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Cancer is one of the leading causes of death worldwide, accounting for nearly 10 million
deaths in 2020. Therefore, cancer therapy is a priority research field to explore the biology
of the disease and identify novel targets for the development of better treatment strategies.
Mortalin is a member of the heat shock 70 kDa protein family. It is enriched in several types
of cancer and contributes to carcinogenesis in various ways, including inactivation of the
tumor suppressor p53, deregulation of apoptosis, induction of epithelial–mesenchymal
transition, and enhancement of cancer stemness. It has been studied extensively as a
therapeutic target for cancer treatment, and several types of anti-mortalin molecules have
been discovered that effectively suppress the tumor cell growth. In this review, we 1)
provide a comprehensive sketch of the role of mortalin in tumor biology; 2) discuss various
anti-mortalin molecules, including natural compounds, synthetic small molecules,
peptides, antibodies, and nucleic acids, that have shown potential for cancer
treatment in laboratory studies; and 3) provide future perspectives in cancer treatment.
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INTRODUCTION

Mortalin is a heat-uninducible member of the heat shock 70 kDa (HSP70) protein family. Although it
is not a heat-activated protein, it is identified as a member of HSP70 because of its sequence
similarity. Mortalin is located in the mitochondria, endoplasmic reticulum, plasma membrane,
cytoplasmic vesicles, and cytosol and exhibits a differential subcellular distribution pattern in normal
and transformed human cells (Ran et al., 2000; Wadhwa et al., 2002). It was initially cloned as a pan-
cytosolic mortalin-1/mortality factor (mot-1) that induced senescence in immortalized mouse
fibroblasts (Wadhwa et al., 1993a; Wadhwa et al., 1993b). Perinuclear mortalin (mot-2), which
differs from mot-1 by two amino acids at the C-terminus (V618M and R624G), was identified later.
In contrast to mot-1, it causes malignant transformation of immortalized mouse fibroblasts and
enhances the longevity of human fibroblasts in vitro (Kaul et al., 1998; Yokoyama et al., 2002; Kaul
et al., 2003). In contrast to mouse mortalin (mot-1 and mot-2), human cells were shown to possess
only one kind of mortalin that was found to possess transforming activity similar to that of mouse
mot-2 and was thus called hmot-2. Based on its subcellular localization, mortalin interacts with
multiple proteins, including tumor suppressor p53, fibroblast growth factor-1, interleukin-1 receptor
type 1, glucose-regulated protein 94, translocase of inner mitochondrial membrane (TIM)-44, and
TIM23 (Kaul S et al., 2007) and is associated with diverse molecular pathways.

Through several signaling pathways, mortalin induces proliferation, migration, stemness,
epithelial–mesenchymal transition, and angiogenesis in cancer cells (Wadhwa et al., 2006; Kaul
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S et al., 2007; Rozenberg et al., 2013; Na et al., 2016; Yun et al.,
2017). Mortalin sequesters p53 in the cytosol of cancer cells and
inhibits its translocation to the nucleus, thus hampering several
functions of p53, including transcriptional activation, centrosome
duplication, and apoptosis in cancer cells (Wadhwa et al., 1998;
Ma et al., 2006; Lu et al., 2011a; Lu et al., 2011b; Yang et al., 2011).
Furthermore, it increases Ras activity and regulates the Raf/
mitogen-activated protein kinase (MEK)/extracellular signal-
regulated kinase (ERK) pathway to promote the proliferation
of cancer cells and protect them from apoptosis (Ichihara et al.,
2004; Wu et al., 2013). Mortalin can also enhance the activities of
telomerase and heterogeneous ribonucleoprotein K (hnRNP-K),
which are related to the malignant transformation of human
cancer cells (Ryu et al., 2014). It is associated with an increase in
the expression levels of mesenchymal markers and
downregulation of the expression levels of epithelial markers,
resulting in increased stemness and metastasis of cancer cells (Na
et al., 2016; Yun et al., 2017).

Based on the above findings, mortalin has been investigated as
a potential therapeutic target in various modalities, such as
natural compounds, chemical compounds, nucleic acids,
peptides, and antibodies, for the treatment of cancer. This
review examines the molecular mechanisms underlying the
role of mortalin in carcinogenesis, explores current strategies
to target mortalin for the treatment of cancer in preclinical stages,
and discusses future perspectives and directions for the successful
application of mortalin-targeted therapeutics in the clinical
setting.

ROLE OF MORTALIN AS A THERAPEUTIC
TARGET

Mortalin is a highly upregulated protein in various cell types and
tumor tissues of patients with cancer (Wadhwa et al., 2006). In
laboratory studies, the overexpression of mortalin in cancer cells
enhances their malignant properties, such as increased
proliferation, migration, and invasion, via various cancer
signaling pathways. Wadhwa et al. (1998) demonstrated a
novel mechanism of p53 inactivation by mortalin in cancer
cells (Wadhwa et al., 1998). They showed that perinuclear-
distributed mortalin (hmot-2) binds to p53 in the cytoplasm
and nucleus of human cancer cells, thereby inactivating the tumor
suppressor activities of p53. Notably, mortalin and p53 are
colocalized in immortalized and malignantly transformed cells,
whereas normal cells do not show such colocalization of the two
proteins, accounting for selective targeting of these proteins for
cancer therapy (Ichihara et al., 2004; Lu et al., 2011a; Lu et al.,
2011b). In vitro reporter assays of p53 revealed that the exogenous
expression of hmot-2 downregulates the transcriptional
activation of p53, as determined by p53-responsive genes
(p21WAF−1 and hdm-2). Mortalin directly binds to p53 and
inhibits its nuclear translocation, which leads to its
transcriptional activation. Molecular analysis revealed the
mortalin and p53-binding domains, wherein N-terminal
amino acid residues (325–355) of mortalin bind to the
C-terminal amino acid residues (355–393) of p53 (Iosefson

and Azem, 2010). Ma et al. further identified that mortalin is
specifically associated with duplicated centrosomes, which is
reported in most human cancer types and is a major cause of
chromosome instability in cancer cells (Ma et al., 2006; Denu
et al., 2016). Excessively expressed mortalin reverses the p53-
dependent suppression of centrosome duplication, as binding of
mortalin and p53 can dsirupt the interaction between p53 and
centrosome. Mortalin is involved in the uncontrolled duplication
of the centrosome, which is a hallmark of cancer. Interestingly,
mortalin itself is localized in the nuclei of cancer cells, where it
contributes to increased proliferation and oxidative stress
tolerance in cancer cells (Ryu et al., 2014). Ryu et al. have
shown that cancer cells expressing a mortalin mutant, which
lacks a mitochondrial-targeting signal peptide and is largely
localized in the nucleus (hmot-N), exhibits tolerance against
oxidative stress and increased malignant properties. hmot-N
protects the cancer cells against endogenous and exogenous
oxidative stress. Furthermore, hmot-N-expressing cells show a
rapid proliferation rate, colony forming efficacy, motility, and
tumor forming capacity in vitro, which is also translated to
increased tumor growth and aggressive metastasis in mouse
tumor models. Nuclear mortalin activates telomerase and
hnRNP-K proteins, thereby contributing to the malignant
phenotype of cancer cells (Abdullah et al., 2015).

Mutations in p53 are the most common genetic events that
promote carcinogenesis. Several mutants exhibit growth arrest
and apoptotic activities. However, several other factors, such as
binding to other proteins, cause the inactivation of these
functions of mutant p53 forms (Mantovani et al., 2019). In
this context, the binding of mortalin to mutant forms of p53
was examined, and it was reported that mortalin inhibited p53-
mediated tumor cell-specific apoptosis in cells harboring both
wild-type and mutant p53 proteins. Downregulation of mortalin
in these cell types activates p53 pathways and causes either
growth arrest or apoptosis in cancer cells (Lu et al., 2011a; Lu
et al., 2011b). Mortalin activates the phosphatidylinositol 3-
kinase (PI3K)/AKT pathway and facilitates its crosstalk with
the Raf/MEK/ERK pathway (Yang et al., 2011). Mortalin-
mediated activation of the PI3K/AKT pathway can suppress
the conformational changes in the Bcl-2-associated X (Bax)
protein and block cytochrome c release, ultimately inhibiting
mitochondria-mediated apoptosis. Mortalin regulates the ERK-
mediated transcriptional activation of hypoxia inducible factor-
1α (HIF-1α) (Mylonis et al., 2017). When ERK is inactivated,
mortalin binds to HIF-1α and associates with voltage dependent
anion channel 1 (VDAC1) and hexokinase II, which are located in
the outer mitochondrial membrane (Mylonis et al., 2017). This
complex (mortalin–VDAC1–hexokinase II–HIF-1α) confers
resistance to apoptosis in cancer cells. The correlations among
mortalin expression levels, carcinogenesis, metastatic potential,
and tumor recurrence have been well documented. The Cancer
Genome Atlas (TCCA) and Human Protein Atlas analyses
revealed that cancer cells acquiring metastatic potential are
closely correlated with the expression levels of mortalin (Na
et al., 2016). Mortalin/HSP9A gene locus and mRNA
expression were frequently amplified in cancer patients;
upregulation of mRNA was most frequent. Interestingly,
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human protein atlas indicates that the level of HSPA9 (mortalin)
can be unfavorable (breast cancer) or favorable (colorectal
cancer). The P score, which demonstrate correlation of mRNA
expression level and patient survival rate, is higher in the
population of colorectal cancer patient (P score: 0.00045) than
that of breast cancer patient (P score: 0.00029). Further, the
overexpression of mortalin causes an increase in the migration
and invasion of cancer cells via upregulation of the expression
levels of proteins, such as focal adhesion proteins, as well as the
PI3K-Akt and JAK-STAT signaling pathways. Mortalin enhances
the expression levels of mesenchymal markers (vimentin,
fibronectin, and β-catenin), while downregulating the
expression levels of epithelial markers (E-cadherin, CK8, and
CK18), contributing to epithelial–mesenchymal transition and
cancer metastasis. Moreover, mortalin overexpression causes an
increase in cancer cell stemness by enhancing the expression
levels of stem cell markers, such as ATP binding cassette
subfamily G member 2 (ABCG2), POU class 5 homeobox 1
(POU5F1/OCT-4), CD133, aldehyde dehydrogenase 1 (ALDH1),
CD9, ATP binding cassette subfamily C member 1 (ABCC1/
MRP1), and connexin (Yun et al., 2017). It also caused drug
resistance in cancer cells and ability to form spheroids.

Thus, mortalin promotes cancer activities via multiple
pathways. These include binding to p53, inhibiting its nuclear
localization and transcriptional activation, inhibition of
centrosome duplication, and apoptosis. Based on the extensive
findings described above, mortalin has been considered a
promising candidate target for the development of anticancer
drugs. Several therapeutic platforms targeting mortalin at the
preclinical stage are described in the following sections.

THERAPEUTIC PLATFORMS FOR
TARGETING CANCER

Natural Compounds
The most current standard therapies for cancer are
chemotherapeutic drugs. However, chemotherapy can cause
severe adverse effects. Therefore, the development of new
natural compounds is necessary to control the exponentially
increasing incidence of cancer worldwide. The traditional
natural anticancer compound that targets mortalin is the extract
of Ashwaganda (Withania somnifera: Solanaceae). Ashwagandha
are steroidal alkaloids and lactones, a class of chemicals known as
withanolides (Kulkarni and Dhir, 2008). Withaferin A (Wi-A) and
Withanone (Wi-N) are structurally similar to anolides isolated
from Ashwagandha. Wi-A induces apoptosis (Adams et al., 2002;
Malik et al., 2007; Srinivasan et al., 2007; Yang et al., 2007), and
inhibits Notch-1 signaling exerting downregulation of Akt/nuclear
factor-kB/Bcl-2 pathways (Koduru et al., 2010). It further
suppresses inflammation by inhibiting NO production and
inducible nitric oxide synthase expression by blocking Akt and
NF-kappa B activity (Oh et al., 2008). Wi-A inhibits chymotrypsin
like proteasomal activity, protein kinase C, and Akt and Raf-1
pathways, leading to tumor suppression by induction of apoptosis
and cell adhesion (Adams et al., 2002; Sen et al., 2007). Wi-A and
Wi-N showed different activities in human normal and cancer cells

(Vaishnavi et al., 2012). Wi-A showed strong cytotoxicity in both
cancer and normal cells. It showed significant anti-migratory, anti-
invasive, and anti-angiogenic activities in both in vitro and in vivo
assays (Yang et al., 2012; Kim et al., 2016). Wi-N, however, showed
milder cytotoxicity and selective killing of cancer cells. Through
combination treatment ofWi-NwithWi-A, the cytotoxicity ofWi-
A was reduced in normal cells, while retaining their anticancer
potential in cancer cells (Gao et al., 2014). Furthermore,
combination of Cucurbitacin with Wi-N could induce
senescence in cancer cells, leading to inhibition of tumor
growth in A549 tumor xenograft model (Bhargava et al., 2019).
Ashwagandha alcoholic leaf extract (i-Extract), enriched in Wi-N,
was shown to selectively kill cancer cells and interact with p53,
hmot-2, p21WAF1, and Nrf2 (Sen et al., 2007; Widodo et al., 2008;
Widodo et al., 2010). Especially, there are at least five different
pathways involved in i-Extract-mediated kill cancer cells, including
p53 signaling, GM-CFS signaling, death receptor signaling,
apoptosis signaling and G2-M DNA damage regulation pathway
(Widodo et al., 2008). The i-Extract, fraction F1, fraction F4 and
i-Factor caused an abrogation of mortalin-p53 interactions and
reactivation of p53 function while the fractions F2, F3, F5 work
through other mechanisms. Further, the results of bioinformatics
revealed that i-Extract-mediated cancer cell killing was closely
linked with the ROS signaling and induction of oxidative stress
(Widodo et al., 2010). Collectively, these results demonstrated that
i-Extract and Wi-N could enhance anti-tumor effect via both p53-
dependent and -independent pathways.

Caffeic acid phenethyl ester (CAPE; C17H16O4), a key
bioactive ingredient of New Zealand honeybee propolis, can
disrupt the mortalin–p53 complex, leading to the translocation
and activation of p53 in the nucleus (Li et al., 2010;Wadhwa et al.,
2016). Therefore, it can activate DNA damage signaling in
cancer cells. CAPE can also be combined with Wi-A that is
cytotoxic to both cancer and normal cells (Sari et al., 2020). Wi-A
and CAPE cause inactivation of PARP-1-mediated DNA repair,
resulting in accumulation of DNA damage and activation of
apoptosis signaling. Although CAPE has been utilized in
monotherapy or combination therapy, it is not stable in
culture medium and is easily degraded into caffeic acid
(C9H8O4) by secreted esterase, making it unsuitable for cancer
treatment. To this end, Ishida et al. complexed CAPE with γ-
cyclodextrin (γCD) to enhance the activity of CAPE (Ishida et al.,
2018). The γCD-complexed CAPE showed high efficacy in anti-
tumor and anti-metastasis assays in vitro and in vivo.
Furthermore, cytotoxicity of the CAPE-γCD complex to a
wide range of cancer cells is stable in an acidic milieu,
showing that it can be a potent anticancer agent.

Similar to CAPE, artepillin C (ARC) from Brazilian green
propolis docks into and abrogates mortalin-p53 complexes
through multiple hydrogen bonds and hydrophobic
interactions, causing the activation of p53 and growth arrest of
cancer cells (Bhargava et al., 2018). ARC and green propolis-
supercritical extract (GPSE) demonstrated high cytotoxicity
in vitro. GPSE-conjugated γCD (GPSE-γCD) exhibited more
potent anticancer activity than purified ARC. These data
suggest that the bioactive ingredient of propolis can be used as
a natural efficient and welfare anti-tumor composite.
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Abdullah et al. reported that veratridine (VTD), an alkaloid
derived from the Liliaceae plant, exerts potent cancer
chemosensitivity via UBX domain protein 2A (UBXN2A)-
dependent inhibition of mortalin (Abdullah et al., 2015). VTD
enhances the transactivation of cytoplasmic UBXN2A, where
UBXN2A binds and inhibits mot-2 oncoprotein. The
combination of VTD with a suboptimal dose of the standard
chemotherapy, 5-Fluorouracil (5-FU), and etoposide
demonstrated a synergistic effect. UBXN2A and cytoplasmic
mot-2 protein levels are low in tumor tissues; thus, VTD
could enhance tumor-specific toxicity, while normal cells
remain intact. Furthermore, VTD or its modified analogs offer
a valuable adjuvant chemotherapy strategy to improve the
efficacy of 5-FU-based chemotherapy in colon cancer patients
harboring WT-p53. Therefore, VTD-mediated UBXN2A
expression may serve as a novel target for colon cancer treatment.

Targeting mortalin via Embelin, a natural quinone, could
increase the nuclear translocation of p53, leading to growth
arrest of cancer cells (Nigam et al., 2015). Bioinformatics and
molecular docking analyses demonstrated that binding of
embelin to the mortalin/p53 complex abolishes the complex,
resulting in nuclear translocation and transcriptional activation
of p53. Furthermore, embelin-treated cells showed
downregulation of growth factors and metastatic signaling
pathways, indicating that embelin could be a promising
therapeutic target of mortalin for the treatment of cancer
metastasis.

Fucoxanthin, found in marine organisms, suppresses the
transcriptional activity of mortalin, thus activating p53
function in cancer cells (Wang et al., 2014; Garg et al., 2019).
As a result, fucoxanthin-mediated downregulation of mortalin
caused a decrease in the hallmark proteins associated with cell
proliferation and survival. The migration and invasion of cancer
cells was also decreased by treatment of fucoxanthin. Of note, the
anti-growth and anti-migration effects of Fucoxanthins on cancer
cells are irrespective of the p53 status of cancer cells, indicating
that mortalin is one of the targets among various fucoxanthin’s
target genes (Garg et al., 2019). Furthermore, fucoxanthin is not
toxic to normal cells, demonstrating its cancer cell-specific killing
effects. These data suggest that the cancer therapy regimen may
benefit from the recruitment of fucoxanthin; hence, it warrants
further attention for basic mechanistic studies and drug
development.

Chemical Compounds
MKT-077 (C21H22ClN3OS2) is a classic chemical inhibitor of
mortalin, which functions by eliminating mortalin–p53
interactions but does not alter the expression of mortalin
(Miyata et al., 2013). MKT-077 exhibits significant anti-tumor
activity in a variety of in vitro and in vivo (Koya et al., 1996; Tikoo
et al., 1999; Tikoo et al., 2000). It binds to mot-2 and abrogates its
interaction with the tumor suppressor protein p53. In cancer
cells, but not in normal cells, MKT-077 induces the release of
wild-type p53 from p53-mot-2 complexes and rescues its
transcriptional activation (Wadhwa et al., 2000). MKT-077
could further overcome the limitations of photodynamic
therapy (PDT), such as low specificity and resistance, which

are mainly associated with oxidative stress. The cancer cell
viability was permanently reduced by the MKT-077 in a dose-
dependent manner by inducing apoptosis or necrosis, mainly
under oxidative stress conditions. MKT-077-mediated inhibition
of mortalin could also cause a decrease in drug resistance in
cancer cells.

Mortaparib was identified by screening a chemical library of
compounds that have the potential to abrogate cancer cell-
specific mortalin-p53 interactions. It exerts p53 enrichment in
the nucleus and shifts mortalin from perinuclear to pan-
cytoplasmic. Intriguingly, it targets mortalin, poly ADP-ribose
polymerase-1 (PARP-1), and mortalin-PARP-1 interactions,
resulting in PARP-1 inhibition that triggers growth arrest/
apoptosis signaling. Mortaparib-treated cells showed inhibition
of cancer cell migration, metastasis, and angiogenesis in vitro.
More importantly, mortaparib demonstrated potent anti-tumor
and anti-metastatic effects in tumor xenograft models. This
research marked the discovery of mortaparib as the first dual
inhibitor of mortalin and PARP-1, exhibiting its molecular
mechanism of action and demonstrating in vitro and in vivo
tumor suppressor activity, ultimately emphasizing its potential as
an anticancer drug (Putri et al., 2019). A second member of the
Mortaparib class of mortalin inhibitors was also isolated from the
same screening. It was identified as a novel synthetic small-
molecule triazole derivative (4-[(1E)-2-(2-phenylindol-3-yl)-1-
azavinyl]-1,2,4-triazole) and named MortaparibPlus.
Bioinformatics and computational analyses predicted that
MortaparibPlus can competitively prevent the interaction of
mortalin with p53, as it interacts with the p53 binding site of
mortalin. MortaparibPlus, mediated by the activation of
p21WAF1 or BAX and PUMA signaling, induces growth
arrest and apoptosis, respectively (Elwakeel et al., 2021).
Furthermore, MortaparibPlus-induced cancer cell death occurs
through multiple mechanisms, including the inhibition of PARP-
1, upregulation of p73, and the downregulation of mortalin and
CARF proteins that play critical roles in carcinogenesis.

SHetA2 (NSC 726189), a small-molecule drug that disrupts
mortalin/p53 complexes in ovarian cancer cells (Ramraj et al.,
2020), is currently being developed for clinical applications based
on its induction of apoptosis in cancer cells, whereas its effect on
healthy cells is limited to G1 cell cycle arrest (Guruswamy et al.,
2001; Liu et al., 2009; Masamha and Benbrook, 2009). Its
methylated analog, PRIMA-1MET (APR-246), exhibited
cytotoxicity and synergy with chemotherapy in cancer cell
lines and is undergoing clinical investigation (Bykov et al.,
2005). For the treatment of high-grade serous ovarian cancer
(HGSOC), which has TP53 gene mutations with 96–100%
frequency, PRIMA-1MET, a p53 reactivator that modifies
amino acids in the mutant p53 core domain, was combined
with SHetA2. In the orthotopic ovarian tumor model, untreated,
SHetA2-, and PRIMA-1MET-treated mice showed tumor-free
rates of 0, 25, and 42%, respectively. Interestingly, a 67% tumor-
free rate was observed in the combination treatment with SHetA2
and PRIMA-1MET, indicating its ability to prevent tumors. This
study demonstrated that dual targeting mortalin/p53 complexes
and mutant p53 can be an alternative treatment strategy for
HGSOC.
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Peptides
Nef is secreted from infected cells in exosomes and is abundant in
the serum of HIV-infected individuals. The secretion
modification region (SMR; amino acids 66–70) of Nef, which
is required for secreted exosomal Nef, induces apoptosis in
uninfected CD4 + T cells (Shelton et al., 2012). SMR-derived
peptides can block extracellular vesicle secretion and mediate cell
cycle arrest in MDA-MB-231 and MCF-7 breast cancer cells.
Notably, this peptide was found to disrupt the interaction of HIV-
1 Nef with mortalin. Based on this finding, a series of peptides
derived from SMR was developed by adding a polyethylene glycol
(PEG)-complexed clusterin-binding peptide (CLU). Exposure to
SMR-CLU antagonized the functions of mortalin, blocking tumor
extracellular vesicle release and extracellular vesicle-mediated
release of complement. This leads to a decrease in breast
cancer cell metastasis and allows the standard treatment of
these late-stage tumor cells, thus having important clinical
implications for breast cancer chemotherapy. Furthermore,
PEG-SMRwt-CLU peptides inhibited the growth of human
breast cancer cells and blocked tumor exosome release in vitro
(Huang et al., 2017). The peptide alone did not cause increased
cytotoxicity or apoptosis induction, but it did cause cell cycle G2/
M phase arrest in both estrogen-responsive and non-responsive
breast cancer cells. Furthermore, the SMRwt peptides increased
the sensitivity of breast cancer cells to cisplatin and paclitaxel.
These data suggest a potential therapeutic value of SMR in
preventing breast cancer metastasis and as an adjuvant for the
chemotherapeutic treatment of human breast cancer.

Interestingly, two mortalin-mimetic peptides (Mot-P2 and
Mot-P7) with amino acid sequences predicted to be involved
in the interactions of mortalin were designed to induce
cytotoxicity in malignant cells (Jubran et al., 2020). Both Mot-
P2 and Mot-P7 significantly enhanced antibody-mediated and
complement-dependent cell killing in peptide-treated cancer
cells. Mot-P2 and Mot-P7 increase necrotic cell death, leading
to plasma membrane perforation, mitochondrial inner
membrane depolarization, and decreased ATP levels.
Furthermore, the combination of rituximab-mediated
complement-dependent cytotoxicity with Mot-P2 or Mot-P7
resulted in increased cell death. Therefore, these studies
identified highly cytotoxic mortalin-mimetic peptides that may
be used as monotherapy or in combination with complement-
activating antibody therapy to target mortalin for precision
cancer therapy. Therefore, the reported mortalin-mimetic
peptides may be combined as adjuvants with complement-
activating antibody therapy to better target breast cancer.

Antibodies
Antibody internalization is required for the success of many targeted
therapeutics, such as immunotoxins, immunoliposomes,
antibody–drug conjugates, and for targeted delivery of genes or
viral DNA into cells (Nielsen and Marks, 2000). Shitota et al.
reported that mortalin is expressed in aggressive and metastatic
cancer cells and can bind to unique anti-mortalin antibodies
(MotAbs), leading to their internalization into cells (Shiota et al.,
2007). Internalizingmortalin Ab (i-mot Ab) can be employed for the
internalization of quantum dots (Qdots) (Kaul Z et al., 2007). The

Qdot-conjugated MotAb was visible even after multiple divisions
and was nontoxic to cells, making it a sensitive tool for long-term
molecular imaging. More importantly, owing to its ability to
internalize into cancer cells, i-mot Ab has been suggested as a
novel vehicle for the targeted delivery of candidate anticancer drugs.
The cationic polymer polyethylenimine (PEI) and i-mot Ab
complex have been employed for gene delivery, demonstrating
enhanced transgene expression in mortalin-positive cells (Shiota
et al., 2007). These studies suggest that the i-mot Ab can be a
promising target moiety for the vehicle of candidate anticancer
drugs. To this end, i-mot Ab was utilized to generate mortalin-
targeting nanoparticles loaded with CAPE, which has been
previously discussed as a natural inhibitor of the mortalin–p53
interaction (Wang et al., 2020). In this study, the specific interaction
between i-mot Ab on the surface of vehicle and mortalin on the
surface of cancer cells increased the cellular uptake of CAPE into
cancer cells, causing a strong dose-dependent growth arrest and
apoptosis of cancer cells and downregulation of proteins involved in
cell migration. As a result, CAPE-MotAb revealed significantly
enhanced suppression of tumor growth, indicating that these
novel CAPE-MotAb nanoparticles may serve as potent anticancer
nanomedicines.

Nucleic Acids
Lu et al. found mortalin–p53 interactions in liver tumors and five
hepatocellular carcinoma (HCC) cell lines harboring mutant p53.
They showed that the mortalin-p53 interaction is absent in normal
liver and immortalized normal hepatocytes. These phenomena
indicated that mortalin–p53 interactions is cancer specific, making
it a promising target for cancer treatment (Lu et al., 2011a; Lu et al.,
2011b). Based on these results, they established mortalin targeting
strategies using small hairpin RNA (shRNAs). In HCC, shRNA-
mediated mortalin silencing induces mutant p53-mediated tumor-
specific apoptosis (Lu et al., 2011a). Based on these results, several
studies have used shRNA to develop potent mortalin-targeting
strategies. shRNA against mortalin was utilized to enhance
chemosensitization of cisplatin into cancer cell lines (Lu et al.,
2011b). Furthermore, dual targeting of mortalin (HSC70) and
HSP72 inhibits HSP90, which plays a key role in ensuring the
correct conformation, stability, and activity of many well-defined
oncogenic client proteins, ultimately resulting in the induction of
tumor-specific apoptosis (Powers et al., 2008). Furthermore,
mortalin was knocked down by specific shRNA-sensitized cells,
making it less migratory and more responsive to a variety of
chemotherapeutic drugs (Yun et al., 2017). shRNA silencing of
mortalin reduced cancer cell stemness by downregulating ABCG2,
OCT-4, CD133, ALDH1, CD9, MRP1, and connexin expression
levels, leading to a higher ability to form spheroids (Yun et al.,
2017). These studies suggest that targeting mortalin-p53
interactions using shRNA may be a promising strategy for
cancer therapy.

Although the shRNA technique that offers sequence-specific
degradation of messenger RNA has been successfully applied to
cancer owing to its high specificity and efficacy, the application of
small interfering RNA (siRNA) in clinical settings remains
challenging owing to its short half-life (Izquierdo, 2005;
Kanasty et al., 2013). In these premises, developments of
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efficient siRNA delivery systems that overcome this limitation
have been initiated (Kanasty et al., 2013). One of these is a
shRNA-expressing viral vector system, in which vector-mediated
expression of shRNA provides prolonged and high levels of RNAi
expression in target tissues. Among several viral vectors currently
being evaluated in various phases of clinical trials, an oncolytic
adenovirus is preferred because of its ability to preferentially
replicate in and lyse cancer cells. (Kim et al., 2002; Kim et al.,
2003; Kasala et al., 2014). To this end, we previously
demonstrated that the delivery of shRNA via the oncolytic
adenovirus led to effective silencing of target genes in cancer
cells and reduced tumor growth (Yoo et al., 2007; Yoo et al., 2008;
Lee et al., 2015). The oncolytic adenovirus, which harbors the
E1A and E1B-double mutation and expresses shRNA against
mortalin (mot-Adon), was constructed (Yoo et al., 2007). Mot-
Adon efficiently downregulated mortalin expression and elicited
enhanced cancer cell-killing effect, without affecting the normal
cells. More importantly, it demonstrated a potent anti-tumor
effect in a mortalin-overexpressing breast tumor model. The anti-
tumor effect is caused by enhanced apoptosis, reactivation of p53,
and suppression of microvessel formation. Together, these results
demonstrate that the oncolytic adenoviral vector combined with
shRNA against mortalin can be used as a new platform for tumor
therapy (Figure 1).

CONCLUSION AND FUTURE
PERSPECTIVES

This review highlights the critical role of mortalin in cancer
biology and the significant improvements made in the

development of a therapeutic platform to target mortalin.
These improvements have greatly enhanced the efficacy of
mortalin-targeted cancer therapies. However, each approach
still needs to be assessed to verify its safety. To assess whether
mortalin is suitable as a drug target in clinical settings, the
following criteria should be fulfilled (Deocaris et al., 2013).
First, the role of mortalin during cancer progression should be
well defined in a tissue- and stage-dependent manner. Second, the
therapeutic outcome and safety profiles of targeting mortalin in a
therapeutic protocol must be determined. To achieve this, it is
crucial to establish a detailed treatment scheme, specifying the
number/interval/cycle/route of treatment and combination drugs
that maximize the therapeutic efficacy of mortalin targeting.
Moreover, the pharmacokinetic properties, biodegradability,
biodistribution, and toxicity of mortalin-targeting strategies
must be assessed. Finally, favorable surface properties that
facilitate therapeutic platform docking with high affinity and
specificity should be determined. Collectively, the
aforementioned criteria of mortalin-targeting therapeutic
platforms that require innovative designs that incorporate the
specific strengths of each approach while mitigating their
individual drawbacks must be extensively studied to facilitate
the use of such mortalin-targeting therapeutic platforms in future
clinical trials.
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FIGURE 1 |Mortalin-expressing oncolytic adenovirus. Active infection and replication of oncolytic adenovirus in tumor cells results in tumor-specific viral replication
and oncolysis. Along with viral replication, the expression of shorthairpin RNA (shRNA) against mortalin is also restricted in cancer cells, resulting in decreased non-
specific expression of shRNA and adverse side effects. shRNA against mortalin can reduce the proliferation, migration, stemness, and epithelial–mesenchymal transition,
while enhancing the anti-angiogenesis and apoptosis in cancer cells. Collectively, oncolytic adenovirus-mediated oncolytic properties and shRNA against mortalin-
mediated anticancer properties can synergistically regulate the anti-tumor effects on cancer cells.
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