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lines in the US National Cancer Institute. It is a candidate for clinical
trials for the treatment of ovarian cancer. SHetA2 induces both intrinsic (mitochondrial mediated) and extrinsic (death receptor mediated)
apoptosis pathways in cancer cells with low toxicity and differential
activity against malignant versus normal cells. Heat shock protein
HSPA9 (mortalin), which interacts with the tumor protein p53, has
been found to be the receptor protein of SHetA2. Binding of SHetA2
to mortalin interrupts p53-mortalin interaction, releasing protein p53
to nucleus where it initiates apoptosis. In this article, the chemistry
evolution, anti-cancer activity, biological mechanism, and development of better analogues of Flex-Hets are reviewed.
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Retinoids are natural or synthetic vitamin A derivatives with
clinically proven anti-cancer activities. However, the toxicity of
retinoids has limited their application in vivo. Attempts to improve
anticancer activities of retinoids while reducing their toxicity have
resulted in modifications of retinoids. Heteroatom substitution on
the ring in retinoids structure leads to generation of a new class
called heteroarotinoids with dramatically lowered toxicity. Further
modification led to generation of flexible heteroarotinoids (FlexHet). Flex-Hets contain a flexible linker between the heteroatom
ring and aryl ring. A variety of Flex-Hets has been tested and among
all, N-(3,4-dihydro-2,2,4,4,-tetramethyl-2H-1-benzothiopyran-6-yl)N’(4-nitrophenyl)thiourea, also known as SHetA2, has been the most
promising compound with the highest anti-cancer activity until recent
development of better analogues. SHetA2 is effective against all of
over 60 cancer cell lines in the US National Cancer Institute[1] and it
is a candidate for clinical trials for the treatment of ovarian cancer. It
induces both intrinsic (mitochondrial mediated) and extrinsic (death

INTRODUCTION

ABSTRACT
Retinoids have clinically proven anti-cancer activities. However, the
toxicity of retinoids hinders their application in vivo. Heteroatom
substitution on the ring structure in retinoids has resulted in a new
class of chemical called heteroarotinoids, which have dramatically
lower toxicity. Further modifications have led to flexible heteroarotinoids (Flex-Het). Flex-Hets contain a flexible linker between the
heteroatom ring and aryl ring. Among all Flex-Hets, SHetA2, which
contains a sulfur heteroatom and a thiourea linker, has been the most
promising compound with the highest anti-cancer activity until recently. It has been shown effective against all of over 60 cancer cell
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receptor mediated) apoptosis pathways in cancer cells[2]. It has low
toxicity to normal tissues and differential activity against malignant
versus normal cells [3,4]. SHetA2 has been shown to interfere
and interact with the activity of the heat shock protein HSPA9
(mortalin)[5]. Mortalin on the other hand interacts with the tumor
protein p53 in a concentration-dependent manner[6]. One pathway
for the compounds to inhibit the growth of cancer cells in vitro is
by displacing p53 from mortalin. Binding of SHetA2 to mortalin
interrupts p53-mortalin complex, allowing p53 to migrate to the
nucleus where it initiates apoptosis. However, interactions of mortalin
with other client proteins, such as Bcl-2 and p66shc, may also impact
cell apoptosis[5]. Here we review the chemistry evolution, anti-cancer
activity, and biological mechanism of heteroarotinoids, specifically
SHetA2. Mortalin-SHetA2 interactions and its role in induction of
apoptotic are reviewed next. More recent efforts to design Flex-Het
analogues with improved properties are also summarized.

Flex-Hets CHEMISTRY EVOLUTION
SHetA2 belongs to a relatively new chemical class, flexible
heteroarotinoids, which have been evolved progressively from
retinoids to arotinoids, and to heteroarotinoids.
Retinoids are natural or synthetic vitamin A analogues/derivatives
with at least one aromatic ring. The study on retinoids originated
from the exploration of vitamin A metabolism [7] . Retinoids’
mechanism of action is through their interaction with two types of
nuclear receptors, the retinoic acid receptors (RARs) and the retinoid
X receptors (RXRs). As the regulators of these retinoid receptors,
retinoids have chemotherapeutic and chemopreventive properties in
a variety of cancers in animal models and human cell lines. Retinoids
regulate gene expression, control developmental, metabolic, and
differentiation mechanisms, and induce growth inhibition and
apoptosis in cancer cells in vivo and in vitro[8].
A retinoid molecule consists of a cyclic group, a polyene side
chain, and a polar end group (Figure 1). Naturally occurring retinoids
include Retinol (aka Vitamin A1), Retinal (Retinaldehyde), alltrans-retinoic acid (t-RA), 9-cis-retinoic acid (9-cis-RA), and
13-cis-retinoic acid (13-cis-RA, 2). They are shown to be potential
chemotherapeutic and chemopreventive agents[9-12].
However, the clinical applications of retinoids are limited due to
innate and acquired resistance in some malignant cells and significant
side effects associated with their activation of nuclear receptors,
such as teratogenicity and toxicity to skin, mucous membranes,
gastrointestinal system, liver, kidneys, hair, eyes, endocrine system,
and bone[13,14]. Efforts to minimize retinoids toxicity, to increase the
potency (i.e., to reduce the half-maximal inhibitory concentration
IC50), and to overcome resistance have led to design and synthesis of
novel retinoids[15], such as 6-[3-(1-adamantyl)-4-hydroxyphenyl]-2naphtalene carboxylic acid (AHPN/CD437), N-(4-hydroxyphenyl)
retinamide (Fenretinide or 4-HPR), bexarotene (LGD1069),
arotenoids, heteroarotenoids, and Flex-Hets. CD437 is a RARγ
activator that showed significant apoptosis-inducing activity in a
variety of cancer cells in vivo and in vitro[16,17]. The synthetic amide
of retinoic acid, Fenretinide, is a widely studied chemopreventive
agent that inhibits the growth of several human cancer cell lines.
Fenretinide induces apoptosis through both retinoid acid receptordependent and receptor-independent mechanisms[18]. It has good
efficacy (maximal inhibition of cancer cell growth) compared with
other retinoids, with no acute or severe toxicity and causes no liver
function abnormalities. However, Fenretinide showed a few side
effects in clinical trials including impaired dark adaptation (night

Figure 1 Natural retinoids. (A) retinol/vitamin A, (B) retinal/retinaldehyde,
(C) isotretinoin/13-cis-RA, (D) tretinoin/all-trans-retinoic acid (t-RA), and (E)
alitretinoin/9-cis-RA.

Figure 2 Synthetic arotinoid TTNPB (A) and heteroarotinoids (B).

blindness) resulted mainly from reduction of circulating retinol[19,20].
LGD1069 is a synthetic derivative of 9-cis retinoic acid that showed
more potency and less toxicity than its parent compound. However,
the compound showed limited therapeutic efficacy[21,22].
To improve upon retinoids, arotinoids (Figure 2A) were
synthesized by adding an aromatic ring to constrain the retinoic
acid double bonds of retinoids. The first arotinoid 4-[(E)-2-(5, 6,
7, 8-Tetrahydro-5, 5, 8, 8-tetramethyl-2-naphthalenyl)-1-propenyl]
benzoic acid known as TTNPB activates RARs instead of RXRs.
Arotinoids have better anticancer activity than retinoids but
intolerably higher toxicity[23,24].
Further attempts were made to develop mimics of trans-retinoic
acid and arotinoids with similar clinical effects but less toxicity and

231

Mashayekhi M et al . Anti-cancer Flex-Hets
side effects. To reduce toxicity, oxygen or sulfur replaced a carbon
atom in the tetrahydronaphthalene ring of TTNPB. The resulting
compounds were named heteroarotinoids (Hets) (Figure 2B)[25]. The
partially saturated aromatic ring can be five or six-membered, with
at least one heteroatom (O, S, N, etc.). The heteroatom can block
the benzylic oxidation of the parent arotinoids to toxic metabolites,
reducing in vivo toxicity by up to 1,000-fold, comparable to the level
of a natural retinoid, all-trans retinoid (t-RA)[25].
Heteroarotinoids have been tested against various cancer cell
lines such as kidney, lung, head and neck, and breast cancers and
showed high activity and low toxicity[26-29]. Hets have similar anticancer activity to retinoids by activating RARs and inducing gene
regulation[25,30]. Arotinoids and t-RA only activate RAR receptors
while 9-cis-RA and some heteroarotinoids activate both RAR and
RXR receptors[29,31].
The specificity for retinoid receptors could be changed by
alterations in the structure of the compound. Berlin and colleagues
synthesized several heteroarotinoids and studied the effect of
structural characteristics like heteroatom, ring size, number of aryl
groups, and terminal side chain on the retinoid receptor[32]. In general
six-membered ring had greater efficacy and specificity for RARβ
than five-membered rings. Monoaryl compounds had lower RARα
receptor specificity but greater efficacy than diaryl compounds.
The effective concentration (EC50) values of sulfur containing
heteroarotinoids for RARα were lower in diaryl than in monoaryl,
whereas the opposite relationship was observed in oxygen containing
compounds.
Dhar et al synthesized three heteroarotinoids with a nitrogen
heteroatom and a two-atom C-O linker[26] and studied their RAR
and RXR activation, biological activity, and growth inhibition
against cervix, vulvar, ovarian, and head/neck tumor cell lines. In
comparison with the positive control 4-HPR, the modified nitrogen
heteroarotinoids had low apoptosis effect like t-RA and were
classified as nonapoptotic retinoids.
Zacheis et al evaluated growth inhibition activity of 14
heteroarotinoids against two HNSCC cell lines in vitro and compared
their activities to that of 9-c-RA[29]. The results suggested that
heteroarotinoid induced growth inhibition through the regulation
of gene expression via the nuclear retinoic acid receptors. For most
tested heteroarotinods, the tumor size had statistically significant
reduction while no significant toxicity was observed.
Brown at al. ranked the antibacterial activity of 15 heteroarotinoids
against Mycobacterium bovis according to their MIC values, which
are defined as the lowest concentration of drug in μg/mL of drug
that results in 99% reduction in the number of bacterial colonies
compared to the control drug free plate[33]. The result revealed the
inhibitory ability of these first examples of heteroarotinoids against
the growth of M. bovis.
Further exploration led to a more potent class of Hets, the flexible
heteroarotinoids (Figure 3). Flex-Hets have a three-atom flexible
linker of urea or thiourea linker group between the heterocyclic ring
and the aryl ring.
In vitro experiments on cancer cells have shown that Flex-Hets
regulate growth, differentiation and apoptosis, similar to conventional
Hets. However, unlike conventional Hets with conformationally
restricted two-atom linkers, Flex-Hets induce apoptosis independent
of retinoic acid receptors RAR/RXR, hence not causing toxicity like
skin irritation, genotoxicity, and teratogenicity[1,3,28,34,35]. The National
Cancer Institute’s Rapid Access to Intervention Development (RAID)
program (Application 196, Compound NSC 721689) and Rapid
Access to Preventive Intervention Development (RAPID) program

Figure 3 (A) Structure of flexible heteroarotinoids (Flex-Hets)[3]. (B) For
SHetA2, X=H, Z’=H, and Y=S.

completed preclinical testing on SHeA2 (Figure 3B). Not showing
toxicity effects in preclinical trials, SHetA2 is now in Phase-0 clinical
trial.

BIOLOGICAL ACTIVITIES OF Flex-Hets
Although Flex-Hets regulate growth and induce differential apoptosis
in cancer cells, in normal cells they induce growth inhibition only[1].
Differential effect of SHetA2 has been observed in vivo, e.g. in
ovarian cancer xenografts[1], in ovarian cancer cell lines versus
normal HOSE cells[36], and in the Caki-1 kidney cancer cell lines
versus normal kidney cells[37]. Study of the role of RNA and protein
synthesis in SHetA2’s mitochondria mechanism of action has
showed that SHetA2 works independently from regulation of gene
expression[4]. Similar to other Flex-Hets, SHetA2 induces differential
cell apoptosis independent of the retinoic acid receptor-signaling
pathway and by directly targeting mitochondria[35]. Resistance of
mitochondria to SHetA2 in normal cells has been confirmed by lack
of cardiac toxicity in treated wild type mice versus untreated mice at
the highest dose used[38].
Myers and colleagues[39] demonstrated anti-angiogenic activity of
SHetA2 through microarray analysis of ovarian cancer organotypic
cultures and showed that Flex-Hets regulate expression of angiogenic
cytokines. Thus by blocking cytokine release from cancer cells,
SHetA2, inhibits angiogenesis. In this study, 44 genes were
significantly regulated by SHetA2. SHetA2 reduces the expression of
thymidine phosphorylase (anti-angiogenic growth factor) in cancer
cells but not normal cells. Angiogenic inhibition of SHetA2 in vivo
has been confirmed in Caki-1 renal cancer xenografts.
1. Apoptosis Pathways
There are two major apoptosis pathways: extrinsic death receptor
(DR)-induced pathway and intrinsic mitochondria-mediated pathway,
which involve activation of caspase-8 and caspase-9, respectively[40].
SHetA2 induces both intrinsic and extrinsic apoptosis[2].
Lin et al[41,42] studied the effect of SHetA2 on expression levels of
some apoptosis regulator proteins. They found that in human NSCLC
cells, SHetA2 down-regulates both cellular FLICE-inhibitory protein
(c-FLIP) (a major inhibitor of extrinsic apoptosis) and Survivin (an
inhibitor of both extrinsic and intrinsic apoptosis) in all 6 tested cell
lines and that it reduces the levels of several other apoptosis regulator
proteins like XIAP, Bcl-2, Bcl-xL in some tested cell lines.
SHetA2 can induce extrinsic caspase-8-dependent apoptosis by
enhancing death receptor expression and differentially sensitizing
cancer cells to DRLs (Death Receptor Ligands) such as Tumor
Necrosis Factor α (TNFα)[2,43] or other DRLs[42]. Lin et al[42] showed
for the first time that SHetA2 induced a caspase-8-dependent
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apoptosis mechanism, in which SHetA2 enhances CAAT/enhancerbinding peroten homolohous protein (CHOP) expression and upregulated death receptor 5 (DR5) in human lung cancer in cell
cultures and in mice. The induction of DR5 also increased TNFrelated apoptosis-inducing ligand (TRAIL)-induced apoptosis.
Moxley et al[43] studied the effect of chemotropic agents cisplatin,
paclitaxel, and SHetA2 with TNFα and TRAIL on ovarian cell
lines A2780 and SKOV3 and normal human endometrial cells.
Normal and cancer cells are resistant to both death receptor ligands.
Combination of cisplatin and paclitaxel with TNFα and TRAIL did
not eliminate this resistance. However, dose responsive apoptosis
effect of SHetA2 was enhanced when combined with TNFα and
TRAIL. SHetA2 when combined with TNFα and TRAIL sensitized
cancer cells and induced an extrinsic casapase-8 and -3 apoptotic
pathways. Moreover, SHetA2 did not affect the sensitivity of normal
cells. Moreover, SHetA2 enhances caspase 9-dependent intrinsic
apoptosis activity as a single agent[2,43].
The intrinsic apoptotic pathway of SHetA2 is through direct
targeting of mitochondria[4,35,38,44]. This may be due to SHetA2
mediated release of p66shc from mortalin, which can cause
opening of mitochondria pores[5]. Moreover, SHetA2 and mortalin
conflictingly regulate B-cell lymphoma 2 (Bcl-2) family members.
Bcl-2 family of proteins reside on the mitochondria outer membrane
and are responsible for maintaining the integrity of mitochondria.
The balance between members of Bcl-2 family is important in
mitochondria stabilization and regulating cell apoptosis. FlexHets decrease expression of anti-apoptotic Bcl-2 family members
in cancer cells and increase their expression level in normal cells
in a time dependent manner, while not changing the pro-apoptotic
expression levels[4,37]. Alteration in the mitochondrial membrane
potential and suppression of mitochondrial membrane permeability
transition enhances the release of cytochrome c from mitochondria to
the cytoplasm and generation of reactive oxygen species (ROS). The
released cytochrome c interacts with cytosolic factors like Apaf-1 and
dATP, thus activates caspase-9 and caspase-3-like activity in a time
dependent manner.
The major concerns regarding the toxicity of any mitochondriatargeting drug are effect on the mitochondria in normal cells and
increased ROS levels. Increase of ROS levels exceeding the capacity
of detoxifying enzymes can lead to ROS-induced cellular damage
and cause potentially carcinogenic change in cells. A good drug
candidate should have least effect on normal cells, and maximum
effect on cancer cell. Normal cell lines show more resistance to FlexHets than cancer cell lines. Interestingly, Liu and colleagues tested
the hypothesis that SHetA2 induces mitochondrial swelling through
ROS generation and found that ROS generation is a consequence of
Flex-Het action on mitochondria[4,37].

Figure 4 Structure model of full-length human mortalin in ADP state, constructed with I-TASSER server [53] by using known structures of NBD (PDB
code 4HBO) and SBD (PDB code 3N8E).

constitutively and located in all cell compartments[45]. According to
their molecular weight, HSPs are classified into several subfamilies,
among which HSP70 is the most important heat shock proteins
involved in protein folding and tumor progression. Therefore
HSP70 proteins are good targets for cancer therapy [46]. HSP70
subfamily consists of at least eight homologous chaperone proteins,
among which six are mainly located in the cytosol and nucleus and
the other two in endoplasmic reticulum (Grp78) and mitochondria
(mortalin).
Mortalin is also known as glucose-regulating protein 75
(Grp75), mot-2, hmot-2, p66mot-1, mitochondria stress-70 protein
(mtHSP70), HSPA9/HSPA9B, peptide-binding protein 74 (PBP74),
CSA, Mot, Mot2, and MGC4500. Human mortalin is translated in
the cytoplasm and transported to mitochondria. Although mortalin
is primarily found in mitochondria, it has also been found in several
other subcellular sites including endoplasmic reticulum, Golgi
apparatus, plasma membranes, cytoplasmic vesicles, and cytosol[45].
Immunocytochemical studies using antibody against mortalin showed
the immunofluorescence in perinuclear region of immortal cells and
pancytoplasmic distribution in normal cells[47]. Thus, immunostaining
pattern is a sensitive mortalin marker of normal and cancerous cell
types.
Mortalin is not a heat activated protein and it can be induced by
various stressors such as accumulation of unfolded or misfolded
proteins, low levels of ionizing radiation, glucose deprivation, loss
of calcium homeostasis, and metabolic stress[48-50]. Mortalin is also
found overexpressed in several transformed and tumor cell lines[51,52].
The three-dimensional structure of full-length mortalin is not
available yet. Evolutional conservation suggests that mortalin has a
similar structure to other HSP70s, possessing a conserved ~42 kD
nucleotide-binding domain (NBD, aka ATPase domain, residues
1-431), a highly conserved protease sensitive linker (residues 432441), and a ~25 kD substrate-binding domain (SBD, aka peptidebinding domain, residues 442-679) (Figure 4). The NBD consists
of subdomains I and II, each with a and b regions. The SBD can
be divided into two subdomains, the ~13 kD β-sandwich domain
(SBDβ) consisting of 2 sets of 4-stranded antiparallel beta sheets and
the ~12 kD C-terminal helical ‘lid’ domain (SBDα) consisting of five
helices. The substrate-binding site is a hydrophobic region between
the two β-sheets forming a deep binding pocket for hydrophobic
residues.

2. Mortalin as a Receptor for SHetA2
Benbrook et al applied affinity chromatography combined with mass
spectroscopy analysis to identify SHetA2 target proteins[5]. Three
heat shock protein family members, HSPA5, HSPA8, and HSPA9
(mortalin), were identified. Among them mortalin was significantly
present and it was considered as the receptor protein for SHetA2.
Moreover, western blot analysis of co-immunoprecipitates of
mortalin with its client proteins in protein extracts from A2780 and
SK-OV-3 human ovarian cancer cells revealed that SHetA2 binds to
mortalin and disturbs its interaction with p66shc and p53.
Mortalin is a 74-kDa protein with 679 amino acids and a member
of the heat shock protein (HSP) family. Heat shock proteins
are ubiquitous, highly conserved proteins that are expressed
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3. Protein p53 and Its Interaction with Mortalin
Protein p53 is known as the “guardian of the genome”. It is a nuclear
transcription factor that controls cell cycle. To prevent genetic
instability p53 induces cell cycle arrest (G1 arrest) and apoptosis
in response to endogenous and exogenous stress signals, through
transcriptional regulation or direct interaction with apoptotic
proteins[54]. Through its interaction with Bcl2 and mortalin, p53
regulates mitochondrial membrane potential [55]. Protein p53 is
inactive in more than half of human cancers. Inactivation of tumor
suppressor p53 is involved in transformation and immortalization
of cells, and it is the most common genetic abnormality in human
cancer. Three main mechanisms responsible for inactivation of p53
are mutations, post-translational modifications, and cytoplasmic
sequestration/nuclear exclusion[56,57].
Cell cycle arrest was proposed to explain the apoptosis-independent
growth inhibition observed in normal kidney cell cultures[37]. It was
found in both normal and cancer cells that the binding of SHetA2 to
mortalin leads to cyclin D1 degradation and G1 cell cycle arrest, with
greater effect on cancer cells than normal cells[37,58,59]. Whether and
how p53 is involved in this process is not clear yet.
The amino acid sequence of p53 consists of an amino-terminus
transactivation domain (TAD, residues 1-42), a proline rich domain
(PRD, 60-93), a sequence specific DNA binding domain (DBD or
core domain CD, 100-300), a nuclear localization signal domain
(NLS, 283-325), a tetramerization domain (TD, 326-356), and a
negative regulatory domain (NRD, 361-393) (Figure 8). Binding of
proteins to p53 NRD activates the DNA-binding of p53[60].
Protein p53 is synthesized in the cytoplasm and translocated to
the nucleus in order to perform its transcription factor function[63].
Cytoplasmic sequestration of p53 causes loss of the function,
which can lead to immortalization of cells and tumor resistance to
radiotherapy and chemotherapy. The residues 323-337 of the carboxyl
terminus of p53 were shown to be required for its cytoplasmic
translocation from nucleus[64]. Cytoplasmic sequestration of p53 can
be due to overexpression of Parc[65] or mortalin[66-70]. Mortalin and p53
have been shown to colocalize in perinuclear region in several cancer
cells, e.g. NIH 3T3, MCF7, COS7, NT-2, A172, A2182, HeLa,
Balb/3T3, YKG-1, SY-5Y, and U2OS. Kaul et al showed for the
first time that overexpression of mortalin in normal human diploid
fibroblasts (MRC-5) leads to decreased p53 function, thus temporary
escape from senescence[71]. Also in human foreskin fibroblasta (HFF5)
overexpression of mortalin together with telomerase hTERT extended
lifespan substantially[72], indicating reduced p53 function. Life span
extension of human lung fibroblasts (MRC-5), increased malignancy
of human cancer cells[51], malignant transformation of NIH3T3 cells
in mice[73], attenuation of HL-60 leukemia cells by mot-2[74] are some
evidences that suggest the inactivation of p53 by overexpression
of mortalin[71,73,75]. By interacting with the mitochondrial proteins
Bcl2, mortalin, and HSP60, p53 regulates mitochondrial potential[55].
The stress-induced mitochondrial p53 localization is followed by
changes in mitochondrial membrane potential, cytochrome c release,
procaspase-3 activation and apoptosis. The presence of mortalin-p53
complexes in mitochondria during p53-induced apoptosis suggests
the transcriptionally independent role of p53 in apoptotic signaling[76].
Different western blot patterns for mutant and wild-type p53
suggested that loss of p53 function in human diploid fibroblasts
transfected by mortalin is not caused by mutation[71]. It is reported by
the same group[77] that by sequestering p53 in the cytoplasm, mortalin
inhibits transcriptional activation function of the protein in mouse
and human transformed cells.
Regulatory function of p53, which is independent of its

Figure 5 (A) Structure model of full-length human p53, constructed with
I-TASSER server [53]. (B) Domain structure of p53 [61]. (C) Tetramer
model of p53 obtained by aligning the predicted full-length model to the
tetramer crystal structure (PDB code 2AC0) of four p53 DNA-binding
domains in complex with two DNA half-sites [62].

localization, is performed by interaction of p53 with mortalin
and Bcl2. Mortalin regulates the DNA-binding ability of p53 [6].
When binding to p53 in cancer cells, mortalin inhibits apoptotic
properties of p53 and leads to survival of cancer cells [48]. It
sequestrates p53 in the cytoplasm fraction through physical contact
and blocks p53-mediated transcription, downregulates p53-target
genes expression, e.g. p21 SD11/WAF, and enhances degradation of
p53 by MDM2 in cytoplasm, disturbs the G1-associated nuclear
translocation of p53, that leads to uncontrolled cell proliferation, a
hallmark of cancer cells[48,64,68]. Mortalin breaks the p53-Bcl-xL/2
complex and causes proteasomal degradation pathway of p53 by
its association with E3 ligase CHIP (Carboxy terminus of Hsc70
Interacting Protein)[78]. Moreover, mortalin–p53 interaction causes
deregulation of centrosome duplication, which is an indicator for
cancer. Overexpression of mortalin can reverse the p53-dependent
suppression of centrosome duplication indicating the interaction was
localized to centrosomes[79].
It is shown that mortalin-p53 interaction depends on the stress
levels in cells. In unstressed or weakly stressed cells, p53 and
mortalin do not interact[70]. Thus, knock down of mortalin does
not induce apoptosis. In contrast, in stressed cancer cells, whether
physiologically stressed or under the effect of stress-inducing
chemicals, mortalin-p53 interaction exists and knock down of
mortalin induces p53-mediated apoptosis.
Many studies have been performed to determine the binding
sites of p53 and mortalin with conflicting conclusions. Carboxyl
terminus of p53 was considered to be its cytoplasmic sequestration
domain[75,80]. This is in agreement with the observation that breaking
mortalin-p53 complex for example by p53 C-terminal peptides
leads to restoration of p53 activities, abrogation of this cytoplasmic
sequestration and relocation of p53 to the nucleus. Thus, the
sequestration is reversible.
Gabizon et al identified and characterized ten binding peptides
by screening proteins that interact with tetrameric p53 C-terminal
region[61]. They identified residues 266-280 in mortalin as the binding
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site for NRD (negative regulatory domain) of p53. In vivo coimmunoprecipitation of mortalin with p53 and its mutants in human
osteosarcoma (U2OS) and breast carcinoma (MCF7) cells revealed
carboxyl terminus of p53 (resides 312-352) as the binding site for
N-teminal region of mortalin[68,75,81]. Peptides consisting of p53
residues 323-337 interfere with p53-mortalin binding and activate
p53 by relocating it to the nucleus. Using His-tagged deletion
mutants of mortalin, the co-immunoprecipitation of mot-1 and mot-2
with p53 and in vitro pull-down assay identified N-terminal residues
253-282, which is common in both mot1 and mot2, of mortalin to
be necessary for binding[81]. Interestingly this segment overlaps with
chemical MKT-077 binding pocket of mortalin residues 252-310.
Kaul et al studied the effect of mot-1 mutants in binding to p53[77].
Mot-1 mutants used in the study either lacked one or more predicted
motifs (hsp70, EF-hand, and leucine zipper) or 30 residues from the
C-terminus, or single-site substitution at either one of the two unique
residues 618 or 624 to their mot-2 counterparts. C-terminus deleted
mot-1 mutants repressed p53 activity, suggesting that C-terminus of
mot-1 is not needed for interaction with p53. But each of the three
predicted motifs and two unique amino acids of mot-1 are essential
in interaction with p53.
On the other hand, Iosefson et al used pull-down assay to track
p53-mortalin interaction with purified proteins [6]. In contrast
with results from cell lysates, mortalin SBD binds to p53 in a
concentration-dependent manner. They suggested that the contrast
between in vitro results and results from cell lysate can be attributed
to modifications or additional proteins in cell lysates that might
affect p53-mortalin interaction. They also found two sites on p53
for mortalin binding, TD and NRD (Figure 5B), with either one
being sufficient for binding. The tetramerization does not seem to be
necessary for mortalin binding since the L344P mutant of p53, which
fails to form tetramer, binds to mortalin similar to the wild-type
tetrameric p53.
The mutation of V482F in the substrate-binding pocket abrogated
the binding between mortalin and p53[6], consistent with a similar
mutation in DnaK, a bacterial homolog of mortalin, which also
disrupts the substrate binding[82]. Accordingly, pre-incubation of
mortalin with a short substrate peptide greatly reduced its binding to
p53[64,82]. The interaction between mortalin and full-length p53 can
be abrogated by adding ATP[6], similar to ATP activated C-terminal
lid opening and substrate release. All these evidences suggest that
mortalin binds to p53 through its substrate-binding pocket on SBD.
These data are still ambiguous. Deletion might cause partially
structure unfold and result in non-specific interactions. In another
computer modeling study, it was shown that a p53 peptide (residues
326 to 356, tetramerization domain) binded to mortalin SBD and the
linker between NBD and SBD[83]. Residues 326 to 341 on p53 were
reported to form the mortalin-binding site.

structurally similar withanolides. Wi-A is toxic to both cancer and
normal cells, Wi-N however has milder effect and does not have
toxic effects on normal cells. It suggests that Wi-N can be a safer
cancer drug but higher doses are needed for the same effect as Wi-A.
Mortalin was docked with both of these compounds and it was found
that Arg513 in carboxyl terminus of mortalin interacts with them[89].
Data shows stronger binding of Wi-A to mortalin. Wi-A and Wi-N
also bonds with Arg282 and Leu111 residues of mortalin. Recently
attempts have been made to enhance the production of withanolides
and elucidate their molecular mechanisms[90].
MKT-077 is selectively toxic to cancer cells and IC50 of MKT077
for normal cells is more than 100 times greater than that of cancer
cell lines thus it was considered as cancer chemo-therapeutic in a
Phase I clinical trial. However, the trial was stopped due to excessive
renal toxicity in phase I clinical trials against solid tumors[91, 92].
MKT-077 interacts with HSPA8[86] and HSPA9[87]. The binding
site of MKT-077 (positively charged) to HSPA8 ADP-state has
been determined to be a negatively charged pocket close to residues
in nucleotide binding site in the interface of subdomain Ia and IIa
(Figure 4), which are 100% conserved between 13 human HSPAs[86].
The binding site of MKT-077 to HSPA9 is within residues 252-310,
which in some studies were shown to include residues needed for
binding of p53[87]. Immunoaffinity studies showed that MKT-077
binds to mortalin at alpha helices within sub-domain IIb of catalytic
cleft and abrogates mortalin function, causing pancytoplasmic
distribution of mortalin (characteristic of normal cells) and nuclear
translocation and activation of p53. Thus induces growth arrest of
cancer cells[87].
Molecular dynamic simulations and co-immunoprecipitation
studies for both MKT-077 and withanone ligands showed the
abrogation of p53-mortalin interaction and re-activation of p53 upon
treatment with the ligands[85,87]. There are several potential ways for
MKT-077 to inhibit mortalin binding to p53. MKT-077 may inhibit
binding of Tid1 by destabilizing the ATP-bound conformation. Or
it might inhibit binding of p53 by perturbing the conformation of
mortalin at its β strand (residues 267-271)[93]. It is shown that growth
arrest function of MKT-077 is mediated by a p53-dependent pathway.
In cancer cells, and not in normal cells, abrogation of p53-mortalin
interaction leads to release of p53 from cytoplasm and translocation
of p53 to nucleus and restoration of its transcriptional activation[87].
Similar effect for MKT-077 has been observed in a nonmammalian
cancer model in soft shell clam Mya arenaria W. Guo et al[69].
suggested that a combination therapy with mortalin inhibitor MT077 and HSP90 inhibitor 17-AAG could lead to enhanced killing of
HCC cells. They showed 17-AAG increases expression of p53 and
stabilized it[94].

STRUCTURE-ACTIVITY RELATIONSHIP AND
DESIGN OF BETTER ANALOGS

4. Other Inhibitors of Mortalin-p53 Complex
Mortalin-p53 complex is a selective target for cancer therapy[70].
Some short peptides[64,80], small molecules, small interfering RNA
(siRNA) [84], mortalin small hairpin shRNA (in hepatocellular
carcinoma), UBXN2A (Ubiquitin-like (UBX)-domain-containing
protein) can hinder p53-mortalin interaction, leading to p53
reactivation and apoptosis in cancer cells.
Several small-molecule mortalin inhibitors include withanone[85] (a
withanolide, one of the major components of the alcoholic extract of
Ashwagangha leaves) and MKT-077[86-88] (an anti-tumor compound,
a water soluble delocalized lipophilic cationic/rhodacyanine dye
analogue). Withaferin A (Wi-A) and Withanone (Wi-N) are two

The low toxicity of SHetA2 to normal cells could be attributed to
SHetA2’s specific binding to its receptor mortalin without activating
nuclear receptors RARs and RXRs[25,34], which are responsible
to the many side effects of retinoids[13,14]. The three-atom flexible
linker of Flex-Hets appeared to be the key structure feature to the
reduced toxicity. Studies have shown that toxicity of retinoids and
heteroarotinoids is associated with activation of nuclear RARs and
RXRs[25,34]. SHet50 (Figure 6A, with 2-atom amide linker) is both
RAR and RXR receptor pan-agonist. Flex-Hets SHetA2 (Figure 3B),
SHetA3, and SHetA4 (Figure 6B) show no activity towards nuclear
retinoid receptors when used at doses up to 10 μM and they show
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much greater growth inhibitory effects towards cancer cells than
normal or benign cells. Gnanasekaran et al[95] synthesized a series
of 11 compounds with a 4-atom acrylamide linker (Figure 6C) and
studied the biological activity against the A2780 ovarian cancer cell
line. In general, electron-withdrawing groups on the linker, showed
enhanced activity compared to electron donating groups. However,
even the most active candidate is still only at comparable level to
SHetA2.
To better understand the structure-activity relationship of FlexHets, SHetA2 was docked in silico to the structure of mortalin
substrate-binding domain (Figure 7) using Autodock 4.2[96]. There are
three important structural features contributing to the ligand-protein
interaction. The negatively charged NO2 group at the phenyl ring
has electrostatic interaction with the positively charged side-chain
group of amino acid R513. The two NH groups of the thiourea linker
form hydrogen bonds with the backbone carbonyl group of S473.
The double-ring chromatin unit with two pairs of germinal methyls
resides in a hydrophobic pocket.
Careful inspection of the hydrophobic pocket revealed that more
room was available, and it was reasonable to hypothesize that the
receptor binding affinity and cancer inhibitory activity would be
enhanced by increasing the size of the hydrophobic groups of the
ligand compound. Therefore, several series of SHetA2 analogues
were designed to test the hydrophobicity hypothesis (Figure 8)[97].
In addition, to determine if certain fragments of the lead molecule
SHetA2 could be modified to enhance aqueous solubility, oxygen
analogs of SHetA2 were synthesized. Both urea and thiourea
containing compounds with oxygen-containing chroman unit in place
of the thiochroman in presence of germinal dimethyl/diethyl in the
double ring, and different substituents on phenyl ring (NO2, CF3, CN,
OCF3, CO2Et) were studied (Figure 8). Their potency and efficacy
against human A2780 ovarian cancer cells in vitro, and binding free
energy values in silico were assessed.
The hydrophobicity dependence was confirmed by cellular doseresponse data that indicated increasing the hydrophobicity leads
to higher affinity to the SBD mortalin. Removing the germinal
dimethyl group at C2 (Figure 8A) led to a significantly lower efficacy

in growth inhibition. Analogs with a set of dimethyl replaced for
diethyl (Figure 8B-C), had higher efficacy and IC50 value compared
to SHetA2. However, there is an optimum level of hydrophobicity.
Substituting both sets of dimethyl for diethyl (Figure 8D), affected
the performance negatively. Results showed lower activity of

Figure 6 Heteroarotinoid (A) with a 2-atom linker activates RAR and RXR
receptors, leading to side effects. Flex-Hets with a 3-atom (B) or 4-atom (C)
linker activate these receptors.

Figure 7 Molecular docking SHetA2 with the substrate-binding domain of mortalin (PDB ID: 3N8E). The protein is shown with its secondary structure
motifs in gray, and hydrophobic amino acids in the substrate binding channel in surface style (orange). SHetA2 is shown in sticks, with oxygen in red,
carbon in cyan, hydrogen in white, and sulfur in yellow. Residues R513 and S473 are shown in ball and stick style. The hydrogen bonds are marked in
dotted lines (green).
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compounds containing two diethyl groups, compared to compounds
with two dimethyl groups. Also apart from the size of hydrophobic
substituents, their position is also an important factor in determining
the activity. Result showed improved activity of (1) urea linkercontaining compounds over thiourea counterparts, (2) compounds
with higher degree of hydrophobicity over the ones with lower
hydrophobicity, (3) germinal diethyl-containing compounds at C2
position of ring A over compounds with germinal diethyl at C4 or
compounds with germinal diethyl at both C4 and C2 position of the
double ring, and (4) NO2-containing compounds over CF3 or other
ring B substituents. Among the tested compounds, the group of
compounds with NO2 substituent and urea linker, had efficacy values
of 91-94% and IC50 values (half-maximal inhibitory concentration)
of 2.0-2.4 µM which are significantly better than the corresponding
values for SHetA2 being 84% and 3.2 µM respectively. Compounds
with smaller IC50 value are expected to have stronger affinity for the
receptor protein, mortalin, thus be more effective in competing for
the receptor versus other partner proteins.

PHARMOCOKINETICS STUDIES
SHetA2 absorption can be affected by factors like dose, species (thus
different dietary habits, etc.), and formulation[98]. Effect of SHetA2 is
time dependent and dose dependent. For example in ovarian cancer
cell lines, cell cycle arrest contributes to SHetA2 growth inhibition,
time-dependently and dose-responsively[99]. At lower concentrations,
differentiation is observed. However in higher concentrations
apoptosis dominates [34,35]. Thus, it is important to determine
concentrations, bioavailability, and stability of SHetA2 in order to
ensure sufficient dosing of SHetA2 in clinical trials to target apoptosis
inducing concentrations and maximize the activity of the drug.
Kabirov et al performed preclinical pharmacokinetics to determine
the toxicokinetics of SHetA2 in animals [100]. HPLC-UV studies
have been applied and pharmacokinetic profile of SHetA2 has been
obtained to quantify SHetA2 in plasma in mouse and human by
Sharma et al[101]. The result of a study performed by Zhang et al[102]
indicates a linear and predictive pharmacokinetics in mouse plasma.
The terminal half-life, total body clearance value, oral absorption,
and bioavailability were measured. This study also showed high
tissue uptake. It measured the observed total body clearance of
SHetA2 to be 1.81 l/h/kg and suggested that the clearance of SHetA2
is due to degradation and metabolism. Liu et al[103] applied liquid
chromatography-ultraviolet/multi-stage mass spectrometry (LC-UV/
MSn) to evaluate SHetA2 metabolites in rat liver microsomes in vitro,
and in human, mice, and rats in vivo.
It appeared that once the absorption saturation is reached, further
increase of doses will decrease bioavailability and absorption[58].
Absorption saturation in mice, rats and dogs is about 100 mg/kg body
weight/day[100,102,103].
Highly hydrophobic SHetA2 has low water solubility and low
gastrointestinal (GI) absorption, and exhibited low oral bioavailability
in rats (< 1%) and dogs[100]. In dogs, suspension of SHetA2 in 30%
aqueous Kolliphor HS15 (aka Solutol HS15), which is an excellent
emulsifying system for both injectable and oral formulation of
compounds with low solubility[104,105], enhances the bioavailability,
which is the proportion of a drug that enters the systemic circulation.
Optimal dose is a dose at which chemoprevention occurs without
toxicity. The optimal dose should reduce cyclin D1 in neoplastic and
not in normal cells. The AIN76A diet formulation of SHetA2, 187
mg/kg/day SHetA2 suspended in Kolliphor HS15 for bioavailability
enhancement has been reported in mice and effective tissue drug

Figure 8 Flex-Hets designed to test hydrophobicity dependence of the activity at the double ring [97]. Compounds with decreased hydrophobicity (with
R=Me, R’=H or vice versa) have dramatically decreased inhibition against
cancer cell growth, while compounds with increased hydrophobicity (R=Me,
R’=Et; R=Et, R’=Me; or R=Et, R’=Et) perform better than SHetA2.

levels were observed at this dose with no toxicity[58]. SHetA2 showed
very low toxicity, with a no-observed-adverse-effect level (NOAEL)
of 500 mg/kg/day in rats and over 1500 mg/kg/day in dogs[100]. Based
on bioavailability and due to limited oral absorption at doses higher
than 100 mg/kg, the new NOAEL dose was chosen 100 mg/kg[98]. On
the other hand, the oral administered dose of SHetA2 that reduces
the colon and small intestinal polyps incidence and sizes is 30 mg/
kg/day[38]. A dose of 10 to 60 mg/kg/day can inhibit xenograft tumor
growth[1,37,100]. Such large therapeutic window makes SHetA2 an ideal
chemopreventive drug.
Responses to SHetA2 doses in APCmin/+ mice were found to be
gender related, which suggests that males and females to be dosed
differently[38]. Some administration routes include oral gavage[1,98],
dietary formulation [58], intravenous injection [58], and vaginal
application[106].

CONCLUSION
Flex-Hets, with SHetA2 being a prominent example, have promising
anti-cancer activities. SHetA2 contributes to both intrinsic apoptosis
by directly targeting mitochondria and extrinsic apoptosis by
enhancing death receptor activation. Interaction of SHetA2 with its
target protein mortalin can regulate Bcl-2 protein family and affect
stability of mitochondria and apoptosis. Efforts have been made to
fine tune the chemical structure to enhance the anticancer activity of
Flex-Hets.

237

Mashayekhi M et al . Anti-cancer Flex-Hets
14.

ACKNOWLEDGMENTS
The authors gratefully acknowledge support by the Stephenson
Cancer Research Center/Oklahoma Tobacco Settlement Endowment
Trust (TSET). DHZ would also thank Oklahoma State University for
a President’s Fellows Faculty Research Award.

15.

REFERENCES
1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

16.

Benbrook DM, Kamelle SA, Guruswamy SB, Lightfoot SA,
Rutledge TL, Gould NS, Hannafon BN, Dunn ST, Berlin KD.
Flexible heteroarotinoids (Flex-Hets) exhibit improved therapeutic
ratios as anti-cancer agents over retinoic acid receptor agonists.
Invest New Drugs. 2005; 23: 417-428. [PMID: 16133793]; [DOI:
10.1007/s10637-005-2901-5]
Chengedza S, Benbrook DM. NF-kappa B is involved in SHetA2
circumvention of TNF-alpha resistance, but not induction of
intrinsic apoptosis. AntiCancer Drugs. 2010; 21: 297-305. [PMID:
20032777]; [DOI: 10.1097/CAD.0b013e3283350e43]
Liu SQ, Brown CW, Berlin KD, Dhar A, Guruswamy S, Brown D,
Gardner GJ, Birrer MJ, Benbrook DM. Synthesis of flexible sulfurcontaining heteroarotinoids that induce apoptosis and reactive
oxygen species with discrimination between malignant and benign
cells. J Med Chem. 2004; 47: 999-1007. [PMID: 14761202]; [DOI:
10.1021/jm030346v]
Liu T, Hannafon B, Gill L, Kelly W, Benbrook D. Flex-Hets
differentially induce apoptosis in cancer over normal cells by
directly targeting mitochondria. Mol Cancer Ther. 2007; 6: 18141822. [PMID: 17575110]; [DOI: 10.1158/1535-7163.MCT-060279]
Benbrook DM, Nammalwar B, Long A, Matsumoto H, Singh A,
Bunce RA, Berlin KD. SHetA2 interference with mortalin binding
to p66shc and p53 identified using drug-conjugated magnetic
microspheres. Invest New Drugs. 2014; 32: 412-423. [PMID:
24254390]; [DOI: 10.1007/s10637-013-0041-x]
Iosefson O, Azem A. Reconstitution of the mitochondrial Hsp70
(mortalin)-p53 interaction using purified proteins - Identification of
additional interacting regions. Febs Letters. 2010; 584: 1080-1084.
[PMID: 20153329]; [DOI: 10.1016/j.febslet.2010.02.019]
Blomhoff R, Green MH, Norum KR. Vitamin A: Physiological and
Biochemical Processing. Annu Rev Nutr. 1992; 12: 37-57. [PMID:
1503811]; [DOI: 10.1146/annurev.nu.12.070192.000345]
Bushue N, Wan YJ. Retinoid pathway and cancer therapeutics. Adv
Drug Deliv Rev. 2010; 62: 1285-1298. [PMID: 20654663]; [DOI:
10.1016/j.addr.2010.07.003]
Motzer RJ, Schwartz L, Law TM, Murphy BA, Hoffman AD,
Albino AP, Vlamis V, Nanus DM. Interferon alfa-2a and 13-cisretinoic acid in renal cell carcinoma: antitumor activity in a phase
II trial and interactions in vitro. J Clin Oncol. 1995; 13: 1950-1957.
[PMID: 7636535]; [DOI: 10.1200/JCO.1995.13.8.1950]
Huang ME, Ye YC, Chen SR, Chai JR, Lu JX, Zhoa L, Gu LJ,
Wang ZY. Use of All-Trans Retinoic Acid in the Treatment of
Acute Promyelocytic Leukemia. Blood. 1988; 72: 567-572. [PMID:
28034863]; [DOI: 10.1182/blood-2016-11-750182]
Hong WK, Endicott J, Itri LM, Doos W, Batsakis JG, Bell R,
Fofonoff S, Byers R, Atkinson EN, Vaughan CJNEJoM. 13-cisretinoic acid in the treatment of oral leukoplakia. 1986; 315: 15011505. [PMID: 3537787]; [DOI: 10.1056/NEJM198612113152401]
Heyman RA, Mangelsdorf DJ, Dyck JA, Stein RB, Eichele G,
Evans RM, Thaller C. 9-Cis Retinoic Acid Is a High-Affinity
Ligand for the Retinoid-X Receptor. Cell. 1992; 68: 397-406.
[PMID: 1310260]; [DOI: 10.1016/0092-8674(92)90479-v]
Duong V, Rochette-Egly C. The molecular physiology of nuclear
retinoic acid receptors. From health to disease. Biochim Biophys
Acta. 2011; 1812: 1023-1031. [PMID: 20970498]; [DOI: 10.1016/
j.bbadis.2010.10.007]

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

238

Oliveira MR. The neurotoxic effects of vitamin A and retinoids. An
Acad Bras Cienc. 2015; 87: 1361-1373. [PMID: 26247148]; [DOI:
10.1590/0001-3765201520140677]
Garattini E, Gianni M, Terao M. Retinoid related molecules an
emerging class of apoptotic agents with promising therapeutic
potential in oncology: pharmacological activity and mechanisms of
action. Curr Pharm Des. 2004; 10: 433-448. [PMID: 14965204];
[DOI: 10.2174/1381612043453351]
Oridate N, Higuchi M, Suzuki S, Shroot B, Hong WK, Lotan R.
Rapid induction of apoptosis in human C33A cervical carcinoma
cells by the synthetic retinoid 6-[3-(1-adamantyl)hydroxyphenyl]2-naphthalene carboxylic acid (CD437). Int J Cancer. 1997;
70: 484-487. [PMID: 9033662]; [DOI: 10.1002/(sici)10970215(19970207)70:4<484::aid-ijc21>3.0.co;2-e]
Schadendorf D, Kern MA, Artuc M, Pahl HL, Rosenbach T,
Fichtner I, Nurnberg W, Stuting S, von Stebut E, Worm M, Makki
A, Jurgovsky K, Kolde G, Henz BM. Treatment of melanoma cells
with the synthetic retinoid CD437 induces apoptosis via activation
of AP-1 in vitro, and causes growth inhibition in xenografts in
vivo. J Cell Biol. 1996; 135: 1889-1898. [PMID: 8991099]; [DOI:
10.1083/jcb.135.6.1889]
Hail N, Jr., Kim HJ, Lotan R. Mechanisms of fenretinide-induced
apoptosis. Apoptosis. 2006; 11: 1677-1694.
Modiano MR, Dalton WS, Lippman SM, Joffe L, Booth
AR, Meyskens FL, Jr. Phase II study of fenretinide (N-[4hydroxyphenyl]retinamide) in advanced breast cancer and
melanoma. Invest New Drugs. 1990; 8: 317-319. [PMID: 2148744];
[DOI: 10.1007/BF00171846]
Mariani L, Formelli F, De Palo G, Manzari A, Camerini T,
Campa T, Di Mauro MG, Crippa A, Grottaglie MD, Del Vecchio
M. Chemoprevention of breast cancer with fenretinide (4HPR): study of long-term visual and ophthalmologic tolerability.
Tumori Journal. 1996; 82: 444-449. [PMID: 9063520]; [DOI:
10.1177/030089169608200506]
Miller VA, Benedetti FM, Rigas JR, Verret AL, Pfister DG, Straus
D, Kris MG, Crisp M, Heyman R, Loewen GR, Truglia JA, Warrell
RP, Jr. Initial clinical trial of a selective retinoid X receptor ligand,
LGD1069. J Clin Oncol. 1997; 15: 790-795. [PMID: 9053506];
[DOI: 10.1200/JCO.1997.15.2.790]
Rizvi NA, Marshall JL, Dahut W, Ness E, Truglia JA, Loewen G,
Gill GM, Ulm EH, Geiser R, Jaunakais D, Hawkins MJ. A Phase
I study of LGD1069 in adults with advanced cancer. Clin Cancer
Res. 1999; 5: 1658-1664. [PMID: 10430065]
Loeliger P, Bollag W, Mayer H. Arotinoids, a new class of highly
active retinoids. Eur. J. Med. Chem. Chim. Ther. 1980; 15: 9-15.
[DOI:10.1002/chin.198024145]
Lindamood C, 3rd, Cope FO, Dillehay DL, Everson MP, Giles HD,
Lamon EW, McCarthy DJ, Sartin JL, Hill DL. Pharmacological and
toxicological properties of arotinoids SMR-2 and SMR-6 in mice.
Fundam Appl Toxicol. 1990; 14: 15-29. [PMID: 2307314]; [DOI:
10.1016/0272-0590(90)90227-b]
Benbrook DM, Madler MM, Spruce LW, Birckbichler PJ, Nelson
EC, Subramanian S, Weerasekare GM, Gale JB, Patterson MK, Jr.,
Wang B, Wang W, Lu S, Rowland TC, DiSivestro P, Lindamood
C, 3rd, Hill DL, Berlin KD. Biologically active heteroarotinoids
exhibiting anticancer activity and decreased toxicity. J Med
Chem. 1997; 40: 3567-3583. [PMID: 9357524]; [DOI: 10.1021/
jm970196m]
Dhar A, Liu S, Klucik J, Berlin KD, Madler MM, Lu S, Ivey RT,
Zacheis D, Brown CW, Nelson E. Synthesis, Structure−Activity
Relationships, and RARγ−Ligand Interactions of Nitrogen
Heteroarotinoids. J Med Chem. 1999; 42: 3602-3614. [PMID:
10479291]; [DOI: 10.1021/jm9900974]
Spruce LW, Gale JB, Berlin KD, Verma AK, Breitman TR, Ji XH,
Vanderhelm D. Novel Heteroarotinoids - Synthesis and BiologicalActivity. J Med Chem. 1991; 34: 430-439. [PMID: 1992144]; [DOI:
10.1021/jm00105a065]

Shishkin SS. Modern biochemistry and malignant cells
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

Benbrook DM. Refining retinoids with heteroatoms. Mini
Rev Med Chem. 2002; 2: 277-283. [PMID: 12370069]; [DOI:
10.2174/1389557023406160]
Zacheis D, Dhar A, Lu S, Madler MM, Klucik J, Brown CW, Liu
S, Clement F, Subramanian S, Weerasekare GM, Berlin KD, Gold
MA, Houck JR, Jr., Fountain KR, Benbrook DM. Heteroarotinoids
inhibit head and neck cancer cell lines in vitro and in vivo through
both RAR and RXR retinoic acid receptors. J Med Chem. 1999; 42:
4434-4445. [PMID: 10543887]; [DOI: 10.1021/jm990292i]
Lehmann JM, Dawson MI, Hobbs PD, Husmann M, Pfahl M.
Identification of retinoids with nuclear receptor subtype-selective
activities. Cancer Res. 1991; 51: 4804-4809. [PMID: 1654201]
Mangelsdorf D, Umesano K, Evans R. The retinoid receptors. In
“The Retinoids: Biology, Chemistry, and Medicine” (M. Sporn, A.
Roberts, and D. Goodman, D., Eds.). Raven Press, New York; 1994.
Benbrook DM, Subramanian S, Gale JB, Liu S, Brown CW, Boehm
MF, Berlin KD. Synthesis and characterization of heteroarotinoids
demonstrate structure specificity relationships. J Med Chem. 1998;
41: 3753-3757. [PMID: 9733501]; [DOI: 10.1021/jm980308p]
Brown CW, Liu SQ, Klucik J, Berlin KD, Brennan PJ, Kaur D,
Benbrook DM. Novel heteroarotinoids as potential antagonists of
Mycobacterium bovis BCG. J Med Chem. 2004; 47: 1008-1017.
[PMID: 14761203]; [DOI: 10.1021/jm0303453]
Guruswamy S, Lighfoot S, Gold MA, Hassan R, Berlin KD, Ivey
RT, Benbrook DM. Effects of retinoids on cancerous phenotype
and apoptosis in organotypic cultures of ovarian carcinoma. J
Natl Cancer Inst. 2001; 93: 516-525. [PMID: 11287445]; [DOI:
10.1093/jnci/93.7.516]
Chun KH, Benbrook DM, Berlin KD, Hong WK, Lotan R. The
synthetic heteroarotinoid SHetA2 induces apoptosis in squamous
carcinoma cells through a receptor-independent and mitochondriadependent pathway. Cancer Res. 2003; 63: 3826-3832. [PMID:
12839980]
Lindamood C, 3rd, Dillehay DL, Lamon EW, Giles HD, Shealy
YF, Sani BP, Hill DL. Toxicologic and immunologic evaluations of
N-(all-trans-retinoyl)-DL-leucine and N-(all-trans-retinoyl)glycine.
Toxicol Appl Pharmacol. 1988; 96: 279-295. [PMID: 3194915];
[DOI: 10.1016/0041-008x(88)90087-7]
Liu TZ, Masamha CP, Chengedza S, Berlin KD, Lightfoot S, He F,
Benbrook DM. Development of flexible-heteroarotinoids for kidney
cancer. Mol Cancer Ther. 2009; 8: 1227-1238. [PMID: 19417155];
[DOI: 10.1158/1535-7163.MCT-08-1069]
Benbrook DM, Guruswamy S, Wang YH, Sun ZJ, Mohammed
A, Zhang YT, Li Q, Rao CV. Chemoprevention of Colon and
Small Intestinal Tumorigenesis in APC(min/+) Mice By SHetA2
(NSC721689) without Toxicity. Cancer Prev Res. 2013; 6: 908-916.
[PMID: 23852423]; [DOI: 10.1158/1940-6207.CAPR-13-0171]
Myers T, Chengedza S, Lightfoot S, Pan Y, Dedmond D, Cole L,
Tang Y, Benbrook DM. Flexible heteroarotinoid (Flex-Het) SHetA2
inhibits angiogenesis in vitro and in vivo. Invest New Drugs. 2009;
27: 304-318. [PMID: 18802666];[DOI: 10.1007/s10637-008-91757]
Fulda S, Debatin KM. Extrinsic versus intrinsic apoptosis pathways
in anticancer chemotherapy. Oncogene. 2006; 25: 4798-4811.
Lin Y, Liu X, Yue P, Benbrook DM, Berlin KD, Khuri FR, Sun SY.
Involvement of c-FLIP and survivin down-regulation in flexible
heteroarotinoid-induced apoptosis and enhancement of TRAILinitiated apoptosis in lung cancer cells. Mol Cancer Ther. 2008; 7:
3556-3565. [PMID: 16892092]; [DOI: 10.1038/sj.onc.1209608]
Lin YD, Chen SZ, Yue P, Zou W, Benbrook DM, Liu SQ, Le TC,
Berlin KD, Khuri FR, Sun SY. CAAT/enhancer binding protein
homologous protein-dependent death receptor 5 induction is a
major component of SHetA2-induced apoptosis in lung cancer
cells. Cancer Res. 2008; 68: 5335-5344. [PMID: 18593935]; [DOI:
10.1158/0008-5472.CAN-07-6209]
Moxley KM, Chengedza S, Mangiaracina D. Induction of death
receptor ligand-mediated apoptosis in epithelial ovarian carcinoma:

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

239

The search for sensitizing agents. Gynecologic Oncology. 2009; 115:
438-442. [PMID: 19804900]; [DOI: 10.1016/j.ygyno.2009.09.007]
Kelly WJ, Gill LW, Hannafon B, Benbrook DM. Sheta2 induces
mitochondrial swelling, superoxide formation and apoptosis
in human cancer cells. Abstr Pap Am Chem Soc. 2005; 229:
U492-U492.
Ran QT, Wadhwa R, Kawai R, Kaul SC, Sifers RN, Bick RJ, Smith
JR, Pereira-Smith OM. Extramitochondrial localization of mortalin/
mthsp70/PBP74/GRP75. Biochem Biophys Res Commun. 2000;
275: 174-179. [PMID: 10944461]; [DOI: 10.1006/bbrc.2000.3237]
Shu CW, Huang CM. HSP70s: From Tumor Transformation to
Cancer Therapy. Clin Med Oncol. 2008; 2: 335-345. [PMID:
21892295];[DOI: 10.4137/cmo.s475]
Wadhwa R, Kaul SC, Mitsui Y, Sugimoto Y. Differential
Subcellular-Distribution of Mortalin in Mortal and Immortal Mouse
and Human Fibroblasts. Exp Cell Res. 1993; 207: 442-448. [PMID:
8344392];[DOI: 10.1006/excr.1993.1213]
Kaul SC, Deocaris CC, Wadhwa R. Three faces of mortalin: a
housekeeper, guardian and killer. Exp Gerontol. 2007; 42: 263-274.
[PMID: 17188442];[DOI: 10.1016/j.exger.2006.10.020]
Flachbartova Z, Kovacech B. Mortalin - a multipotent chaperone
regulating cellular processes ranging from viral infection to
neurodegeneration. Acta Virol. 2013; 57: 3-15. [PMID: 23530819];
[DOI: 10.4149/av_2013_01_3]
Londono C, Osorio C, Gama V, Alzate O. Mortalin, apoptosis,
and neurodegeneration. Biomolecules. 2012; 2: 143-164. [PMID:
24970131]; [DOI: 10.3390/biom2010143]
Wadhwa R, Takano S, Kaur K, Deocaris CC, Pereira-Smith OM,
Reddel RR, Kaul SC. Upregulation of mortalin/mthsp70/Grp75
contributes to human carcinogenesis. Int J Cancer. 2006; 118: 29732980. [PMID: 16425258]; [DOI: 10.1002/ijc.21773]
Starenki D, Hong SK, Lloyd RV, Park JI. Mortalin (GRP75/HSPA9)
upregulation promotes survival and proliferation of medullary
thyroid carcinoma cells. Oncogene. 2015; 34: 4624-4634. [PMID:
25435367]; [DOI: 10.1038/onc.2014.392]
Yang J, Zhang Y. Protein Structure and Function Prediction Using
I-TASSER. Curr Protoc Bioinformatics. 2015; 52: 5 8 1-15. [PMID:
26678386];[DOI: 10.1002/0471250953.bi0508s52]
Ryan KM, Phillips AC, Vousden KH. Regulation and function of the
p53 tumor suppressor protein. Curr Opin Cell Biol. 2001; 13: 332337. [PMID: 11343904]; [DOI: 10.1016/s0955-0674(00)00216-7]
Mihara M, Erster S, Zaika A, Petrenko O, Chittenden T, Pancoska
P, Moll UM. p53 has a direct apoptogenic role at the mitochondria.
Mol Cell. 2003; 11: 577-590. [PMID: 12667443]; [DOI: 10.1016/
s1097-2765(03)00050-9]
Bieging KT, Mello SS, Attardi LD. Unravelling mechanisms of
p53-mediated tumour suppression. Nat Rev Cancer. 2014; 14: 359370. [PMID: 24739573]; [DOI: 10.1038/nrc3711]
Joerger AC, Fersht AR. The p53 Pathway: Origins, Inactivation in
Cancer, and Emerging Therapeutic Approaches. Annu Rev Biochem.
2016; 85: 375-404. [PMID: 27145840]; [DOI: 10.1146/annurevbiochem-060815-014710]
Benbrook DM, Janakiram NB, Chandra V, Pathuri G, Madka V,
Stratton NC, Masamha CP, Farnsworth CN, Garcia-Contreras L,
Hatipoglu MK, Lighfoot S, Rao CV. Development of a dietary
formulation of the SHetA2 chemoprevention drug for mice. Invest
New Drugs. 2018; 36: 561-570. [PMID: 29273857]; [DOI: 10.1007/
s10637-017-0550-0]
Masamha CP, Benbrook DM. Cyclin D1 degradation is sufficient
to induce G1 cell cycle arrest despite constitutive expression of
cyclin E2 in ovarian cancer cells. Cancer Res. 2009; 69: 6565-6572.
[PMID: 19638577]; [DOI: 10.1158/0008-5472.CAN-09-0913]
Bai L, Zhu W-G. p53: structure, function and therapeutic
applications. J Cancer Mol. 2006; 2: 141-153. [DOI:10.29685/
JCM.200608.0002]
Gabizon R, Brandt T, Sukenik S, Lahav N, Lebendiker M, Shalev
DE, Veprintsev D, Friedler A. Specific Recognition of p53

Shishkin SS. Modern biochemistry and malignant cells

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Tetramers by Peptides Derived from p53 Interacting Proteins.
Plos One. 2012; 7. [PMID: 22693587]; [DOI: 10.1371/journal.
pone.0038060]
Kitayner M, Rozenberg H, Kessler N, Rabinovich D, Shaulov L,
Haran TE, Shakked Z. Structural basis of DNA recognition by p53
tetramers. Mol Cell. 2006; 22: 741-753. [PMID: 16793544]; [DOI:
10.1016/j.molcel.2006.05.015]
Vousden KH, Vande Woude GF. The ins and outs of p53. Nat
Cell Biol. 2000; 2: E178-E180. [PMID: 11025676]; [DOI:
10.1038/35036427]
Kaul SC, Aida S, Yaguchi T, Kaur K, Wadhwa R. Activation of wild
type p53 function by its mortalin-binding, cytoplasmically localizing
carboxyl terminus peptides. J Biol Chem. 2005; 280: 39373-39379.
[PMID: 16176931]; [DOI: 10.1074/jbc.M500022200]
Nikolaev AY, Li MY, Puskas N, Qin J, Gu W. Parc: A cytoplasmic
anchor for p53. Cell. 2003; 112: 29-40. [PMID: 12526791]; [DOI:
10.1016/s0092-8674(02)01255-2]
Wadhwa R, Takano S, Mitsui Y, Kaul SC. NIH 3T3 cells
malignantly transformed by mot-2 show inactivation and
cytoplasmic sequestration of the p53 protein. Cell Res. 1999; 9:
261-269. [PMID: 10628835]; [DOI: 10.1038/sj.cr.7290025]
Gestl EE, Bottger SA. Cytoplasmic sequestration of the tumor
suppressor p53 by a heat shock protein 70 family member, mortalin,
in human colorectal adenocarcinoma cell lines. Biochem Biophys
Res Commun. 2012; 423: 411-416. [PMID: 22683628]; [DOI:
10.1016/j.bbrc.2012.05.139]
Wadhwa R, Yaguchi T, Hasan K, Mitsui Y, Reddel RR, Kaul
SC. Hsp70 family member, mot-2/mthsp70/GRP75, binds to the
cytoplasmic sequestration domain of the p53 protein. Exp Cell
Res. 2002; 274: 246-253. [PMID: 11900485]; [DOI: 10.1006/
excr.2002.5468]
Walker C, Bottger S, Low B. Mortalin-based cytoplasmic
sequestration of p53 in a nonmammalian cancer model. Am J
Pathology. 2006; 168: 1526-1530. [PMID: 16651619]; [DOI:
10.2353/ajpath.2006.050603]
Lu W, Lee N, Kaul S, Lan F, Poon R, Wadhwa R, Luk J,
differentiation. Mortalin–p53 interaction in cancer cells is stress
dependent and constitutes a selective target for cancer therapy. Cell
Death Differ. 2011; 18: 1046. [PMID: 21233847]; [DOI: 10.1038/
cdd.2010.177]
Kaul SC, Reddel RR, Sugihara T, Mitsui Y, Wadhwa R. Inactivation
of p53 and life span extension of human diploid fibroblasts by mot2. Febs Letters. 2000; 474: 159-164. [PMID: 10838077]; [DOI:
10.1016/s0014-5793(00)01594-5]
Kaul SC, Yaguchi T, Taira K, Reddel RR, Wadhwa R.
Overexpressed mortalin (mot-2)/mthsp70/GRP75 and hTERT
cooperate to extend the in vitro lifespan of human fibroblasts. Exp
Cell Res. 2003; 286: 96-101. [PMID: 12729798]; [DOI: 10.1016/
s0014-4827(03)00101-0]
Kaul SC, Duncan EL, Englezou A, Takano S, Reddel RR, Mitsui
Y, Wadhwa R. Malignant transformation of NIH3T3 cells by
overexpression of mot-2 protein. Oncogene. 1998; 17: 907-911.
[PMID: 9780007]; [DOI: 10.1038/sj.onc.1202017]
Xu J, Xiao HH, Sartorelli AC. Attenuation of the induced
differentiation of HL-60 leukemia cells by mitochondrial chaperone
HSP70. Oncol Res. 1999; 11: 429-435. [PMID: 10821537]
Wadhwa R, Takano S, Robert M, Yoshida A, Nomura H, Reddel
RR, Mitsui Y, Kaul SC. Inactivation of tumor suppressor p53 by
Mot-2, a hsp70 family member. J Biol Chem. 1998; 273: 2958629591. [PMID: 9792667]; [DOI: 10.1074/jbc.273.45.29586]
Marchenko ND, Zaika A, Moll UM. Death signal-induced
localization of p53 protein to mitochondria - A potential role in
apoptotic signaling. J Biol Chem. 2000; 275: 16202-16212. [PMID:
10821866]; [DOI: 10.1074/jbc.275.21.16202]
Kaul SC, Takano S, Reddel RR, Mitsui Y, Wadhwa R.
Transcriptional inactivation of p53 by deletions and single amino
acid changes in mouse mot-1 protein. Biochem Biophys Res

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

240

Commun. 2000; 279: 602-606. [PMID: 11118332]; [DOI: 10.1006/
bbrc.2000.3986]
Deocaris CC, Takano S, Priyandoko D, Kaul Z, Yaguchi T, Kraft
DC, Yamasaki K, Kaul SC, Wadhwa R. Glycerol stimulates
innate chaperoning, proteasomal and stress-resistance functions:
implications for geronto-manipulation. Biogerontology. 2008; 9:
269-282. [PMID: 18344010]; [DOI: 10.1007/s10522-008-9136-8]
Ma Z, Izumi H, Kanai M, Kabuyama Y, Ahn NG, Fukasawa
K. Mortalin controls centrosome duplication via modulating
centrosomal localization of p53. Oncogene. 2006; 25: 5377-5390.
[PMID: 16619038]; [DOI: 10.1038/sj.onc.1209543]
Ostermeyer AG, Runko E, Winkfield B, Ahn B, Moll UM.
Cytoplasmically sequestered wild-type p53 protein in neuroblastoma
is relocated to the nucleus by a C-terminal peptide. Proc Natl
Acad Sci USA. 1996; 93: 15190-15194. [PMID: 8986786]; [DOI:
10.1073/pnas.93.26.15190]
Kaul SC, Reddel RR, Mitsui Y, Wadhwa R. An N-terminal region
of mot-2 binds to p53 in vitro. Neoplasia. 2001; 3: 110-114. [PMID:
11420746]; [DOI: 10.1038/sj.neo.7900139]
Stevens SY, Cai S, Pellecchia M, Zuiderweg ERP. The solution
structure of the bacterial HSP70 chaperone protein domain
DnaK(393–507) in complex with the peptide NRLLLTG. Protein
Sci. 2003; 12: 2588-2596. [PMID: 14573869]; [DOI: 10.1110/
ps.03269103]
Utomo DH, Widodo N, Rifa’i MJB. Identifications small
molecules inhibitor of p53-mortalin complex for cancer drug
using virtual screening. 2012; 8: 426. [PMID: 22715313]; [DOI:
10.6026/97320630008426]
Yoo JY, Ryu J, Gao R, Yaguchi T, Kaul SC, Wadhwa R, Yun CO.
Tumor suppression by apoptotic and anti-angiogenic effects of
mortalin-targeting adeno-oncolytic virus. J Gene Med. 2010; 12:
586-595. [PMID: 20603860]; [DOI: 10.1002/jgm.1471]
Grover A, Priyandoko D, Gao R, Shandilya A, Widodo N,
Bisaria VS, Kaul SC, Wadhwa R, Sundar D. Withanone binds to
mortalin and abrogates mortalin-p53 complex: computational and
experimental evidence. Int J Biochem Cell Biol. 2012; 44: 496-504.
[PMID: 22155302]; [DOI: 10.1016/j.biocel.2011.11.021]
Rousaki A, Miyata Y, Jinwal UK, Dickey CA, Gestwicki JE,
Zuiderweg ERP. Allosteric Drugs: The Interaction of Antitumor
Compound MKT-077 with Human Hsp70 Chaperones. J Mol
Biol. 2011; 411: 614-632. [PMID: 21708173]; [DOI: 10.1016/
j.jmb.2011.06.003]
Wadhwa R, Sugihara T, Yoshida A, Nomura H, Reddel RR,
Simpson R, Maruta H, Kaul SC. Selective toxicity of MKT-077 to
cancer cells is mediated by its binding to the hsp70 family protein
mot-2 and reactivation of p53 function. Cancer Res. 2000; 60:
6818-6821. [PMID: 11156371]
Deocaris CC, Widodo N, Shrestha BG, Kaur K, Ohtaka M,
Yamasaki K, Kaul SC, Wadhwa R. Mortalin sensitizes human
cancer cells to MKT-077-induced senescence. Cancer Lett.
2007; 252: 259-269. [PMID: 17306926]; [DOI: 10.1016/
j.canlet.2006.12.038]
Vaishnavi K, Saxena N, Shah N, Singh R, Manjunath K,
Uthayakumar M, Kanaujia SP, Kaul SC, Sekar K, Wadhwa R.
Differential Activities of the Two Closely Related Withanolides,
Withaferin A and Withanone: Bioinformatics and Experimental
Evidences. Plos One. 2012; 7: e44419. [PMID: 22973447]; [DOI:
10.1371/journal.pone.0044419]
Grover A. Withanolides: Strategies for Enhanced Production
and Mechanistic Insights into their Mode of Action. Proc Indian
Natn Sci Acad. 2015; 81: 599-607. [DOI: 10.16943/ptinsa/2015/
v81i3/48222]
Propper DJ, Braybrooke JP, Taylor DJ, Lodi R, Styles P, Cramer JA,
Collins WC, Levitt NC, Talbot DC, Ganesan TS, Harris AL. Phase
I trial of the selective mitochondrial toxin MKT077 in chemoresistant solid tumours. Ann Oncol. 1999; 10: 923-927. [PMID:
10509153]; [DOI: 10.1023/a:1008336904585]

Shishkin SS. Modern biochemistry and malignant cells
92.

93.

94.

95.

96.

97.

98.

99.

6: 3372s-3372s.
100. Kabirov KK, Kapetanovic IM, Benbrook DM, Dinger N,
Mankovskaya I, Zakharov A, Detrisac C, Pereira M, MartinJimenez T, Onua E, Banerjee A, van Breemen RB, Nikolic D,
Chen L, Lyubimov AV. Oral toxicity and pharmacokinetic studies
of SHetA2, a new chemopreventive agent, in rats and dogs. Drug
Chem Toxicol. 2013; 36: 284-295. [PMID: 22947079]; [DOI:
10.3109/01480545.2012.710632]
101. Sharma A, Thavathiru E, Benbrook DM, Woo S. Bioanalytical
method development and validation of HPLCUV assay for the
quantification of SHetA2 in mouse and human plasma: Application
to pharmacokinetics study. J Pharm Technol Drug Res. [PMID:
29708233]; [DOI: 10.7243/2050-120X-6-2]
102. Zhang YL, Hua YS, Benbrook DM, Covey JM, Dai GW, Liu ZF,
Chan KK. High performance liquid chromatographic analysis
and preclinical pharmacokinetics of the heteroarotinoid antitumor
agent, SHetA2. Cancer Chemother Pharmacol. 2006; 58: 561-569.
[PMID: 16534614]; [DOI: 10.1007/s00280-006-0211-z]
103. Liu ZF, Zhang YL, Hua YF, Covey JM, Benbrook DM, Chan KK.
Metabolism of a sulfur-containing heteroarotionoid antitumor agent,
SHetA2, using liquid chromatography/tandem mass spectrometry.
Rapid Commun Mass Spectrom. 2008; 22: 3371-3381. [PMID:
18837006]; [DOI: 10.1002/rcm.3744]
104. Scheller KJ, Williams SJ, Lawrence AJ, Jarrott B, Djouma E.
An improved method to prepare an injectable microemulsion
of the galanin-receptor 3 selective antagonist, SNAP 37889,
using Kolliphor® HS 15. MethodsX. 2014; 1: 212-216. [PMID:
26150955]; [DOI: 10.1016/j.mex.2014.09.003]
105. Sharma A, Benbrook DM, Woo S. Pharmacokinetics and
interspecies scaling of a novel, orally-bioavailable anti-cancer drug,
SHetA2. Plos One. 2018; 13: e0194046. [PMID: 29634717]; [DOI:
10.1371/journal.pone.0194046]
106. Mahjabeen S, Hatipoglu MK, Benbrook DM, Kosanke SD, GarciaContreras D, Garcia-Contreras L. Influence of the estrus cycle of the
mouse on the disposition of SHetA2 after vaginal administration.
Eur J Pharm Biopharm. 2018; 130: 272-280. [PMID: 30064701];
[DOI: 10.1016/j.ejpb.2018.07.004]

Britten CD, Rowinsky EK, Baker SD, Weiss GR, Smith L,
Stephenson J, Rothenberg M, Smetzer L, Cramer J, Collins W, Von
Hoff DD, Eckhardt SG. A Phase I and pharmacokinetic study of the
mitochondrial-specific rhodacyanine dye analog MKT 077. Clin
Cancer Res. 2000; 6: 42-49. [PMID: 10656430]
Amick J, Schlanger SE, Wachnowsky C, Moseng MA, Emerson
CC, Dare M, Luo WI, Ithychanda SS, Nix JC, Cowan JA, Page
RC, Misra S. Crystal structure of the nucleotide-binding domain of
mortalin, the mitochondrial Hsp70 chaperone. Protein Sci. 2014;
23: 833-842. [PMID: 24687350]; [DOI: 10.1002/pro.2466]
Guo W, Yan L, Yang L, Liu X, E Q, Gao P, Ye X, Liu W, Zuo J.
Targeting GRP75 improves HSP90 inhibitor efficacy by enhancing
p53-mediated apoptosis in hepatocellular carcinoma. Plos One.
2014; 9: e85766. [PMID: 24465691]; [DOI: 10.1371/journal.
pone.0085766]
Gnanasekaran KK, Benbrook DM, Nammalwar B, Thavathiru
E, Bunce RA, Berlin KD. Synthesis and evaluation of second
generation Flex-Het scaffolds against the human ovarian cancer
A2780 cell line. Eur J Med Chem. 2015; 96: 209-217. [PMID:
25880346]; [DOI: 10.1016/j.ejmech.2015.03.070]
Osterberg F, Morris GM, Sanner MF, Olson AJ, Goodsell DS.
Automated docking to multiple target structures: incorporation of
protein mobility and structural water heterogeneity in AutoDock.
Proteins. 2002; 46: 34-40. [PMID: 11746701]; [DOI: 10.1002/
prot.10028]
Watts FM, Pouland T, Bunce RA, Berlin KD, Benbrook DM,
Mashayekhi M, Bhandari D, Zhou DH. Activity of oxygen-versus
sulfur-containing analogs of the Flex-Het anticancer agent SHetA2.
Eur J Med Chem. 2018; 158: 720-732. [PMID: 30245396]; [DOI:
10.1016/j.ejmech.2018.09.036]
Sharma A, Benbrook DM, Woo S. Pharmacokinetics and
interspecies scaling of a novel, orally-bioavailable anti-cancer drug,
SHetA2. Plos One. 2018; 13. [PMID: 29634717]; [DOI: 10.1371/
journal.pone.0194046]
Masamhal CP, Liu T, Benbrook DM. A116 SHetA2 targets cyclin
D1 for proteasomal degradation through a GSK3 beta-independent
mechanism leading to G1 cell cycle arrest. Mol Cancer Ther. 2007;

241

