, and HDAC inhibitors.

In addition to the results achieved, we also discovered
some new points: First, by summarizing various articles
and examining the different mechanisms used by HO-1,
we found that HO-1 in each malignancy utilizes spe-
cific mechanisms to induce resistance to various chem-
otherapeutics. For instance, the main mechanism used
in MDS to induce resistance to decitabine and AZA is
the inhibition of demethylation of tumor suppressor
genes by HO-1. However, these mechanisms in AML,
ALL, and CLL have a wider range, which includes the
prevention of ROS production, induction of autophagy,
VEGF production, etc. With this in mind, treatments
can be selected in a targeted way to achieve the best
therapeutic response.

Next, is the expression of HO-1 by LSCs. According
to studies, ALL [95], CML [103], and AML [84] LSCs
express HO-1. This can change treatment approaches in
a way that can improve patients’ recovery by eliminating
MRD.
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In the meantime, a series of sections remained
unknown. Future studies should examine these gaps.

First, is the effects of HMOXI1 gene polymorphisms
on the course of various HMs. In a study regarding the
role of HO-1 gene polymorphisms in ALL, it was dis-
covered that the presence of certain polymorphisms
could affect the prognosis of patients. Therefore, deter-
mining the effect of common mutations of HMOXI in
MDS and leukemias could be of prognostic value. Sec-
ond, is determining the role of HO-1 in CLL. HO-1
appears to have both pro-apoptotic as well as anti-
apoptotic roles in CLL. Further studies with larger sta-
tistical populations are needed to determine the exact
role of HO-1 in CLL. Third, most of the studies in the
field of ALL were in the Ph* ALL group. Therefore, the
exact role of HO-1 in Ph™ ALL is yet to be fully under-
stood. It is predicted that HO-1 induces resistance to
treatment by different mechanisms (independent of
BCR::ABL) in these cells.

Overall, HO-1 has increased expression in MDS, AML,
CML, and ALL, which is associated with resistance to
several chemotherapeutics. Also, HO-1 has prognostic
value in these disorders. This resistance is mediated by a
variety of pathways, including inhibition of gene demeth-
ylation in MDS, inhibition of ROS production in AML,
as well as various pathways in CML and ALL, such as
autophagy induction, and immune evasion. The exact
role of HO-1 in CLL is still unclear. In addition to HO-1
expression by malignant cells, BMSCs of ALL, and AML
patients express HO-1 which has prognostic and thera-
peutic value. Moreover, combined inhibition of HO-1
with several chemotherapeutics improves the elimination
of leukemic cells. Clinical trials are needed to determine
the effectiveness of HO-1 inhibition in reversing chem-
oresistance in different leukemia.
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HDAC Histone deacetylase
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INK C-Jun N-terminal kinases

Keap1 Kelch-like ECH-associated protein 1

LSC Leukemic stem cell

MAPK Mitogen-activated protein kinase

MDS Myelodysplastic syndromes

MRD Minimal residual disease

mTOR Mammalian target of rapamycin

NADPH Nicotinamide adenine dinucleotide phosphate
NF-KB Nuclear factor kappa-light-chain-enhancer of activated B cells
NHE1 Na*-H* exchanger 1

NIL Nilotinib

NILI Nilotinib inhibitor

NK cells Natural killer cells

Nrf2 NF-E2-related factor 2

0S Overall survival

PB Peripheral blood

Ph Philadelphia chromosome

PKB Protein kinase B

PKC Protein kinase C

pRB-EBF  Retinoblastoma protein-early B-cell factors
ROS Reactive oxygen species

Smad7 Suppressor of mothers against decapentaplegic 7
STAT5 Signal transducer and activator of transcription 5
StRE Stress-responsive element

TFAM Mitochondrial transcription factor A

TKI Tyrosine kinase inhibitor

TNF Tumor necrosis factor

UA Ursolic acid

VEGF Vascular endothelial growth factor

ZnBG Zinc deuterophyrin IX 2, 4-Bis-ethylene glycol
ZNPP Zinc protoporphyrin

Supplementary Information

The online version contains supplementary material available at https://doi.

0rg/10.1186/512964-023-01074-8.

Acknowledgements
None.

Author contributions

MS searched the literature and prepared the manuscript. MF designed and
prepared the figure. FJN and AAMA administrated the project and contrib-

uted to the editing and writing. JGN, HM, MY, MHF, and AN contributed
to the review and editing process. All authors read and approved the final
manuscript.

Funding
We would like to thank Tabriz University of Medical Sciences for financial

support of this study (Grant numbers: 68151, 68175, 69025, 69958, 69959, and

69339).

Availability data and materials
Not applicable.

Declarations

Ethical approval and consent to participate
Not applicable.

Page 18 of 21

Consent for publication
Not applicable.

Competing interests
The authors declare no financial or non-financial competing interest.

Received: 23 August 2022 Accepted: 11 February 2023
Published online: 13 March 2023

References

1.

Montalban-Bravo G, Garcia-Manero G. Myelodysplastic syndromes:
2018 update on diagnosis, risk-stratification and management. Am J
Hematol. 2018;93:129-47.

Garcia-Manero G. Myelodysplastic syndromes: 2015 update on diagno-
sis, risk-stratification and management. Am J Hematol. 2015;90:831-41.
Salerno L, Romeo G, Modica MN, Amata E, Sorrenti V, Barbagallo |,
Pittala V. Heme oxygenase-1: a new druggable target in the man-
agement of chronic and acute myeloid leukemia. Eur J Med Chem.
2017;142:163-78.

Whiteley AE, Price TT, Cantelli G, Sipkins DA. Leukaemia: a model meta-
static disease. Nat Rev Cancer. 2021,21:461-75.

Arber DA, Orazi A, Hasserjian R, Thiele J, Borowitz MJ, Le Beau MM,
Bloomfield CD, Cazzola M, Vardiman JW. The 2016 revision to the World
Health Organization classification of myeloid neoplasms and acute
leukemia. Blood. 2016;127:2391-405.

Lipton JH, Bryden P, Sidhu MK, Huang H, McGarry LJ, Lustgarten S, Meal-
ing S, Woods B, Whelan J, Hawkins N. Comparative efficacy of tyrosine
kinase inhibitor treatments in the third-line setting, for chronic-phase
chronic myelogenous leukemia after failure of second-generation
tyrosine kinase inhibitors. Leuk Res. 2015;39:58-64.

Vagace JM, Gervasini G. Chemotherapy toxicity in patients with acute
leukemia. In Acute Leukemia-The Scientist’s Perspective and Challenge.
Intechopen; 2011

Dong Y, ShiO, Zeng Q, Lu X, Wang W, Li Y, Wang Q. Leukemia incidence
trends at the global, regional, and national level between 1990 and
2017. Exp Hematol Oncol. 2020;9:14.

Juliusson G, Hough R. Leukemia. Prog Tumor Res. 2016;43:87-100.

Cao L, Wang J, Ma D, Wang P, Zhang Y, Fang Q. Heme oxygenase-1
contributes to imatinib resistance by promoting autophagy in chronic
myeloid leukemia through disrupting the mTOR signaling pathway.
Biomed Pharmacother. 2016;78:30-8.

Nitti M, Furfaro AL, Mann GE. Heme oxygenase dependent bilirubin
generation in vascular cells: a role in preventing endothelial dysfunc-
tion in local tissue microenvironment? Front Physiol. 2020;11:23.
Loboda A, Damulewicz M, Pyza E, Jozkowicz A, Dulak J. Role of
Nrf2/HO-1 system in development, oxidative stress response and
diseases: an evolutionarily conserved mechanism. Cell Mol Life Sci.
2016;73:3221-47.

Hjortse MD, Andersen MH. The expression, function and target-

ing of haem oxygenase-1 in cancer. Curr Cancer Drug Targets.
2014;14:337-47.

Agundez JA, Garcia-Martin E, Martinez C, Benito-Ledn J, Milldn-Pascual
J, Diaz-Sanchez M, Calleja P, Pisa D, Turpin-Fenoll L, Alonso-Navarro H,
et al. Heme oxygenase-1 and 2 common genetic variants and risk for
multiple sclerosis. Sci Rep. 2016;6:20830.

Araujo JA, Zhang M, Yin F. Heme oxygenase-1, oxidation, inflammation,
and atherosclerosis. Front Pharmacol. 2012;3:119.

Donnelly LE, Barnes PJ. Expression of heme oxygenase in human airway
epithelial cells. Am J Respir Cell Mol Biol. 2001;24:295-303.

Vitek L, Schwertner HA. The heme catabolic pathway and its protec-
tive effects on oxidative stress-mediated diseases. Adv Clin Chem.
2007;43:1-57.

Abraham NG, Kappas A. Pharmacological and clinical aspects of heme
oxygenase. Pharmacol Rev. 2008;60:79-127.

Abraham NG, Drummond GS, Lutton JD, Kappas A. The biological
significance and physiological role of heme oxygenase. Cell Physiol
Biochem. 1996;6:129-68.


https://doi.org/10.1186/s12964-023-01074-8
https://doi.org/10.1186/s12964-023-01074-8

Sadeghi et al. Cell Communication and Signaling

20.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

(2023) 21:57

Tenhunen R, Marver HS, Schmid R. The enzymatic conversion of heme
to bilirubin by microsomal heme oxygenase. Proc Natl Acad Sci U S A.
1968;61:748-55.

Gozzelino R, Jeney V, Soares MP. Mechanisms of cell protection by
heme oxygenase-1. Annu Rev Pharmacol Toxicol. 2010;50:323-54.
Seixas E, Gozzelino R, Chora A, Ferreira A, Silva G, Larsen R, Rebelo S,
Penido C, Smith NR, Coutinho A, Soares MP. Heme oxygenase-1 affords
protection against noncerebral forms of severe malaria. Proc Natl Acad
SciUS A.2009;106:15837-42.

Pamplona A, Ferreira A, Balla J, Jeney V, Balla G, Epiphanio S, Chora A,
Rodrigues CD, Gregoire IP, Cunha-Rodrigues M, et al. Heme oxyge-
nase-1 and carbon monoxide suppress the pathogenesis of experi-
mental cerebral malaria. Nat Med. 2007;13:703-10.

Ishikawa M, Numazawa S, Yoshida T. Redox regulation of the transcrip-
tional repressor Bach1. Free Radic Biol Med. 2005;38:1344-52.

Alam J, Stewart D, Touchard C, Boinapally S, Choi AM, Cook JL. Nrf2,

a Cap'n'Collar transcription factor, regulates induction of the heme
oxygenase-1 gene. J Biol Chem. 1999,274:26071-8.

Sun J, Hoshino H, Takaku K, Nakajima O, Muto A, Suzuki H, Tashiro

S, Takahashi S, Shibahara S, Alam J, et al. Hemoprotein Bach1

regulates enhancer availability of heme oxygenase-1 gene. Embo j.
2002;21:5216-24.

ConsoliV, SorrentiV, Grosso S, Vanella L. Heme oxygenase-1 signaling

and redox homeostasis in physiopathological conditions. Biomolecules.

2021;11:589.

Yang CC, Hsiao LD, Shih YF, Chang Cl, Yang CM. Induction of Heme
oxygenase-1 by 15d-prostaglandin J(2) mediated via a ROS-dependent
Sp1 and AP-1 cascade suppresses lipopolysaccharide-triggered

interleukin-6 expression in mouse brain microvascular endothelial cells.

Antioxidants (Basel). 2022;11:719.

Koyani CN, Kitz K, Rossmann C, Bernhart E, Huber E, Trummer C, Wind-
ischhofer W, Sattler W, Malle E. Activation of the MAPK/Akt/Nrf2-Egr1/
HO-1-GCLc axis protects MG-63 osteosarcoma cells against 15d-PGJ2-
mediated cell death. Biochem Pharmacol. 2016;104:29-41.

Zhe N,Wang J, Chen S, Lin X, Chai Q, Zhang Y, Zhao J, Fang Q. Heme
oxygenase-1 plays a crucial role in chemoresistance in acute myeloid
leukemia. Hematology. 2015;20:384-91.

HuiY, Zhao Y, Ma N, Peng Y, Pan Z, Zou C, Zhang P, Du Z. M3-mAChR
stimulation exerts anti-apoptotic effect via activating the HIF-1a/
HO-1/VEGF signaling pathway in H9¢2 rat ventricular cells. J Cardiovasc
Pharmacol. 2012,60:474-82.

Rushworth SA, Bowles KM, Raninga P, MacEwan DJ. NF-kappaB-inhib-
ited acute myeloid leukemia cells are rescued from apoptosis by heme
oxygenase-1 induction. Cancer Res. 2010;70:2973-83.

Pavlova NN, Thompson CB. The emerging hallmarks of cancer metabo-
lism. Cell Metab. 2016;23:27-47.

Xu B, Hu R, Liang Z, Chen T, Chen J, Hu Y, Jiang Y, Li Y. Metabolic regula-
tion of the bone marrow microenvironment in leukemia. Blood Rev.
2021;48: 100786.

Morrison SJ, Scadden DT. The bone marrow niche for haematopoietic
stem cells. Nature. 2014;505:327-34.

Arruda MA, Rossi AG, de Freitas MS, Barja-Fidalgo C, Graga-Souza AV.
Heme inhibits human neutrophil apoptosis: involvement of phosphoi-

nositide 3-kinase, MAPK, and NF-kappaB. J Immunol. 2004;173:2023-30.

Zhang X, Shan P, Alam J, Fu XY, Lee PJ. Carbon monoxide differentially
modulates STAT1 and STAT3 and inhibits apoptosis via a phosphati-
dylinositol 3-kinase/Akt and p38 kinase-dependent STAT3 pathway
during anoxia-reoxygenation injury. J Biol Chem. 2005;280:8714-21.
Tang YL, Tang Y, Zhang YC, Qian K, Shen L, Phillips MI. Protection from
ischemic heart injury by a vigilant heme oxygenase-1 plasmid system.
Hypertension. 2004;43:746-51.

Katori M, Buelow R, Ke B, Ma J, Coito AJ, lyer S, Southard D, Busuttil
RW, Kupiec-Weglinski JW. Heme oxygenase-1 overexpression protects
rat hearts from cold ischemia/reperfusion injury via an antiapoptotic
pathway. Transplantation. 2002;73:287-92.

He Z, Zhang S, Ma D, Fang Q, Yang L, Shen S, Chen Y, Ren L, Wang J.
HO-1 promotes resistance to an EZH2 inhibitor through the pRB-E2F
pathway: correlation with the progression of myelodysplastic syn-
drome into acute myeloid leukemia. J Transl Med. 2019;17:366.
LiuP,Ma D, Yu Z Zhe N, Ren M, Wang P, Yu M, Huang J, Fang Q Wang
J. Overexpression of heme oxygenase-1 in bone marrow stromal cells

42.

43.

44,

45.

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

Page 19 of 21

promotes microenvironment-mediated imatinib resistance in chronic
myeloid leukemia. Biomed Pharmacother. 2017;91:21-30.

Brouard S, Otterbein LE, Anrather J, Tobiasch E, Bach FH, Choi AM,
Soares MP. Carbon monoxide generated by heme oxygenase 1 sup-
presses endothelial cell apoptosis. J Exp Med. 2000;192:1015-26.

Silva G, Cunha A, Grégoire IP, Seldon MP, Soares MP. The antiapoptotic
effect of heme oxygenase-1 in endothelial cells involves the degra-
dation of p38 alpha MAPK isoform. J Immunol. 2006;177:1894-903.
Barafiano DE, Wolosker H, Bae BI, Barrow RK, Snyder SH, Fer-

ris CD. A mammalian iron ATPase induced by iron. J Biol Chem.
2000;,275:15166-73.

Baker HM, Anderson BF, Baker EN. Dealing with iron: common struc-
tural principles in proteins that transport iron and heme. Proc Natl
Acad Sci U S A. 2003;100:3579-83.

Balla G, Jacob HS, Balla J, Rosenberg M, Nath K, Apple F, Eaton JW,
Vercellotti GM. Ferritin: a cytoprotective antioxidant strategem of
endothelium. J Biol Chem. 1992;267:18148-53.

Torti FM, Torti SV. Regulation of ferritin genes and protein. Blood.
2002;99:3505-16.

Dudnik LB, Khrapova NG. Characterization of bilirubin inhibitory
properties in free radical oxidation reactions. Membr Cell Biol.
1998;12:233-40.

Stocker R, Yamamoto Y, McDonagh AF, Glazer AN, Ames BN. Bilirubin
is an antioxidant of possible physiological importance. Science.
1987;235:1043-6.

McDonagh AF. The biliverdin-bilirubin antioxidant cycle of cellular
protection: missing a wheel? Free Radic Biol Med. 2010;49:814-20.
Stagg J, Galipeau J. Mechanisms of immune modulation by
mesenchymal stromal cells and clinical translation. Curr Mol Med.
2013;13:856-67.

Mazzone GL, Rigato |, Ostrow JD, Bossi F, Bortoluzzi A, Sukowati CH,
Tedesco F, Tiribelli C. Bilirubin inhibits the TNFalpha-related induction of
three endothelial adhesion molecules. Biochem Biophys Res Commun.
2009;386:338-44.

Lowe DT. Cupping therapy: an analysis of the effects of suction on skin
and the possible influence on human health. Complement Ther Clin
Pract. 2017;29:162-8.

Lavrovsky Y, Schwartzman ML, Levere RD, Kappas A, Abraham NG.
Identification of binding sites for transcription factors NF-kappa B and
AP-2 in the promoter region of the human heme oxygenase 1 gene.
Proc Natl Acad Sci U S A. 1994;91:5987-91.

Ryter SW, Choi AM. Heme oxygenase-1: redox regulation of a stress
protein in lung and cell culture models. Antioxid Redox Signal.
2005;7:80-91.

Nybakken G, Gratzinger D. Myelodysplastic syndrome macrophages
have aberrant iron storage and heme oxygenase-1 expression. Leuk
Lymphoma. 2016;57:1893-902.

Vinchi F, Hell S, Platzbecker U. Controversies on the consequences of
iron overload and chelation in MDS. Hemasphere. 2020;4: e357.

Ma D, Fang Q, Wang P, Gao R, Sun J, Li Y, Hu XY, Wang JS. Downregula-
tion of HO-1 promoted apoptosis induced by decitabine via increasing
p15INK4B promoter demethylation in myelodysplastic syndrome. Gene
Ther. 2015;22:287-96.

Rinke J, Chase A, Cross NCP, Hochhaus A, Ernst T. EZH2 in myeloid
malignancies. Cells. 2020,9:1639.

Wang W, Zhang Z, Kuang X, Ma D, Xiong J, LuT, Zhang Y, Yu K,

Zhang S, Wang J, Fang Q. 4SC-202 induces apoptosis in myelodys-
plastic syndromes and the underlying mechanism. Am J Trans| Res.
2020;12:2968-83.

Fenaux P, Mufti GJ, Hellstrom-Lindberg E, SantiniV, Finelli C, Giagounidis
A, Schoch R, Gattermann N, Sanz G, List A, et al. Efficacy of azacitidine
compared with that of conventional care regimens in the treatment
of higher-risk myelodysplastic syndromes: a randomised, open-label,
phase Il study. Lancet Oncol. 2009;10:223-32.

Wang P, Ma D, Wang J, Fang Q, Gao R, Wu W, LuT, Cao L. Silencing

HO-1 sensitizes SKM-1 cells to apoptosis induced by low concentra-
tion 5-azacytidine through enhancing p16 demethylation. Int J Oncol.
2015;46:1317-27.

Rowley JD. Letter: a new consistent chromosomal abnormality in
chronic myelogenous leukaemia identified by quinacrine fluorescence
and Giemsa staining. Nature. 1973;243:290-3.



Sadeghi et al. Cell Communication and Signaling

64.

65.

66.

67.

68.

69.

70.

72.

73.

74.
75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

(2023) 21:57

Deininger MW, Goldman JM, Melo JV. The molecular biology of chronic
myeloid leukemia. Blood. 2000;96:3343-56.

de Klein A, van Kessel AG, Grosveld G, Bartram CR, Hagemeijer A,
Bootsma D, Spurr NK, Heisterkamp N, Groffen J, Stephenson JR. A
cellular oncogene is translocated to the Philadelphia chromosome in
chronic myelocytic leukaemia. Nature. 1982;300:765-7.

Puil L, Liu J, Gish G, Mbamalu G, Bowtell D, Pelicci PG, Arlinghaus R,
Pawson T. Bcr-Abl oncoproteins bind directly to activators of the Ras
signalling pathway. Embo j. 1994;13:764-73.

Bedi A, Zehnbauer BA, Barber JP, Sharkis SJ, Jones RJ. Inhibition of apop-
tosis by BCR-ABL in chronic myeloid leukemia. Blood. 1994;83:2038-44.
Mughal Tl, Radich JP, Deininger MW, Apperley JF, Hughes TP, Harrison
CJ, Gambacorti-Passerini C, Saglio G, Cortes J, Daley GQ. Chronic
myeloid leukemia: reminiscences and dreams. Haematologica.
2016;101:541-58.

Wei S, Wang Y, Chai Q, Fang Q, Zhang Y, Lu Y, Wang J. Over-expression
of heme oxygenase-1 in peripheral blood predicts the progression
and relapse risk of chronic myeloid leukemia. Chin Med J (Eng]).
2014;127:2795-801.

Mayerhofer M, Florian S, Krauth MT, Aichberger KJ, Bilban M, Marculescu
R, Printz D, Fritsch G, Wagner O, Selzer E, et al. Identification of heme
oxygenase-1 as a novel BCR/ABL-dependent survival factor in chronic
myeloid leukemia. Cancer Res. 2004;64:3148-54.

. Tibullo D, Barbagallo |, Giallongo C, La Cava P, Parrinello N, Vanella L,

Stagno F, Palumbo GA, Li Volti G, Di Raimondo F. Nuclear translocation
of heme oxygenase-1 confers resistance to imatinib in chronic myeloid
leukemia cells. Curr Pharm Des. 2013;19:2765-70.

Rakshit S, Bagchi J, Mandal L, Paul K, Ganguly D, Bhattacharjee S,
Ghosh M, Biswas N, Chaudhuri U, Bandyopadhyay S. N-acetyl cysteine
enhances imatinib-induced apoptosis of Bcr-Abl+ cells by endothelial
nitric oxide synthase-mediated production of nitric oxide. Apoptosis.
2009;14:298-308.

Ma D, Fang Q, Wang P, Gao R, Wu W, Lu T, Cao L, Hu X, Wang J. Induction
of heme oxygenase-1 by Na+-H+ exchanger 1 protein plays a crucial
role in imatinib-resistant chronic myeloid leukemia cells. J Biol Chem.
2015;290:12558-71.

Yang Z, Klionsky DJ. Eaten alive: a history of macroautophagy. Nat Cell
Biol. 2010;12:814-22.

Kroemer G, Marifio G, Levine B. Autophagy and the integrated stress
response. Mol Cell. 2010;40:280-93.

ZhuS, Cao L, YuY,Yang L, Yang M, Liu K, Huang J, Kang R, Livesey

KM, Tang D. Inhibiting autophagy potentiates the anticancer activ-

ity of IFN1@/IFNa in chronic myeloid leukemia cells. Autophagy.
2013;9:317-27.

Marks PA, Xu WS. Histone deacetylase inhibitors: potential in cancer
therapy. J Cell Biochem. 2009;107:600-8.

Wanczyk M, Roszczenko K, Marcinkiewicz K, Bojarczuk K, Kowara M,
Winiarska M. HDACi-going through the mechanisms. Front Biosci
(Landmark Ed). 2011;16:340-59.

Chrun ES, Modolo F, Daniel FI. Histone modifications: a review about
the presence of this epigenetic phenomenon in carcinogenesis. Pathol
Res Pract. 2017,213:1329-39.

Wei D, LuT, Ma D, Yu K, Li X, Chen B, Xiong J, Zhang T, Wang J. Heme
oxygenase-1 reduces the sensitivity to imatinib through nonselective
activation of histone deacetylases in chronic myeloid leukemia. J Cell
Physiol. 2019;234:5252-63.

Singh MM, Irwin ME, Gao Y, Ban K, Shi P, Arlinghaus RB, Amin HM,
Chandra J. Inhibition of the NADPH oxidase regulates heme oxygenase
1 expression in chronic myeloid leukemia. Cancer. 2012;118:3433-45.
Heasman SA, Zaitseva L, Bowles KM, Rushworth SA, Macewan DJ.
Protection of acute myeloid leukaemia cells from apoptosis induced
by front-line chemotherapeutics is mediated by haem oxygenase-1.
Oncotarget. 2011,2:658-68.

Wei S, Wang Y, Chai Q, Fang Q, Zhang Y, Wang J. In vivo and in vitro
effects of heme oxygenase-1 silencing on the survival of acute myelo-
cytic leukemia-M2 cells. Exp Ther Med. 2015;9:931-40.

Lin X, Fang Q, Chen S, Zhe N, Chai Q, Yu M, Zhang Y, Wang Z, Wang
J.Heme oxygenase-1 suppresses the apoptosis of acute myeloid
leukemia cells via the JNK/c-JUN signaling pathway. Leuk Res.
2015;39:544-52.

85.

86.

87.

88.

89.

90.

92.

93.

94.

95.

96.

97.

98.

99.

101.

102.

103.

Page 20 of 21

Daver N, Schlenk RF, Russell NH, Levis MJ. Targeting FLT3 muta-

tions in AML: review of current knowledge and evidence. Leukemia.
2019;33:299-312.

Chillon MC, Fernédndez C, Garcia-Sanz R, Balanzategui A, Ramos F,
Ferndndez-Calvo J, Gonzélez M, Miguel JF. FLT3-activating mutations
are associated with poor prognostic features in AML at diagnosis

but they are not an independent prognostic factor. Hematol J.
2004;5:239-46.

Jayavelu AK, Moloney JN, Bohmer FD, Cotter TG. NOX-driven ROS
formation in cell transformation of FLT3-TD-positive AML. Exp Hematol.
2016;44:1113-22.

Kannan S, Irwin ME, Herbrich SM, Cheng T, Patterson LL, Aitken MJL,
Bhalla K, You MJ, Konopleva M, Zweidler-McKay PA, Chandra J. Target-
ing the NRF2/HO-1 antioxidant pathway in FLT3-ITD-positive AML
enhances therapy efficacy. Antioxidants (Basel). 2022;11:717.

Hones JM, Botezatu L, Helness A, Vadnais C, Vassen L, Robert F,
Hergenhan SM, Thivakaran A, Schitte J, Al-Matary YS, et al. GFI1 as

a novel prognostic and therapeutic factor for AML/MDS. Leukemia.
2016;30:1237-45.

Cheng B, Tang S, Zhe N, Ma D, Yu K, Wei D, Zhou Z, Lu T, Wang J, Fang
Q. Low expression of GFI-1 Gene is associated with Panobinostat-resist-
ance in acute myeloid leukemia through influencing the level of HO-1.
Biomed Pharmacother. 2018;100:509-20.

Yu M, Wang J, Ma D, Chen S, Lin X, Fang Q, Zhe N. HO-1, RET and PML as
possible markers for risk stratification of acute myelocytic leukemia and
prognostic evaluation. Oncol Lett. 2015;10:3137-44.

Herrmann H, Kneidinger M, Cerny-Reiterer S, Rulicke T, Willmann M,
Gleixner KV, Blatt K, Hormann G, Peter B, Samorapoompichit P, et al.
The Hsp32 inhibitors SMA-ZnPP and PEG-ZnPP exert major growth-
inhibitory effects on D34+4/CD38+ and CD34+/CD38- AML progenitor
cells. Curr Cancer Drug Targets. 2012;12:51-63.

LuY, Wu D, Wang J, LiY, Ma D, Chai X, Kang Q. Identification of

Heme oxygenase-1 as a novel predictor of hematopoietic stem cell
transplantation outcomes in acute leukemia. Cell Physiol Biochem.
2016;39:1495-502.

Zhang T, Fang Q, Liu P, Wang P, Feng C, Wang J. Heme oxygenase 1
overexpression induces immune evasion of acute myeloid leukemia
against natural killer cells by inhibiting CD48. J Transl Med. 2022,20:394.
Cerny-Reiterer S, Meyer RA, Herrmann H, Peter B, Gleixner KV, Stefanz
G, Hadzijusufovic E, Pickl WF, Sperr WR, Melo JV, et al. Identification of
heat shock protein 32 (Hsp32) as a novel target in acute lymphoblastic
leukemia. Oncotarget. 2014;5:1198-211.

Yu K, Wang J, LuT, Ma D, Wei D, Guo Y, Cheng B, Wang W, Fang Q.
Overexpression of heme oxygenase-1 in microenvironment medi-

ates vincristine resistance of B-cell acute lymphoblastic leukemia by
promoting vascular endothelial growth factor secretion. J Cell Biochem.
2019;120:17791-810.

Zhou F, XuY, Qiu Y, Wu X, Zhang Z, Jin R. Ik6 expression provides a new
strategy for the therapy of acute lymphoblastic leukemia. Oncol Rep.
2014;31:1373-9.

Reyes-Ledn A, Judrez-Velazquez R, Medrano-Hernandez A, Cuenca-
Roldan T, Salas-Labadfa C, Del Pilar N-M, Rivera-Luna R, Lépez-Hernan-
dez G, Paredes-Aguilera R, Pérez-Vera P. Expression of k6 and k8 iso-
forms and their association with relapse and death in mexican children
with acute lymphoblastic leukemia. PLoS ONE. 2015;10: e0130756.

Lin X, Zou X, Wang Z, Fang Q, Chen S, Huang J, Zhe N, Yu M, Zhang

Y, Wang J. Targeting of heme oxygenase-1 attenuates the negative
impact of Ikaros isoform 6 in adult BCR-ABL1-positive B-ALL. Onco-
target. 2016;7:53679-701.

Bukowska-Strakova K, Wtodek J, Pitera E, Kozakowska M, Konturek-Ciesla
A, Ciesla M, Gorika M, Nowak W, Wieczorek A, Pawiriska-Wasikowska K,
et al. Role of HMOX1 promoter genetic variants in chemoresistance and
chemotherapy induced neutropenia in children with acute lympho-
blastic leukemia. Int J Mol Sci. 2021,22:988.

Quesnel B, Fenaux P. P15INK4b gene methylation and myelodysplastic
syndromes. Leuk Lymphoma. 1999,35:437-43.

Gao R, Ma D, Wang P, Sun J, Wang JS, Fang Q. Role of heme oxygenase-1
in demethylating effects on SKM-1 cells induced by decitabine. Genet
Mol Res. 2015;14:17788-98.

Mayerhofer M, Gleixner KV, Mayerhofer J, Hoermann G, Jaeger E, Aich-
berger KJ, Ott RG, Greish K, Nakamura H, Derdak S, et al. Targeting of



Sadeghi et al. Cell Communication and Signaling

104.

105.

106.

107.

108.

109.

110.

111,

112.

113.

114.

115.

116.

117.

118.

119.

120.

(2023) 21:57

heat shock protein 32 (Hsp32)/heme oxygenase-1 (HO-1) in leukemic
cells in chronic myeloid leukemia: a novel approach to overcome resist-
ance against imatinib. Blood. 2008;111:2200-10.

SorrentiV, Pittala V, Romeo G, Amata E, Dichiara M, Marrazzo A, Turnaturi
R, Prezzavento O, Barbagallo |, Vanella L, et al. Targeting heme oxyge-
nase-1 with hybrid compounds to overcome Imatinib resistance in
chronic myeloid leukemia cell lines. Eur J Med Chem. 2018;158:937-50.
Ciaffaglione V, ConsoliV, Intagliata S, Marrazzo A, Romeo G, Pittala V,
Greish K, Vanella L, Floresta G, Rescifina A, et al. Novel tyrosine kinase
inhibitors to target chronic myeloid leukemia. Molecules. 2022;27:3220.
Song K, Li M, Xu XJ, Xuan L, Huang GN, Song XL, Liu QF. HIF-1a and
GLUT1 gene expression is associated with chemoresistance of acute
myeloid leukemia. Asian Pac J Cancer Prev. 2014;15:1823-9.

MiyazakiT, Kirino Y, Takeno M, Samukawa S, Hama M, Tanaka M, Yamaji
S, Ueda A, Tomita N, Fujita H, Ishigatsubo Y. Expression of heme oxyge-
nase-1in human leukemic cells and its regulation by transcriptional
repressor Bach1. Cancer Sci. 2010;101:1409-16.

Wei S, Wang Y, Chai Q, Fang Q, Zhang Y, Wang J. Potential crosstalk of
Ca’*-ROS-dependent mechanism involved in apoptosis of Kasumi-1
cells mediated by heme oxygenase-1 small interfering RNA. Int J Oncol.
2014/45:2373-84.

Valenzuela M, Glorieux C, Stockis J, Sid B, Sandoval JM, Felipe KB,
Kviecinski MR, Verrax J, Buc Calderon P. Retinoic acid synergizes ATO-
mediated cytotoxicity by precluding Nrf2 activity in AML cells. Br J
Cancer. 2014;111:874-82.

Ma D, Fang Q, Li Y, Wang J, Sun J, Zhang Y, Hu X, Wang P, Zhou S. Crucial
role of heme oxygenase-1 in the sensitivity of acute myeloid leukemia
cell line Kasumi-1 to ursolic acid. Anticancer Drugs. 2014;25:406-14.
MacEwan DJ. TNF receptor subtype signalling: differences and cellular
consequences. Cell Signal. 2002;14:477-92.

Wang CY, Mayo MW, Korneluk RG, Goeddel DV, Baldwin AS Jr. NF-
kappaB antiapoptosis: induction of TRAF1 and TRAF2 and c-IAP1 and
c-IAP2 to suppress caspase-8 activation. Science. 1998;281:1680-3.

Liu H, MaY, Pagliari LJ, Perlman H, Yu C, Lin A, Pope RM. TNF-alpha-
induced apoptosis of macrophages following inhibition of NF-

kappa B: a central role for disruption of mitochondria. J Immunol.
2004;172:1907-15.

Ma'Y, Temkin V, Liu H, Pope RM. NF-kappaB protects macrophages
from lipopolysaccharide-induced cell death: the role of caspase 8 and
receptor-interacting protein. J Biol Chem. 2005,280:41827-34.
Rushworth SA, MacEwan DJ. HO-1 underlies resistance of AML cells to
TNF-induced apoptosis. Blood. 2008;111:3793-801.

Rushworth SA, Zaitseva L, Langa S, Bowles KM, MacEwan DJ. FLIP requ-
lation of HO-1 and TNF signalling in human acute myeloid leukemia
provides a unique secondary anti-apoptotic mechanism. Oncotarget.
2010;1:359-66.

Huang H. Matrix metalloproteinase-9 (MMP-9) as a cancer biomarker
and MMP-9 biosensors: recent advances. Sensors (Basel). 2018;18:3249.
Amigo-Jiménez |, Bailon E, Ugarte-Berzal E, Aguilera-Montilla N, Garcfa-
Marco JA, Garcia-Pardo A. Matrix metalloproteinase-9 is involved in
chronic lymphocytic leukemia cell response to fludarabine and arsenic
trioxide. PLoS ONE. 2014;9: €99993.

Amigo-Jiménez |, Bailon E, Aguilera-Montilla N, Garcfa-Marco JA, Garcia-
Pardo A. Gene expression profile induced by arsenic trioxide in chronic
lymphocytic leukemia cells reveals a central role for heme oxygenase-1
in apoptosis and regulation of matrix metalloproteinase-9. Oncotarget.
2016;7:83359-77.

Hamamura RS, Ohyashiki JH, Kurashina R, Kobayashi C, Zhang Y, Takaku
T, Ohyashiki K. Induction of heme oxygenase-1 by cobalt protopor-
phyrin enhances the antitumour effect of bortezomib in adult T-cell
leukaemia cells. Br J Cancer. 2007;97:1099-105.

Fiskus W, Saba N, Shen M, Ghias M, Liu J, Gupta SD, Chauhan L, Rao R,
Gunewardena S, Schorno K, et al. Auranofin induces lethal oxidative
and endoplasmic reticulum stress and exerts potent preclinical activity
against chronic lymphocytic leukemia. Cancer Res. 2014;74:2520-32.
Jitschin R, Hofmann AD, Bruns H, Giessl A, Bricks J, Berger J, Saul D,
Eckart MJ, Mackensen A, Mougiakakos D. Mitochondrial metabolism
contributes to oxidative stress and reveals therapeutic targets in
chronic lymphocytic leukemia. Blood. 2014;123:2663-72.

GuoY, Fang Q Ma D, Yu K, Cheng B, Tang S, Lu T, Wang W, Wang J.
Up-regulation of HO-1 promotes resistance of B-cell acute lymphocytic

124.

125.

Page 21 of 21

leukemia cells to HDAC4/5 inhibitor LMK-235 via the Smad7 pathway.
Life Sci. 2018;207:386-94.

Jiang Y, Dunbar A, Gondek LP, Mohan S, Rataul M, O'Keefe C, Sekeres M,
Saunthararajah Y, Maciejewski JP. Aberrant DNA methylation is a domi-
nant mechanism in MDS progression to AML. Blood. 2009;113:1315-25.
Stintzing S, Kemmerling R, Kiesslich T, Alinger B, Ocker M, Neureiter D.
Myelodysplastic syndrome and histone deacetylase inhibitors: “to be or
not to be acetylated”? J Biomed Biotechnol. 2011;2011: 214143,

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	The prognostic and therapeutic potential of HO-1 in leukemia and MDS
	Abstract 
	Background 
	Main body 
	Conclusion 

	Background
	Heme oxygenase
	HO-1 transcriptional regulation
	Roles of HO-1 in protecting cancer cells

	HO-1 expression pattern and its prognostic value in MDS and leukemia
	MDS
	CML
	AML
	ALL

	Targeting HO-1 in MDS and leukemia
	Targeting HO-1 in MDS
	Targeting HO-1 in CML
	Targeting HO-1 in AML
	The role of HO-1 in TNF-induced apoptosis resistance in AML

	Targeting HO-1 in CLL and ATL
	Targeting HO-1 in ALL

	Conclusions
	Acknowledgements
	References


