Heme oxygenase-1 (HO-1, encoded
by HMOX1) through degradation of
pro-oxidant heme into carbon mon-
oxide (CO), ferrous ions (Fe*) and
biliverdin, exhibits cytoprotective,
anti-apoptotic and anti-inflammato-
ry properties. All of these potential-
ly beneficial functions of HO-1 may
play an important role in tumors’
development and progression. More-
over, HO-1 is very often upregulated
in tumors in comparison to healthy
tissues, and its expression is further
induced upon chemo-, radio- and
photodynamic therapy, what results
in decreased effectiveness of the
treatment. Consequently, HO-1 can be
proposed as a therapeutic target for
anticancer treatment in many types of
tumors. Nonetheless, possibilities of
specific inhibition of HO-1 are strongly
limited. Metalloporphyrins are widely
used in in vitro studies, however, they
are unselective and may exert seri-
ous side effects including an increase
in HMOX1 mRNA level. On the oth-
er hand, detailed information about
pharmacokinetics and biodistribution
of imidazole-dioxolane derivatives,
other potential inhibitors, is lacking.
The genetic inhibition of HO-1 by RNA
interference (RNAi) or CRISPR/Cas9
approaches provides the possibility
to specifically target HO-1; however,
the potential therapeutic application
of those methods are distant at best.
In summary, HO-1 inhibition might
be the valuable anticancer approach,
however, the ideal strategy for HO-1
targeting requires further studies.

Key words: HO-1 inhibitors, SiRNA,
CRISPR/Cas9, anticancer strategy, tu-
morigenesis.
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Biological functions of HO-1 — an overview

Heme, an organic cofactor composed of iron and organic part called pro-
toporphyrin IX, serves as a prosthetic group of many proteins. Hence, it facil-
itates a wide variety of processes like electron transport (cytochrome P450
family), enzyme catalysis (e.g. peroxidase, catalase, cyclooxygenase, nitric
oxide synthase) and reversible binding of gases (hemoglobin, myoglobin,
guanylate cyclase). Furthermore, it is involved in regulation of protein syn-
thesis and cells differentiation [1]. From the other hand, free heme released
from intracellular hemeproteins causes cellular and tissue damage. Toxic
and pro-oxidant properties of heme are the consequences of iron-depen-
dent reactive oxygen species (ROS) generation, lipids peroxidation and dis-
ruption of cellular membranes. As the result, an excessive level of circulating
heme leads to several pathologies [2].

To overcome deleterious properties of heme, cellular machinery is
equipped with heme oxygenases (HO), a microsomal enzymes which are re-
sponsible for the first, rate-limiting step in heme degradation pathway. The
enzyme cleaves heme into three biological active products: carbon monox-
ide (CO), ferrous ions (Fez) and biliverdin, which is subsequently converted
into antioxidant bilirubin by biliverdin reductase. Molecular oxygen, cyto-
chrome P450 reductase, and NADPH are required for the complete reaction
[3]. So far, three isoforms of HO have been described — HO-1, HO-2 and
HO-3; however, the latter is rather the pseudogene originated from HO-2
transcript and was identified only in rats [4]. Although both HO-1 (encoded
by HMOX1 gene) and HO-2 (encoded by HMOX2 gene) catalyze the same
reaction in heme degradation pathway and share approximately 40% ho-
mology, they differ in various aspects, including the kinetics of catalyzed
reaction and the level of their expression in selected tissues. Finally, what is
the most important, HO-2 is a constitutive isoform, whereas HO-1 - induc-
ible. According to that, HO-1 is strongly upregulated in response to a wide
spectrum of stimuli such as its substrate heme, proinflammatory cytokines,
ROS, nitric oxide (NO), metalloporphyrins, heavy metals, prostaglandins, UV
irradiation and many others. At the molecular level, expression of HO-1 is
mainly activated by the transcription factor Nrf2 (nuclear factor erythroid
2-related factor-2). Certain stimuli cause the release of Nrf2 from its inhib-
itor, Keap-1 (Kelch-like associating protein 1) and this lead to translocation
of Nrf2 to the nucleus where it binds to antioxidant response element (ARE)
located within the promoter of theHMOX1 gene. Moreover, several other
transcription factors (e.g. AP-1, STAT and NF-xB) may be responsible for
the induction of HO-1 expression in stressful conditions, such as oxidative
stress (reviewed in: [5, 6]).

Thus, except degradation of pro-oxidant heme, HO-1 exerts much broad-
er and pleiotropic functions mediated by the end products of its activity.
Carbon monoxide (CO) is a gasotransmitter which among several functions
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activates soluble guanylate cyclase (sGC) and cause va-
sodilation and inhibition of platelet aggregation. Through
modulation of MAPK (mitogen-activated protein kinases)
pathways, it exerts anti-inflammatory functions: decreas-
es leukocyte adhesion, inhibits pro- and increases anti-in-
flammatory cytokines. Additionally, CO possess anti-prolif-
erative and anti-apoptotic properties leading to protection
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Fig. 1. HO-1 as a target for anticancer therapy. HO-1 expression in
tumor tissues is increased as a consequence of oncogenic transfor-
mation, modified by HO-1 promoter polymorphism, and further up-
regulated in response to anticancer therapies. Generally, HO-1 exerts
pro-tumorigenic effects through an increase in proliferation, surviv-
al, and angiogenesis. However, also the opposite, inhibitory effect on
the progression of tumors have been reported in some tumor types
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Fig. 2. Expression of HO-1in tumors. Elevated level of HO-1 has been
found in many types of tumors, both in cancer cells themselves and
in immune cells such as macrophages and T regulatory cells, em-
phasizing its role in modulation of tumor microenvironment and
evasion of the immune response against cancer. Interestingly, al-
though HO-1 localizes mainly in cytoplasm, also its truncated, nucle-
ar form has been linked with poor prognosis and progression of the
disease in certain types of tumors; however, this mechanism is still
not fully understood

from tissue injury, however these functions are tissue-spe-
cific (reviewed in [6]). Moreover, its positive effect on an-
giogenic activity of endothelial and vascular smooth cells
has been described [7, 8]. Ferrous ions increase the expres-
sion of ferritin, which is responsible for iron sequestration,
hence it prevents toxicity caused by production of hydrox-
yl radicals. Additionally, Fe** ions induce iron transporter
(Fe-ATPase) responsible for iron efflux. Finally, biliverdin
and bilirubin possess anti-oxidant and anti-inflammato-
ry properties by scavenging ROS, decreasing membrane
lipids peroxidation, and inhibiting complement cascade
(reviewed in: [6]).

Emergent role of heme oxygenase-1 (HO-1)
in tumor biology

Unfortunately, all of the above mentioned cytoprotec-
tive actions of HO-1and its by-products can be harmful, es-
pecially when translated into pathophysiological process-
es like tumorigenesis. Expression of HO-1 is significantly
elevated in tumors, in comparison to healthy tissues, in-
cluding pancreatic cancer, melanoma, renal cell carcinoma
and others (reviewed in [9]). Noteworthy, expression of
HO-1 can be further enhanced by anticancer therapies (in-
cluding radio-, chemo- and photodynamic therapy) what
often results in decreased effectiveness of the treatment
[10-12] (Fig. 1).

It has to be stressed that the increased expression of
HO-1 is found predominantly, but not only, in tumor cells
(Fig. 2). Already in 1999, Nishie et al. have demonstrated
the association of HO-1 with infiltrating macrophages and
vascular densities in human gliomas [13]. HO-1 expres-
sion in the stromal macrophages has been also shown in
the other cancer tissues. HO-1 expressed in FAP+/CD45+
inflammatory macrophages with a M2 phenotype was
demonstrated to play a crucial role in immune suppres-
sion [14]. Moreover, HO-1-specific regulatory CD8+ T cells
were detected both in peripheral blood of cancer patients
and among tumor-infiltrating lymphocytes in situ of can-
cer patients [15]. HO-1-specific Treg cells were able to sup-
press immune response against cancer cells and efficiently
inhibited T cell responses, including cytokine release, pro-
liferation and cytotoxicity [15]. Interestingly, in melanoma,
HO-1 was almost exclusively expressed in macrophages
and the negligible expression was found in the tumor cells
and other stromal cell types [16].

One important aspect of HO-1 effect on tumor biology
might be related to its cellular localization. Generally, HO-1
localizes mainly in the cytoplasm where it is associated
with endoplasmic reticulum (ER), caveoli or mitochondria
[17]; however, it was also found in the nucleus [18]. Such
nuclear localization was observed in the lung [19], prostate
[20] and head and neck cancer [21] and it correlated with
poor prognosis and progression of the disease. Although
the exact mechanism of such localization is not known
yet, it was suggested that in response to stressful condi-
tions, HO-1 can be cleaved and translocated to the nucleus
where it mediates upregulation of genes involved in an-
ti-oxidant response and cytoprotection [18] (Fig. 2).

The exact role of HO-1 in tumor biology is multifaceted
(Fig. 1). Although HO-1 is mostly shown to exert pro-tum-
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origenic properties by affecting cancer cells proliferation,
survival and metastasis, also opposite effects have been
described. Such anti-tumorigenic action of HO-1 favoring
cancer development or/and survival was demonstrated in
case of breast, prostate, pancreatic cancer and non-small
cell lung carcinoma. This reflects complex and dual role of
HO-1in different types on tumors.

HO-1 can directly enhance proliferation of cancer cells
what was shown in vitro and was further confirmed in vivo
in the case of pancreatic cancer [10, 22], melanoma [23],
and rhabdomyosarcoma [39]. Interestingly, Li et al. [24]
have demonstrated that HO-1 plays an important role in
lung cancer carcinogenesis induced by tobacco-specific ni-
trosamine. An elevated level of HO-1 was associated with
increased proliferation of cancer cells through upregula-
tion of p21, an inhibitor of apoptosis protein 2 (c-IAP2) and
B-cell lymphoma-2 (Bcl-2) with a concomitant decrease in
Bad protein. This, in turn, promoted the growth of cancer
cells and prevented their death.

Also increased production of growth factors, such as
epidermal growth factor (EGF) or elevated level of some
mitogenic receptors like fibroblast growth factor recep-
tor-1 (FGFR1) correlated with the accelerated proliferation
of melanoma cancer cells [23]. However, also the opposite,
anti-proliferative effect of HO-1 was observed in breast
cancer [25] and prostate cancer [26] where pharmacologi-
cal inhibition of HO-1 resulted in an augmented prolifera-
tion of cancer cells.

Cytoprotective and anti-apoptotic properties of HO-1
in tumors are well known. In general, overexpression of
HO-1 correlates with increased survival of cancer cells and
their resistance to potentially toxic, anticancer drugs or
therapies [12, 27]. There are several possible mechanisms
through which HO-1 may affect apoptosis of cancer cells. For
instance, in gastric cancer, an elevated level of HO-1 con-
tributed to decrease in caspase-3, the crucial mediator of
apoptosis [28]. It was also demonstrated that HO-1 can di-
rectly inhibit apoptosis via activation of Akt (protein kinase
B) pathway and this, in turn, can lead to increased ratio of
antiapoptotic Bcl-2 (B-cell ymphoma-2) to proapoptotic Bax
(Bcl-2-associated X protein) proteins in colon cancer cell line
[29]. Furthermore, genetic inhibition of HO-1 in breast can-
cer cell lines resulted in augmented doxorubicin-induced
apoptosis via downregulation of antiapoptotic proteins [30].
However, some contradictory results showed that overex-
pression of HO-1 did not protect breast cancer cells from
chemopreventive agents-induced apoptosis [31].

Interestingly, the role of autophagy in cancer biology
is being widely studied and discussed nowadays, mostly
due to its paradoxical role both in promoting and inhib-
iting cancer development and progression [32]. The link
between HO-1 and autophagy has been reported in renal
cancer, as overexpression of HO-1 induced by rapamycin
and sorafenib treatment was reported to enhance survival
of cancer cells by induction of anti-apoptotic B-cell lym-
phoma-extra large (Bcl-xL) protein and inhibition of au-
tophagy [33]. On the other hand, upregulation of HO-1 in
breast cancer cell lines exposed to doxorubicin treatment
was accompanied with increased, cytoprotective autopha-
gy via Scr-STAT3 signaling pathway [34].

HO-1 can directly support angiogenesis, the process de-
fined as the formation of new blood vessels from preexist-
ing vasculature, extremely important for tumor expansion
and invasiveness. HO-1 can upregulate the expression or
activity of proangiogenic factors like, among others, vas-
cular endothelial growth factor (VEGF) (reviewed in: [35])
and stromal cell-derived factor-1 (SDF-1) [7]. Such proan-
giogenic effect of HO-1 was clearly demonstrated in glio-
ma [13], pancreatic cancer [22], Kaposi sarcoma [36], mela-
noma [23], urothelial carcinoma [37], prostate cancer [38],
and rhabdomyosarcoma [39]. Additionally, pharmacologi-
cal inhibition of HO-1 resulted in suppressed angiogenesis
and reduced VEGF level in mouse lung cancer in vivo [40].

Of importance, HO-1 overexpression may also contrib-
ute to enhanced metastasis as it was reported in the case
of melanoma [23], pancreatic cancer [22] and squamous
cell carcinoma [41]. Additionally, an elevated level of HO-1
in patients suffering from non-small cell lung cancer (NS-
CLC) was correlated with poor prognosis and enhanced
metastasis occurrence [42]. However, in our hands, HO-1
overexpression in NSCLC NCI-H292 cells, caused not only
decrease in their proliferation, migration and angiogenic
potential, but also inhibition of tumors growth in vivo [43].
We observed that a high level of HO-1 in NSCLC cells cor-
related with a low expression of miR-378, the known on-
comir and angiomir. Furthermore, treatment with CORM-2,
CO-releasing molecule, decreased the expression of miR-
378 and consequently decreased expression of angiogenic
mediators [43].

Another possible mechanism of HO-1 action might be
connected with the effect on cell differentiation. Our initial
experiments performed on murine C2C12 myoblasts sug-
gested that HO-1 overexpression increases proliferation rate
and the resistance to oxidative stress, however, it negatively
regulates the differentiation of myoblasts to skeletal mus-
cles [44]. Blockage of myotubes formation was independent
of antioxidant properties of HO-1 but involved the inhibition
of cEBP38-dependent expression of myoD and regulation of
specific microRNAs, namely myomirs (miR-1, miR-133a, miR-
133b, and miR-206), responsible for myoblast differentia-
tion. Downregulation of myomirs as well as other muscle
regulatory factors including a master regulatory switch for
myogenesis, MyoD and myogenin, by HO-1 overexpression
was mimicked by CO-releasing molecule [44].

Based on such observations we performed experi-
ments on rhabdomyosarcoma (RMS) tumor cell lines and
primary RMS specimens. We observed the correlation of
HO-1 expression with cancer invasiveness — much higher
expression of HO-1 was detected in alveolar, more aggres-
sive RMS (aRMS) than embryonal subtype. High expres-
sion of HO-1 was correlated with the decreased expression
of miR-206, necessary for myoblasts differentiation [39].
In vivo, after subcutaneous injection of aRMA cell line and
chemical inhibitor of HO activity application (SnPPIX), the
growth of tumor was potently inhibited. What is more, the
analysis of tumor vasculature indicated that HO-1 inhibi-
tion exerted a potent anti-angiogenic effect. Lower num-
ber of CD-31 positive cells indicating decreased tumor vas-
cularization was observed in SnPPIX-treated animals and
those data were confirmed by in vivo ultrasonography im-
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aging. In accordance with those results, the comparison of
primary RMS specimens showed that in HO-1 overexpress-
ing tumors were better vascularized. Further studies are
necessary to fully describe the role of HO-1 in disturbed
cell differentiation in other tumor types and to understand
the molecular mechanism of the observed effects.

Synthetic lethality of HMOX1 and FH genes

A unique evidence suggesting the relevance of HO-1in
tumor biology is its implication in hereditary leiomyoma-
tosis and renal cell cancer (HLRCC) disease, a condition
caused by inherited, autosomal dominant mutation in
fumarate hydratase (FH) gene [45]. Mutation of FH, a tri-
carboxylic acid cycle enzyme, results in a permanently in-
creased level of fumarate, which is proposed to act as an
oncometabolite through a various mechanism [46].

Interestingly, Adam et al. demonstrated that HMOX1 ex-
pression was significantly upregulated both in FH-deficient
cells and in a mouse model of FH-deficiency [47]. Moreover,
silencing of HMOX1 in FH-deficient cell lines resulted in their
synthetic lethality [48]. This term refers to the situation in
which simultaneous defect in two genes causes cell death,
whereas at the same time separate dysfunction or muta-
tion of each gene does not affect cells viability [49]. In silico
study which was subsequently confirmed experimentally
pointed out the importance of heme biosynthesis and deg-
radation pathways in FH-deficient cells linking glutamine
uptake (as a source of carbon required for heme biosynthe-
sis) with bilirubin excretion. Indeed, 18 out of 24 genes pre-
dicted as synthetically lethal with FH, were associated with
heme metabolism pathways. Importantly, genetic or phar-
macological inhibition of HMOX1 significantly diminished
survival of FH-deficient cells [48]. Also in our hands, genetic
inhibition of HMOX1 in UOK262 cell line, which lacks FH ac-
tivity, decreased cells viability, proliferation, and clonogenic
potential (unpublished data). Hence, HMOX1 can serve as
a potential therapeutic target also for patients suffering
from HLRCC disease.

Association between HO-1 gene polymorphism
and cancer

Noteworthy, genetic variation like polymorphism of
HO-1 promoter and its association with cancer suscepti-
bility was a subject of several studies. The human HMOX1
gene promoter in its 5'-flanking region contains a different
number of GT microsatellite repeats, (GT)n, ranging from
11 to 40 [50]. Bimodal frequency distribution of (GT)n re-
peat lengths was observed in many populations studied,
with the main alleles being 23 and 30 repeats (reviewed
in: [6]). This genetic variability was shown to influence
the response to exogenous stimuli, e.g. we showed that
endothelial cells expressing the S allele (short, GT< 23)
have high basal HO-1 expression and strong induction in
response to hydrogen peroxide (H202), lipopolysaccharide
(LPS), prostaglandin J2(PGJ2) and cobalt protoporphyrin
(CoPPIX) [51].

It has been demonstrated that shorter (GT)n repeats
within the HMOX1 promoter results in higher transcription-
al activity and this, in turn, attributes to the increased risk

and poor prognosis of pancreatic cancer [52] and gastric
cancer [53]. Patients with a shorter version of the promotor
are more susceptible to the development of pancreatic can-
cer and recurrence of the disease [52]. This data correlate
with other results indicating higher HO-1 expression in pan-
creatic tumors than in healthy tissue [10] and accelerated
tumor growth, angiogenesis and metastatic potential of
pancreatic cancer when HO-1 is overexpressed [22].

On the other hand, the long (GT)n repeats in HMOX1
gene promoter was reported to correlate with a higher
risk of breast cancer [54], esophageal squamous cell car-
cinoma [55] and laryngeal squamous cell carcinoma [56].
More complicated, other studies showed no correlation
between HMOX1 polymorphism and the risk of lung squa-
mous cell carcinoma [57] and sporadic colorectal cancer
[58], indicating that the final outcome may depend on
several factors including the type of the tumor, subject
ethnicity, and many others. In accordance with all those
various results, the meta-analysis of 10 studies involving
2,367 cases and 2,870 controls found no correlation be-
tween the length of (GT)n sequence and overall cancer
risk although for some specific tumor types the associa-
tion was reported [59].

HO-1 as a therapeutic target in cancer —
different ways of HO-1 inhibition

As described above, inhibition of HO-1 may be con-
sidered as a mode for anticancer treatment. However, it
cannot be rather effective as a single therapy, but most
likely as an additional therapeutic strategy that could in-
crease the sensitivity of the cancer cells to chemotherapy
or radiotherapy. Inhibition of HO-1 can be achieved either
through genetic tools or pharmacological agents (Fig. 3).

Genetic inhibition of HO-1 expression
(RNA interference, CRISPR/Cas9)

RNA interference (RNAI) enables selective inhibition of
desired genes on post-transcriptional, mRNA level. Small
interfering RNA (siRNA) and short hairpin RNA (shRNA) are
the most commonly used forms of RNAi whose action re-
sults in gene silencing either through cleavage of targeted
mRNA, chromatin remodeling or blockage of protein syn-
thesis. The usefulness of RNAi approach in studying gene
functions has been widely reported in many areas of re-
search including carcinogenesis (reviewed in: [60]).

Of importance, a substantial number of studies evaluat-
ing the role of HO-1 inhibition in cancer has been conduct-
ed using siRNA or shRNA sequences specifically targeting
HO-1 transcript. Application of HO-1 siRNA in vitro result-
ed in beneficial increase in apoptosis of lung cancer cells
[61], colon carcinoma cells [29], leukemic cells [62-64] and
esophageal squamous carcinoma cells [65]. Furthermore,
increased sensitivity to chemotherapeutics of pancreatic
cancer cells [10], myeloid leukemia cells [66] and some
other types of cancer cells was also reported (reviewed
in: [27]). In contrast, a comprehensive study performed on
prostate cancer cell line PC3 revealed rather pro-tumori-
genic effect of HO-1 downregulation by siRNA, related to
changes in cell-cell contact [67].
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In vivo application of HO-1 siRNA/shRNA sequences
or cancer cells modified by RNAi was also demonstrated.
Direct, intraperitoneal injection of HO-1 siRNA resulted in
the diminished growth of tumors in an orthotopic model
of hepatocellular carcinoma [68]. Moreover, subcutaneous
injection of human colon cancer cell line resistant to 5-flu-
orouracil (5-FU), transduced with shRNA against HO-1, sig-
nificantly reduced tumor size and markedly increased the
sensitivity of nude mice to 5-FU treatment [69].

Since its discovery, RNAi provided invaluable insight into
molecular pathways and potential targets involved in tu-
mor development and progression. Nonetheless, therapeu-
tic application of RNAi remains limited by several factors
related to variable efficiency and off-target effects, delivery
of genetic material into specific tumor sites, questionable
stability and possible triggering of immune response [70].

Most recently, novel and extremely powerful genetic
tool — CRISPR (clustered regularly interspaced short palin-
dromic repeat) — Cas9 (CRISPR-associated nuclease 9) sys-
tem, adopted from bacteria defense mechanism against
viral infection, has opened new possibilities to specifically
knock-out any desired gene at the genomic level. In brief,
the Cas9 nuclease is guided to specific genomic locus by
single guide RNA sequence (sgRNA) where it induces dou-
ble strand breaks (DSB) subsequently repaired by DNA
repair mechanisms, such as non-homologous end joining
DNA repair pathway (NHEJ). As the repair mechanism is an
error-prone, insertions and deletions occur, what, in con-
sequence, may lead to gene knock-out through changes in
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mRNA reading frame and the introduction of the prema-
ture stop codon. CRISPR/Cas9 system, due to its specificity,
efficiency, and simplicity, starts being a method of choice
to study gene functions, also in tumor biology, where its
therapeutic application was suggested (reviewed in: [71]).
In our recent studies done on a model cell line, 293T, we
confirmed the high effectiveness of CRISPR/Cas9 to spe-
cifically and efficiently target HO-1 (unpublished data). Al-
though there are commercially available tools to generate
HO-1 knock-out, there is a lack of studies evaluating the
role of HO-1in cancer using CRISPR/Cas9 technology, what,
most probably, is just a matter of time. Of importance, ex-
cept undeniable advantages of CRISPR/Cas9 technology,
its drawbacks, namely possible off-target effects, delivery
methods and others (reviewed in: [72]), have to be also
taken into account when considering the experimental or
therapeutic application of CRISPR/Cas9 system.

Pharmacological inhibition of HO-1 activity

Another approach is based on the inhibition of HO ac-
tivity using pharmacological agents, namely: well-known
and characterized metalloporphyrins like zinc protopor-
phyrin (ZnPPIX), tin protoporphyrin (SnPPIX) or chromium
protoporphyrin (CrPPIX) and imidazole-based compounds
(Fig. 3).

Metalloporphyrins (MPs) are heme analogues com-
posed of protoporphyrin IXin which iron atom is exchanged
by another component. The structure of these molecules
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Fig. 3. Tools for HO-1 inhibition. Both genetic and pharmacological tools for HO-1 inhibition are available; however, all exert some disadvan-
tages. Still more basic studies are necessary to identify the new, “ideal” specific inhibitors of HO-1 activity and/or to broaden our knowledge
about CRISPR/Cas9 technology or siRNA targeting HO-1
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allows them to bind in the heme binding pocket of HO and
instead of activation of the enzyme, they competitively
inhibit its activity [73]. MPs have a much higher binding
affinity than heme to HO isoforms and are not oxidatively
degraded as they have no oxygen-binding capacity [74].
Majority of MPs have been shown to inhibit HO activity
in vitro and in vivo, but protoporphyrins with nickel (Ni),
copper (Cu), and magnesium (Mg) as central atoms do not
affect HO activity. Oppositely, CoPPIX acts as a stimulant of
HO activity and it is strong inducer of HO-1 expression This
effect results from the robust induction of HO-1 gene ex-
pression through the repression of Bachl and upregulation
of the Nrf2 protein [75]. Another study showed also the
involvement of FOXO1 transcription factor in CoPPIX—me-
diated regulation of HO-1 expression [76].

Numerous experimental studies confirmed the useful-
ness of MPs in decreasing HO activity. For instance, treat-
ment of cultured melanoma tumor with SnPPIX markedly
enhanced the efficiency of photodynamic therapy [77] and
attenuated Kaposi sarcoma growth in vivo [78]. Moreover,
ZnPPIX significantly increased photodynamic therapy-me-
diated cytotoxicity towards colon carcinoma and ovarian
carcinoma cells [12]. Inhibition of HO-1 by ZnPPIX increased
the sensitivity of nasopharyngeal carcinoma cells to radio-
therapy [79] and intensified effectiveness of cisplatin in
liver cancer both in vitro and in vivo [80].

Unfortunately, due to the long list of disadvantages
(Fig. 3, Table 1) the experimental and medical application
of MPs is strongly limited. One of the major drawback is
the photoreactivity of most of the MPs which may cause
phototoxicity leading to tissue and even organ damage
[74, 81]. Moreover, they are highly lipophilic, thus insol-
uble in aqueous solutions. It was partially overcome by
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Fig. 4. The effect of HO-1 inhibition on tumor development and sen-
sitivity to anticancer therapies. In cancer cells, the inhibition of HO-1
using metalloporphyrins (MPs), imidazole-based compounds, RNAi
or CRISPR/Cas9 system can affect tumor development in various
manner, both directly and indirectly. Directly, it may lead to increased
apoptosis, impaired proliferation and invasiveness and reduction of
the tumor size. The indirect effect is associated with increased sensi-
tivity to anticancer treatments, like photo-, chemo- and radio- thera-
py by stimulation of the immune system and enhanced angiogenesis

conjugation of the polyethylene-glycol [82] or amphiphil-
ic styrene-maleic acid copolymer [83] to ZnPPIX, which
resulted in the creation of water-soluble agents with po-
tent HO inhibitory effect (PEG-ZnPPIX and SMA-ZnPPIX,
respectively). Importantly, the anti-tumor effectiveness
of these compounds was confirmed both in vitro and in
vivo, without any apparent side effects [84, 85]. Neverthe-
less, several disadvantages are hard to overcome by any
modification. One of them is a lack of selectivity. MPs not
only inhibit the activity of both isoenzymes of HO [86] but
because of the similarity of structure to heme, most of
them also affect other heme-dependent enzymes like ni-
tric oxide synthases (NOS), soluble guanylyl cyclase (sGC)
or cytochromes P450 (CYPs) [87, 88]. Paradoxically, they
also induce HO-1 on mRNA and protein level [9, 89, 90,
91]. These wide-ranging actions cause potential concerns
in the interpretation of effects ascribed to MPs. Moreover,
many undesired, independent of HO inhibition events
were reported as the results of ZnPPIX and SnPPIX action.
Interestingly, Wang et al. observed that cytotoxic effect of
ZnPPIX on human ovarian and prostate cancer cell lines
was altered neither by overexpression nor by knockout of
HO-1, suggesting HO-1 independent effect of this inhibitor
[92]. Similarly, in human colon [93], hepatoma and chronic
myelogenous leukemia cell lines, as well as in BCL1 (B-cell
leukemia/lymphoma 1)-tumor bearing mice [94], decrease
in cancer cells proliferation and growth of tumors in vivo
after ZnPPIX treatment was a direct consequence of cyclin
D1 suppression and independent of HO-1 inhibition.

It has to be emphasized that HO inhibitors may act not
only on tumor cells directly, but may also influence other
cell types, including inflammatory cells (Fig. 4). Arnold et
al. [14] have investigated the role of HO-1 expressing FAP+/
CD45+ macrophages associated with immunosuppression
in tumorigenesis. Importantly they showed, that inhibi-
tion of HO-1 by Sn mesoporphyrin (SnMP) caused the im-
mune-dependent arrest of tumor growth that was similar
to the FAP+/CD45+ cells depletion.

Also T cell can play a role in immune suppression. A few
years ago it was shown not only that HO-1 is highly ex-
pressed in a specific subpopulation of Treg cells but also
that this subpopulation is accumulating in the glioma tu-
mor during the progression of the disease and most likely
play an immunosuppressive role [95]. Moreover, another
group showed that overexpression of HO-1 in Treg cells is
associated with better survival in hypoxia, typical for tu-
mors, and inhibition of HO-1 using SnPP is able to revoke
this effect, suggesting a protective role of the enzyme. Im-
portantly, in in vivo experiment, SnPP treatment reduced
the number of Treg cells in brain tumor microenvironment,
what increased survival of the tumor-bearing mice [96].

Interestingly, systemic application of ZnPPIX in vivo into
neuroblastoma-bearing mice as well as injection of neu-
roblastoma cell line NXS2 pre-treated with ZnPPIX into
syngeneic mouse model significantly improved CD4+ and
CD8+ T-effector cells functions and maturation of den-
dritic cells (DCs) via increased production of IL-10 [97]. In
a mouse model of breast cancer, inhibition of HO-1 by ZnP-
PIX was associated with polarization of tumor-associated
macrophages (TAM) towards M1-like phenotype (CD11b+
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Table 1. Comparison of HO inhibitors

Metalloporphyrins

Examples * Protoporphyrins: ZnPR SnPR, CrPP
* Mesoporphyrins: ZnMP, SnMP CrMP
* Deuteroporphyrins: ZnDR SnDR, CrDP
» Modifications: PEG-ZnPP SMA-ZnPP
Major features » Competitive inhibitors

* “Classical” protoporphyrins are water insoluble,
* “Modified” protoporphyrins: PEG-ZnPP and SMA-ZnPP

Imidazole-based compounds
» QC-1 (azalanstat)

* QC-13

* QC-308

* Non-competitive inhibitors
» Water soluble

» Some exert selectivity against HO isoforms

are water soluble and are claimed to be more available

* Potent inhibitors of HO activity
» Well-studied
Adverse effects * Not selective towards HO isoforms
* Inducers of HO-1 expression
* Modulators of NOS, sGC, and CYPs
* Photosensitizers

* Limited bioavailability

« Not studied widely in vitro and in vivo

* Not tested in clinical studies

« Inhibitors of IDO, cyclin D1 and WNT/B-catenin (ZnPP)
CrDP — chromium deuteroporphyrin; CrMP — chromium mesoporphyrin; CrPP — chromium protoporphyrin, CYPs — Cytochromes P450; IDO — indoleamine
2,3-dioxygenase; NOS — nitric oxide synthase; sGC — soluble guany! cyclase; SnDP — tin deuteroporphyrin; SnMP — tin mesoporphyrin; SnPP — tin protoporphyrin,
ZnDP — zinc deuteroporphyrin; ZnMP — zinc mesoporphyrin; ZnPP; ZnPP — zinc protoporphyrin; SMA-ZnPP — styrene maleic acid ZnPP; PEG-ZnPP — polyethylene

glycol ZnPP

F4/80low CD206-) with anti-tumorigenic effectiveness
[98]. Interestingly, recent study done by the group of Di
Biase et al. showed that fasting-mimicking diet combined
with chemotherapy triggers immune response against
breast and melanoma cancer via an increase in lymphoid
progenitor cells and CD8+ cytotoxic T lymphocytes. This,
at least partially, was associated with downregulation of
HO-1, also confirmed by the application of ZnPPIX [99].

Although all described so far effects of metalloporphy-
rins on anti-tumor immune response have been ascribed to
specific HO-1 inhibition, one cannot exclude their unspecif-
ic mode of action. Indeed, Metz et al. have demonstrated
that ZnPPIX specifically inhibits indoleamine 2,3-dioxygen-
ase (IDO) enzyme, which is thought to favor immune escape
in many types of tumors. The application of ZnPPIX and, as
the results, inhibition of IDO in vivo in melanoma-bearing
mice, resulted in anti-tumor effectiveness related to T-cell
function, rather than HO-1 inhibition [100].

In order to enhance the progress in understanding
the role of HO-1 in different pathological conditions, new,
non-porphyrin-based class of HO inhibitors, without some
drawbacks of MPs, were synthesized and evaluated. First
was azalanstat which is an imidazole-dioxolane compound
[101]. Based on its structure, and by changing the substit-
uents, many new, preferentially more selective for HO-1
isoform inhibitors were designed [102, 103]. Noteworthy,
some of the compounds exhibit low or even no inhibitory
activity on NOS, CYPs, and sGC, what is one of the major
advantages over MPs [104] (Fig. 3, Table 1).

For the last couple of years, a lot of new inhibitors were
developed, starting with QC-308 [105] or QC-13 [106]. All of
these inhibitors differ in their potency to inhibit HO activi-
ty, their stability, eventual cytotoxicity and specificity [88].
One of the things that combine them all is the proposed

mechanism of action. Imidazole-dioxolane derivatives
act as non-competitive agents by binding to the distal
side of heme and eventually causing displacement of the
critical for catalysis (heme oxidation) water ligand [107].
Moreover, developed inhibitors are soluble and stable in
physiological solutions [88]. Potent antitumor effect of
imidazole-based HO-1 inhibitors was confirmed recently
in prostate and breast cancer cell lines, however, the con-
centration of used compounds was quite high [108]. Ad-
ditionally, promising antitumor effects were obtained for
compound referred as OB-24. Inhibition of HO-1 activity in
hormone-refractory prostate cancer resulted in decreased
proliferation, viability and invasiveness of cancer cell in
vitro. Furthermore, treatment of tumor-bearing mice with
OB-24 significantly reduced growth and metastasis of tu-
mors in vivo and this effect was potentiated together with
the treatment with Taxol [109].

Nevertheless, we still lack detailed data on the phar-
macokinetics, biodistribution and safety of this new class
of inhibitors. For the last few years, our group was also
involved in the study concerning searching for the new HO
activity inhibitors. Until this day, we obtained some prom-
ising results which still require further validation.

Summary

As summarized in this review, inhibition of HO-1 can be
considered as a potential anticancer strategy in various
cancer types through several possible mechanisms (Fig. 4).
Genetic inhibition of HMOX1 by shRNA approach, although
has shown promising, anticancer effectiveness is still far
from the therapeutic application. On the other hand,
pharmacological inhibition of HO activity was shown to
be effective, but due to the several limitations of known
metalloporphyrin inhibitors, the advantage of this strate-
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gy is also doubtful. A better alternative may provide nov-
el, small inhibitors of HO activity; however, a substantial
number of studies is still needed to drive any conclusions
about their anticancer effectiveness and potential thera-
peutic application.
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