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Review

Implications of glutathione-S transferase P1 in MAPK signaling as
a CRAF chaperone: In memory of Dr. Irving Listowsky

By Yoshiro NITsu,*21 Yasushi SATO*® and Tetsuji TAKAYAMA*?
(Edited by Shigekazu NAGATA, M.J.A.)

Abstract: Glutathione-S transferase P1 (GSTP1) is one of the glutathione-S transferase
isozymes that belong to a family of phase II metabolic isozymes. The unique feature of GSTP1
compared with other GST isozymes is its relatively high expression in malignant tissues. Thus,
clinically, GSTP1 serves as a tumor marker and as a refractory factor against certain types of
anticancer drugs through its primary function as a detoxifying enzyme. Additionally, recent studies
have identified a chaperone activity of GSTP1 involved in the regulation the function of various
intracellular proteins, including factors of the growth signaling pathway. In this review, we will first
describe the function of GSTP1 and then extend the details onto its role in the mitogen-activated
protein kinase signal pathway, referring to the results of our recent study that proposed a novel
autocrine signal loop formed by the CRAF/GSTP1 complex in mutated KRAS and BRAF cancers.
Finally, the possibilities of new therapeutic approaches for these cancers by targeting this complex
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will be discussed.
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Introduction

An organic anion-binding protein that functions
to extract anions from the blood into hepatocytes
was first found in the livers of rats and named Y
protein or ligandin.!»? This protein was later shown
to exert its enzymatic activity by conjugation of the
reduced form of glutathione (GSH) to xenobiotic
substrates for the purpose of detoxification, which
is a characteristic of a phase II metabolic enzyme.
Thereafter, similar enzymes with the same catalytic
activity but distinct structures, i.e., isozymes, were
reported, and these were categorized as a family of
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glutathione-S transferases (GSTs).?) Amongst these
GST isozymes, glutathione S transferase P1 (GSTP1)
has a unique feature in that it is highly expressed in
malignant tissues and thus has been used clinically as
tumor marker.? Furthermore, because certain types
of anticancer drugs such as alkylating agents are
readily detoxified by conjugation with GSH, malig-
nant tissues expressing high levels of GSTP1 often
exhibit resistance against these anticancer drugs.”) To
overcome this GSTP1-related drug resistance, inhib-
itors of the enzyme activity of GSTP1 have been
developed and used clinically with some successful
outcomes.? Another characteristic feature of this
enzyme is its chaperone activity with various intra-
cellular proteins, including some signaling factors.
The most notable characteristic of GSTP1 as a
chaperone is that it negatively regulates the activity
of JNK, which promotes apoptosis of cells, upon
exposure to HyO, or UV irradiation.” Assuming the
regulation of JNK by GSTP1 as underlying molecular
mechanism, a series of studies have exploited the
possible involvement of GSTP1 in cancer cell growth,
and indeed these have shown the cancer growth
promoting activity of GSTP1 by both in vitro cell
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proliferation assays and in vivo tumorigenesis assays
of xenografted cancer cells.®) Independently from
these studies, we determined a mnovel function of
GSTP1 in promoting the growth of cancers such as
mutated KRAS (mKRAS) and mutated BRAF
(mBRAF), of which mitogen-activated protein kinase
(MAPK) forms the primary signaling pathway.? The
proposed function is based on the findings that in
these cancers GSTP1 is induced by MAPK signaling
and in turn interacts with CRAF to form a CRAF/
GSTP1 complex, which augments downstream sig-
nals of MAPK in an autocrine loop. We further
revealed the fact that this autocrine loop signal was
active independently from authentic signaling path-
way, thereby any means of inhibiting authentic
MAPK signal components such as siRNA KRAS,
siRNA BRAF, or mBRAF inhibitors did not affect
the loop signal, resulting in the tumor becoming
refractory to treatment with MAPK inhibitors.

In this review, we will first briefly summarize
malignancy-related studies on GSTP1, then discuss
the GSTP1-dependent autocrine signal loop in
mKRAS and mBRAF cancers, and finally propose a
putative approach to inhibit the autocrine signal loop
targeting the GSTP1/CRAF complex.

Personal history (Y.N.) of GST research

It was 1972—-1973 when I started my researcher
career as a postdoctoral fellow with Dr. Irving
Listowsky at the Department of Biochemistry, Albert
Einstein College of Medicine, NY.

At that time, our efforts were mainly focused on
exploration of the secondary structure of the iron
storage protein ferritin using circular dichroism
(CD), which was his specialty as an organic chemist
(Fig. 1). In parallel with CD experiments, I was
looking for a more clinically relevant area, and luckily
an opportunity came up with a project to develop
an assay system to measure circulating ferritin, which
is nowadays widely used as an essential marker to
assess storage iron in the body. Our laboratory
happened to be located in the building next to the
Liver Center, of which director was Dr. Irwin Arias,
currently a Senior Scientist, Emeritus at National
Institutes of Health, who had just found a novel
organic anion binding protein, ligandin in rat
hepatocytes. A collaboration with Dr. Listowsky
was formed to explore the molecular basis of
interactions between various organic anions and
ligandin through the application of CD. This was
my first encounters with ligandin, which was later
designated as glutathione-S transferase Al-1
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Fig. 1.

Dr. Irving Listowsky and I (Y.N.) in front of the circular
dichroism machine, in early 1972.

(GSTA1-1),” one of the GST isozymes, because the
protein was revealed to exert an enzymatic activity
to conjugate glutathione (GSH) to xenobiotics.
Since then, although “GST” has been a latent
research interest, it took several years until restarting
the GSTP1 project because at the Department of
Medicine, Sapporo Medical University, Japan, our
main research projects were rather clinically oriented,
including iron depletion therapy for chronic hepati-
tis,lo) identification of microscopic precancerous
lesions in the human colon using a magnifying
endoscope,'!) treatment of minimal residual disease
of acute myelogenous leukemia using an anti-VLA4
antibody,'? gene therapy for cancer, and the treat-
ment of liver cirrhosis with siRNA HSP47 bearing
vitamin A-coupled liposome,'®) amongst other topics.
While conducting these projects, I happened to
come across publications on malignancy-related
studies of GSTP1, which refreshed my research
interest. Thereafter, we were fortunately able to
produce a series of clinically relevant outcomes from
the GSTP1 research as described below. It was also
fortunate for me that Dr. Listowsky generously
continued to support my projects from the viewpoint
of basic science ever since I left his laboratory.
Responding to his kindness, I have sent more than
40 scientists either to his laboratory or to the Liver
Center of Einstein College, and one of those
scientists, Dr. Tetsuji Takayama who is the coauthor
of this article, came back full of GST knowledge
and became closely engaged with our later GSTP1
research. This warm and close friendship between us
and Dr. Listowsky lasted until the last moment,
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which came suddenly just few months ago (on April
29, 2021) when he passed away from COPD.

Therefore, I dedicate this review on GSTP1 to
Dr. Listowsky in his memory.

Structure and function of GSTs

Most GST classes show a high degree of poly-
morphism, consisting of three superfamilies: cyto-
solic, mitochondrial, and microsomal—also known
as MAPEG—proteins.'¥ Amongst, the cytosolic
family is the most well-characterized GSTs, and
these are further divided into 13 sub-classes based
upon their distinct structures, with nearly 40%
sequence homology.'?)

GSTs are usually composed of two identical
subunits, each consisting of 199-244 amino acids,
equivalent to 22—29kDa, and containing two cata-
lytically independent active sites, with the “G” site
at the N-terminus and the “H” site in the C-terminal
domain. With these two sites, GSTs exert the
activity of a phase II metabolic enzyme, catalyzing
the conjugation of GSH to xenobiotic substrates
for the purpose of water-solubilization and detoxifi-
cation.'017)

In addition to the conjugation reactions, GSTs
have a role in several other catalytic activities,
including thiol transferase, which catalyzes S-gluta-
thionylation of proteins, and glutathione peroxidase,
which catalyzes the reduction of reactive oxygen
species and organic hydroperoxides such as phospho-
lipids, fatty acids, and DNA hydroperoxides.'®

Notably, GSTs also exert non-enzymatic activ-
ities such as chaperone activities to modulate the
function of various intracellular proteins. Amongst
these, GSTP1 function as a chaperone to JNK,
implying a role in cell survival and apoptosis as a
member of the MAPK pathway, has been explored
extensively. When cells are in a nonstress state,
GSTP1 binds to JNK inhibiting its activity.®)

UV irradiation or Hy0, treatment caused
dissociation of GSTP1 from JNK, in turn leading to
JUN phosphorylation followed by the induction of
AP-1-dependent target genes involved in cell pro-
liferation, DNA repair, and cell death.'?)

Another chaperone activity of GSTP1 to inhibit
the function of target molecules is exhibited on
tumor mnecrosis factor receptor-associated factor 2
(TRAF2), an upstream activator of JNK.?”) Thus,
GSTP1 blocks the MAPK/JNK signaling cascade at
multiple steps.

Completely opposite to the chaperone function
of GSTP1, activation of glyceraldehyde-3-phosphate

[Vol. 98,

dehydrogenase, which plays an essential role in the
metabolism and signaling pathway of triple negative
breast cancer was reported recently.?!) Similar
GSTP1-related activation of target molecule, perox-
iredoxin 6, of which the peroxidase activity protects
cells against oxidant stress through GSH-dependent
reduction of various hydroperoxides including phos-
pholipid hydroperoxides to the corresponding water
and alcohols, was also reported.??)

We also recently reported that GSTP1 binds
to and activates CRAF and its downstream MAPK
signaling in cancers with mutated KRAS or
BRAFY —these results will be described in following
sections. Incidentally, there is a possibility that,
although not related to the chaperone function, the
above-mentioned thiol transferase activity of GSTP1
plays a role in MAPK signaling, because self-S-
glutathionylation of GSTP1 resulted in interference
with GSTP1/JNK complex formation.”) Passive
activation of redox regulation of GSTP1 by binding
to Fanconi anemia group C protein (FANCC) was
also reported to be essential for the survival of
hematopoietic progenitor cells.?)

GSTP1 and malignancy

GSTP1 is categorized as one of the 13 subclasses
of cytosolic GSTs? and is representative of other
members of the cytosolic GST superfamily as the
first GST to have its structure determined.?”) One
of the unique characteristics of GSTP1 compared
with other cytosolic GSTs is its close association with
malignancy.”?%) Because of this uniqueness, numer-
ous studies on the clinical implication of GSTP1 such
as its application as a tumor marker in the circulation
and role as a chemo-resistant factor in malignant
tissues have been conducted.

GSTP1 as a tumor marker

Elevated GSTP1 in the circulation has been
reported in patients with various malignancies and
has been proposed as a tumor marker for decades.'®)
We reported the elevation of plasma GSTP1 in
patients with gastrointestinal cancers,Y oral can-
cers?®) and malignant lymphoma.?”’ However,
GSTP1 is not a tumor-specific marker because it is
widely distributed in normal tissues® and is released
from these tissues upon damage such as in chronic
kidney disease, liver disease, ete.,?® thus it may not
be valid for the primary diagnosis of malignant
diseases. Therefore, attempts, including ours,?”) have
been made to utilize serum GSTP1 for determination
of the stage of cancer or monitoring the efficacy of
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treatment, as with most other tumor-associated
markers. However, contrary to these previous find-
ings, in some malignancies such as esophageal
squamous carcinoma, a correlation between decreas-
ed GSTP1 expression and poor prognosis has been
reported.'®?% In addition, more recent interest in the
use of GSTP1 as a tumor marker was focused on
its methylation status.'® In particular, in prostate
cancer, hypermethylation of GSTP1 has been shown
to be a useful marker for early detection.'®3)
Similarly, GSTP1 hypermethylation was described
as an early event in breast cancer.'®?!) In some
studies on hepatocellular cancer, a correlation be-
tween poor prognosis and hypermethylation was
shown.'®32) Furthermore, application of liquid biop-
sy methods to detect GSTP1 hypermethylation in
urine, serum, plasma, and blood from patients with
cancer have been attempted,??) although validation
of this prognostic approach needs further clinical
studies.

The mechanism of release of the cytoplasmic
GSTP1 protein into the circulation is presently
unknown. However, our previous observation that
only the monomer form GSTP1 existed in the culture
medium of platelets that contained abundant dimeric
GSTP1,*Y was suggestive of a selective secretion
process of cytoplasmic GSTP1 into the circulation
in the form of a monomer. Consistent with this
assumption was that circulating GSTP1 was asso-
ciated with exosomes, which were actively secreted
from GSTP1-expressing tissues.?”) Because exosomes
are known to be intercellular communication vectors
from the original tissue to distant organs, it may
be possibility that the function of GSTP1 can be
transferred to target tissues. In fact, conferring drug-
resistant properties with GSTP1 by exosomes has
been reported.?®

In this regard, the functions of the GSTP1 dimer
and monomer forms are distinct from each other:
dimer GSTP1 functions as an enzyme and monomer
GSTP1 functions as a chaperone for some intra-
cellular proteins. Therefore, it may also be interesting
to examine which form of GSTP1 is present in
exosomes for the possible transfer of functions to
target tissues.

Another future task is to investigate whether
plasma GSTP1 can be used as a tumor marker not
only for cancers from certain designated organs but
also for cancers caused by specific oncogenes such
as mutated KRAS and BRAF, because in cancers
caused by these oncogenes GSTP1 is induced
through MAPK signaling and functions as a growth
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promoting factor. Details of this will be discussed
in the following section. Hence, for monitoring the
effect of therapeutic agents in these cancers, plasma
GSTP1 levels should serve a reasonable marker.

GSTP1 as a chemo-resistant factor

Another clinically important issue regarding the
association of GSTP1 with malignancy is its role in
the development of resistance against drugs such as
adriamycin (ADR), cisplatin (CDDP), melphalan,
cyclophosphamide, and chlorambucil through the
GSH-conjugation activity of GSTP1.%) We confirmed
a significant increase in the sensitivity of a GSTP1-
expressing colon cell line to ADR, CDDP, melphalan,
and etoposide by transfection of GSTP1 antisense
DNA.?) We also demonstrated that CD34" bone
marrow cells were protected from alkylating agents
by introduction of the GSTP1 gene.’”) With regard
to the reactive oxygen species (ROS) scavenging
activity of GST (GSTP1), it may be intriguing to
examine the role of GSTP1 in the chemoresistance
of cancer stem cells in which a low ROS level is an
essential factor for their stemness and chemoresist-
ance properties.’®)

GSTP1 inhibitors

To overcome GSH-conjugation-related refrac-
tory tumors, various drugs to inhibit the enzyme
activity of GSTP1, including synthetic inhibitors®)
and natural inhibitors from plants,*” have been
explored. Amongst these, ethacrynic acid (EA),
which has been used clinically as a diuretic drug, is
the most extensively studied to overcome the
GSTP1-refractory behavior in a wide range of
malignancies.?” The mechanism for the restoration
of drug sensitivity by EA involves covalent binding
of EA to GSH, thereby GSH becomes unavailable
for conjugation to drugs by GSTP1. However,
despite the fairly acceptable pharmacological effect
on GSTPl-positive cancers, its clinical use was
limited due to its strong diuretic properties. To avoid
the unfavorable diuretic effect, various EA analogues
have been developed.

Notably, most of these EA analogues exhibit
anticancer activity in addition to their originally
aimed activity to overcome drug refractoriness.*!) In
particular, ethacraplatin, which is a cisplatin mole-
cule coordinated to two ethacrynic acid ligands, may
be a promising EA analogue because it was shown to
be highly potent in treating cisplatin-resistant cancer
cells.*?) Clinical trials on some of these EA analogues
are currently underway.
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Another series of anti-GSTP1 drugs comprise
GST analogues, of which the best characterized
example is a GSH peptidomimetic molecule desig-
nated as ezatiostat hydrochloride (TLK199) whose
metabolites bind the G-site of GSTP1 to inhibit its
enzyme activity. This compound was proven to be
clinically efficacious in the treatment of myelodys-
plastic syndrome®® although the mechanism of
action is unclear. Canfosfamide, also known as
TLK286, is also a GSH analogue that is activated
by GSTPI1-1 into a GSH derivative and phosphor-
odiamidate, an alkylating metabolite that forms
covalent linkages with DNA, thereby exerting anti-
cancer activity in ovarian cancer.*)

By modifying TLK199, we developed a new
compound,  O-hexadecyl-y-glutamyl-S-benzyl-cys-
teinyl-D-phenyl glycine-ethylester (HGBPE), with
higher solubility than the original drug, and demon-
strated a significantly enhanced antitumor activity of
ADR or cyclophosphamide against cholangiocarcino-
ma through combination use with a new compound
in a xenograft model.*” Its clinical efficacy needs to
be examined in a future study.

The non-enzymatic activity of GSTP1, namely
its chaperone function, also plays a critical role in the
acquisition of drug resistance. In this regard, it may
be worth mentioning that 6-(7-nitro-2,1,3-benzoxa-
diazol-4-ylthio) hexanol (NBDHEX) and its analogue
MC3181, a derivative that binds to GSTP1 and
dissociate from its complexes with both JNK and
TRAF2,%) demonstrated strong blocking activity
on cancer growth and metastasis in a xenograft
mouse model of vemurafenib-resistant melanoma.*”)
Although the precise molecular mechanism is still
under investigation, we found recently that NPD
926, which specifically binds to GSTP1 and evokes
suppression of mKRAS cell growth,*® overcomes
vemurafenib resistance in melanoma cells, most likely
by inhibiting the chaperone activity of GSTP1
(unpublished data). Details of this role of GSTP1
as a chaperone-related drug resistance factor will be
discussed in the paragraphs bellow. Table 1 summa-
rizes the anti-GSTP1 agents that may be used to
overcome chemoresistance and also to treat cancer.

Mechanisms underlying the elevation
of GSTP1 in malignant tissues

In the 1980s, an AP-1 response element was
identified in the promoter region of the human
GSTP1 gene by functional studies, and an absolute
requirement for the AP-1 recognition sequence for
transcriptional activity of the GSTP1 promoter was
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Table 1. GSTP1 inhibitors
Ethacrynic acid Function References
and analogues
Ethacrynic acid (EA) Diuretics 39
Overcoming drug resistance
Other EA analogues Overcoming drug resistance m
Anti-cancer activity
Ethacraplatin Anti-cancer activity 42
Piperlongumine Alkaloid (plant) 0
Anti-cancer activity
GSH analogues
TLK199 Overcoming drug resistance 43
Drug for myelodysplastic
syndrome
TLK286 Anti-cancer activity for 44
(Canfosfamide) ovarian cancer
HGBPE Chemoprevention of pan- 45
creas cancer
Overcoming drug resistance
NBDHEX and its Chaperone activity of 46, 47
analogue GSTP1 to block its interac-
tion with JNK and TRAF2
Overcoming mBRAF inhib-
itor resistance
NPD926 Anti-cancer activity for 48

mKRAS cancer

also revealed.*"") Subsequently, AP-1 as a tran-
scription factor was found to be comprised of
members of the Jun and Fos protein families.”")
Independently from these studies, we have been
noticing a close relationship between the overexpres-
sion of GSTP1 and KRAS mutation.’® For example,
almost identical immunostaining patterns of GSTP1
with those of mKRAS were found not only in
mKRAS-positive adenomas but also in aberrant
crypt foci (ACF),) which we identified for the first
time as microscopic mKRAS-positive precursor
lesions of colon adenoma/cancer in the human colon
(Fig. 2).'Y These findings led us to investigate a
causal relationship between GSTP1 and mKRAS,
and employing several mKRAS cell lines we con-
firmed that GSTP1 is indeed induced by binding
of the end product of MAPK signaling transduced
by mKRAS, AP-1, to TRE promotor of GSTP1
(Fig. 3).Y Thus, we concluded that upregulation of
GSTP1 expression in cancers with mutated KRAS, of
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endoscopic appearance
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B Normal colon ACF Adenoma Cancer
epithelium GSTP1 GSTP1 GSTP1
P — g — ol —
Kras APC APC
Kras Kras
ACF-Adenoma-Carcinoma Sequence P53 negative

Fig. 2. Close relationship between GSTP1 expression and KRAS mutation during human colon carcinogenesis. Methylene blue-stained
aberrant crypt foci (ACF) identified using a magnifying endoscope in the human colon and their appearance in an HE-stained
specimen (left most panels of A). Immunostaining appearance of mutated KRAS and GSTP1 in human ACF (middle panels of A),
immunostaining appearance of mutated KRAS and GSTP1 in human colon adenoma (right most panels of A). B) Scematic
presentation of ACF-adenoma-carcinoma sequence. A close association of GSTP1 expression and Kras mutation is emphasized.
Copyright of Fig. 2A was permitted from Gastroenterology (2001) 121, 865—874 (Ref. 52).

proteasome

C-RAF
homodimer

Enhancement
of RAF kinase
activity

C-RAF/BRAF
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Fig. 3. Binding of GSTP1 to CRAF at its N-terminal domain, but not to BRAF, blocks proteasomal degradation of CRAF and
facilitates dimerization of CRAF homodimer and CRAF/BRAF heterodimer giving rise to activation of these RAF dimers. The
BRSR motif extending from the N-terminal domain of BRAF interferes with the binding of GSTP1 to BRAF.

which the main signal pathway is MAPK, is not a
simple coincidental event but is a result of a causal
relationship. For the past 15 years, investigators have found

Role of GSTP1 in cancer cell proliferation
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that GSTP1 is involved in the proliferation of certain
types of cancer cells,” ™% although the detailed
molecular mechanisms underlying the growth pro-
moting activity have not been explored but been
simply ascribed, by speculation, to the chaperone
activity of GSTP1 to JNK, as reported by Ronai
et al.”)

We, based on the aforementioned fact that
GSTP1 expression is closely associated with KRAS
mutation through the MAPK mediated induction,
postulated that GSTP1 might be involved in the
growth of mKRAS cancer. To address this, we
transduced siRNA GSTP1 and GSTP1 expression
viral vectors into mKRAS cells and non-GSTP1-
expressing cancer cells, respectively, and confirmed a
significant growth suppression of the former cells
and growth enhancement of the latter cells, verifying
the growth promoting activity of GSTP1 in mKRAS
cells.”

With regard to the mechanism of this growth
promoting activity, however, the regulation of JNK
activity by GSTP1 was not apparent as far as
mKRAS cells were concerned, because the growth
and death rates of mKRAS cells in the presence of

A

Autocrine growth of
KRAS mutantcells

4 N

Vo'

DY

Proteasomal
degradation

Autocrine loop

Iytic
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JNK inhibitor were unchanged irrespective of siRNA
GSTP1 treatment.”

The chaperone activity of GSTP1 on CRAF, a
signal component directly after mKRAS in the
MAPK pathway, was unveiled because when we
examined the MAPK signal components of mKRAS
cells treated with siRNA GSTP1 or GSTP1 expres-
sion viral vector, decreased expression of p-CRAF/
CRAF/p-MEK/P-ERK or increased expression of
the same respective signal components were ob-
served.?

In a series of subsequent experiments, we showed
that GSTP1 in mKRAS cells interacted with CRAF
at its N-terminal domain to protect it from degrada-
tion by the ubiquitin-dependent proteasome pathway
and to facilitate an essential step for signaling in the
MAPK pathway involving the formation of RAF
dimers; homodimer of CRAF and heterodimer of
CRAF with BRAF (Fig. 4).”

Because GSTP1, an end product of MAPK
signaling, interacts with CRAF, an early signal
component of the MAPK pathway, and enhances
the signaling power, we designated this whole scheme
as an “autocrine signal loop” (Fig. 4). Theoretically,

Autocrine growth of
BRAF (V600E) mutant cells

-

Proteasomal
degradation *

IAutucrine Iuopl

( ey Ycatalyic) Mutant
@ BR
] I= catalytic

Fig. 4. Schematic presentation of autocrine signaling loops in mutated KRAS (A) and mutated BRAF (B) cells. In this diagram, the
independent function of the autocrine signaling loop from authentic signals of oncogenes is highlighted. Copyright was permitted from

PNAS (2020) 117, 19435-19445 (Ref. 9).
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this autocrine signal loop, once established, is
considered to keep signaling as far as GSTP1 is
present in the cells, irrespective of stimuli from
mKRAS.

mBRAF cells also transduce growth signaling
through the MAPK pathway; therefore, we examined
the possibility that the end product of MAPK
signaling, GSTP1, may be expressed in these cells
as well, and as expected, confirmed the GSTP1
positivity in all nBRAF cells assessed.”

We then extended our exploration to see if the
autocrine signal loop is also functioning in mBRAF
cells and found significant growth suppression with
impaired MAPK signaling in siRNA GSTP1-treated
mBRAF cells (Fig. 4).” Hence, in cells with mKRAS,
mBRAF and presumably with other oncogenes of
which the primary signal pathway is MAPK, GSTP1
is deemed to play a critical role in their proliferation.

GSTP1 and tumorigenesis

The growth promoting activity of GSTP1 in
cancer cells revealed by in vitro experiments has been
further substantiated by investigators who demon-
strated impaired tumor formation, tumorigenesis, of
GSTP1-positive cancer cells xenografted into mice
after silencing of GSTP1.°Y In these studies, how-
ever, the relationship between overexpression of
GSTP1 and its causative oncogene was not eluci-
dated, and the underlying mechanism for the GSTP1
activity was again speculatively ascribed to its
chaperone function with JNK.

We also supported our in vitro findings that
GSTP1 plays a critical role in the proliferation of
mKRAS cells, using in vivo tumorigenesis experi-
ments which showed, upon induction of siRNA
GSTP1 by administration of Dox, significant sup-
pression of tumor size in mice xenografted with
mKRAS cells carrying doxycycline (Dox)-inducible
shRNA GSTP1.” In addition, the suppression of
tumor size was concomitantly associated with sup-
pression of the GSTP1/CRAF complex, consistent
with the results of in vitro findings of siRNA GSTP1-
treated mKRAS cells, confirming a role of GSTP1 as
a chaperone protein with CRAF using tumorigenesis
experiment.

GSTP1 and carcinogenesis

Studies on tumorigenesis are clinically important
because they ultimately link to therapeutic strat-
egies. Likewise, studies on carcinogenesis are clin-
ically meaningful because they should provide clues
for chemoprevention of the disease. Therefore, we
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Fig. 5. Critical role of GSTP1 in mutated KRAS-positive colon
carcinogenesis of azoxymethane-treated GSTP1 null mice. Note
that formation of both ACF and cancer nodules shown in the left
panels and cancer nodules in the right pictures were significantly
impaired in GSTP1 null mice.

examined the role of GSTP1 in the carcinogenesis
of mKRAS cancer. Practically, we employed GSTP1
null mice to follow the formation of ACF and
subsequent cancerous polyps after administration of
azoxymethane (AOM), which induces KRAS muta-
tion in the colon epithelium. Compared with litter-
mate mice that also received AOM, the numbers of
ACF and cancerous polyps in GSTP1 null mice were
substantially reduced (Fig. 5),” indicating that with-
out GSTP1 expression, mKRAS-dependent colon
carcinogenesis may be significantly impaired and,
therefore, chemoprevention approaches using anti-
GSTP1 agents should be highly efficacious for
mKRAS colon cancer. Taking this into account, we
examined the effect of a GSTP1 inhibitor, which
we synthesized, HGBPE, on carcinogenesis in the
pancreas in a murine model induced by 7,12-
dimethyl-benzanthracene (DMBA) and confirmed
significant suppression of both precancerous lesions,
ductal complexes, and adenocarcinoma,” proving a
concept of chemoprevention of mKRAS cancer by
inhibitor of GSTP1.

Clinical trials of cancer chemoprevention have
been conducted for decades. Some of the most
extensively studied trials are those on colon cancer
using  non-steroidal  anti-inflammatory  drugs
(NSAIDs), which mostly generated promising out-
comes. However, in these trials, drugs were admin-
istered for years or at least months to cancer-free
subjects, causing low compliance and unexpected
adverse effects. To avoid these drawbacks, we
performed a trial with short-term (2 months)
administration of sulindac to healthy subjects and
colon adenoma patients who underwent polypec-
tomy, examining ACF as surrogate markers and
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successfully assured the efficacy of the treatment in
preventing adenoma formation in both groups, and
suggested a periodic administration protocol of once
every 2 years.” Similarly, we, considering the fact
that mKRAS is the critical driver oncogene for
pancreatic cancer, against which therapeutic efficacy
by any current modalities is very limited and
prevention is highly desired. Therefore, we conducted
a clinical trial of short-term sulindac administration
in patients with precursor lesions of pancreas cancer,
branch duct-intraductal papillary mucinous neo-
plasms (BD-IPMNs), with promising outcomes.)
The mechanism underlying the activity of NSAIDs
is thought to be a suppression of prostaglandin E2
synthesis via cyclooxygenase-2 (Cox2) inhibition,
which causes a decrease in cell proliferation and
increases apoptosis. However, when we examined the
expression of Cox2 and GSTP1 in ACF, it was
generally negative for the former and positive for the
latter. Furthermore, the BD-IPMN lesions were also
strongly positive for GSTP1 expression but faintly
positive or negative for Cox2 expression. These
results indicated that the target molecule of sulindac
in these lesions may not be Cox2 but GSTP1. Taken
together, both experimental and clinical results were
suggestive of using GSTP1 inhibitors as chemo-
prevention drugs for mKRAS cancers. However, as
discussed above, because chemoprevention drugs are
supposed to be administered to subjects without
cancer for certain consecutive periods of time; at least
few months even with the periodical short-term
protocols, properties such as orally availability and
lower toxicity are required. In this regard, the
development of anti-GSTP1 drugs with such proper-
ties in the future will make chemoprevention of
mKRAS cancers and possibly of mBRAF cancers
more efficacious than currently available drugs.

Incidentally, there have been several previous
studies on carcinogenesis in GSTP1 null mice
demonstrating completely the opposite results to
ours, such as high incidence of cancer development in
the GSTP1 null mice.6Y) However, this controversy
may be explained by the fact that the agents to
induce cancers in these previous studies were, unlike
our AOM, deemed to be inactivated by GSTPI,
thereby in the absence of GSTP1 (GSTP1 null mice)
cancers developed readily.

Treatment of GSTP1-positive mKRAS
and mBRAF cancers

Cancers that develop in patients are, not like
the precursors of cancer, generally complex and even
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heterogeneous in terms of genetic background,
making them difficult to treat with a single agent.
In addition, for mKRAS cancers, because of the
very specific reason that the KRAS protein has a
smooth surface and does not have any deep pockets
that drugs can bind to, no efficacious inhibitor was
available until novel drugs that irreversibly bind to
mutant K-Ras(G12C), representing 11% of all
mKRAS, were recently developed.®?-%Y) Even with
these new drugs, efficacy rates on mKRAS-positive
cancers in clinical trials were not as dramatic as
initially expected,®) %) suggesting complexity in the
growth signaling of mKRAS cancer and the necessity
for combination therapy for this disease. In this
regard, our findings that GSTP1 forms an autocrine
signal loop that parallels authentic mKRAS signaling
pathway may explain some aspects of the complexity.

In fact, although siRNAs against KRAS and
GSTP1 gave rise to significant suppression of
mKRAS cell proliferation, the combination of these
siRNAs brought about clear additive effects with
almost complete suppression,” indicating that con-
trol of the autocrine loop signal is required to achieve
fully efficacious treatment of mKRAS cancers even
after pan-mKRAS inhibitors become available in
future.

Incidentally, for controlling the autocrine signal
loop, simple silencing or the inhibition of GSTP1
itself may not be a satisfactory approach because,
as mentioned above, GSTP1 interacts with several
intracellular factors in addition to CRAF (Table 2),
thus those intracellular factors may also be affected
by silencing or inhibition of GSTPI1, causing off-
target effects.

One of the strategies to avoid putative off-target
effects may be interference of GSTP1 binding to
CRAF, which takes place at the N-terminal domain

Table 2. GSTPl-interacting proteins
Interacting Function References
proteins
CRAF Signal transduction 9
JNK1 Signal transduction 8,19
TRAF2 Signal transduction 20
FANCC Protection of hematopoietic 23
cells

G3PD (GAPDH) Regulator of cell metabolism in 21
triple negative breast cancer

PRDX6 Peroxidase (lipid etc.) 22
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Fig. 6. Schematic presentation of putative approaches for
specific blockade of interactions between GSTP1 and the CR1
motif (regulatory domain) of CRAF by CRl-decoy or small
molecular inhibitors. Note that there are several GSTP1 binding
molecules other than CRAF.

of CRAF (Fig. 3). Recent reports emphasize that
inhibition of protein—protein interactions is becoming
a realistic approach for controlling various biological
cell behaviors,’”) and the development of inhibitor(s)
of the GSTP1/CRAF interaction is certainly one
option to assure the efficacy of combination therapy
for mKRAS cancers. To validate this treatment
concept, we have recently employed an expression
vector of an N-terminal decoy of CRAF, the CR1-
motif, which should competitively block binding of
GSTP1 to CRAF (Fig. 6), and succeeded in demon-
strating the growth suppression of mKRAS cells
transduced with this vector (unpublished observa-
tion). Based on this finding, we are currently working
on a candidate small molecular compound that
reduces CRAF expression by binding to GSTP1
(Fig. 6), expecting upcoming promising results.
Another concern for the treatment of mKRAS
cancers is the fact that the negative feedback from
p-ERK to early signaling components such as SOS,
CRAF, MEK, and tyrosine kinase receptors is taking
place in these cancers.’® ™) Because there are no
specific inhibitors to mKRASs except for K-Ras
(G12C), a modality to inhibit lower MAPK signal
components such as MEK is often chosen as
alternative option to suppress mKRAS signaling.
Therefore, the negative feedback may be suppressed
by the MAPK inhibitor,”" resulting in reactivation
of early signaling components and acquisition of
refractoriness to MAPK inhibitors. This reactivation
of negative feedback was recently confirmed even
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with inhibitors for K-Ras(G12C).™ In this regard,
the autocrine signal loop in such mKRAS cells
may also be enhanced when negative feedback is
suppressed with MAPK inhibitors or K-Ras (G12C)
inhibitors, particularly as CRAF, which is a counter-
part of GSTP1 in the autocrine signaling loop, is one
of the direct targets of p-ERK to be phosphorylated
and downregulated in negative feedback signaling,™
though this GSTP1l-related dilemma will also be
managed when an approach to inhibit the GSTP1/
CRAF interaction become available.

The treatment strategy for mBRAF cells was
deemed to be relatively straightforward compared
with that for mKRAS cells because several mBRAF-
specific inhibitors have been already developed.™)
In fact, first-generation inhibitors of the mBRAF
monomer, which is active as oncogene by itself,
while the active form of BRAF is generally a dimer,
elicited remarkable efficacy in all initial trials, with
apparently compatible results to the concept of
“oncogenic addiction of cancer”.” However, because
the autocrine loop signaling formed by GATP1/
CRAF complex is also active in mBRAF cells,
independently from mBRAF monomer signaling,
mBRAF monomer inhibitor alone is supposedly
ineffective to bring about full inhibition of growth
of mBRAF cancer. In fact, when we treated mBRAF
cells with each mBRAF inhibitor and siRNA GSTP1,
significant but not substantial growth suppression
was observed. However, the combination of these two
modalities caused almost complete growth suppres-
sion,” indicating that inhibition of the autocrine
signaling loop in combination with mBRAF inhibitor
is necessary to achieve greater efficacy in the treat-
ment of mBRAF cancer as well. Furthermore, as
the results of clinical studies on mBRAF-positive
melanoma accumulated, frequent acquisition of
resistance against the first-generation inhibitors has
been reported.”™ 7 One of the mechanisms for this
resistance was dimerization of mBRAF; formation of
either intact or truncated dimer molecules to which
monomer-specific first-generation inhibitors were not
effective.”7®) To overcome this type of resistance,
second-generation inhibitors that inhibit both mono-
mer and dimer mBRAFs were developed and
introduced into clinical trials.”® ™) Despite the quite
promising outcomes of initial clinical trials of these
inhibitors, there are still some cases that showed
refractoriness to those inhibitors.

Mechanisms underlying such refractoriness to
first- and second-generation inhibitors includes acti-
vation of co-existing insidious oncogenes such as
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mutated mKRAS, mutated EGFR, mutated MEK,
mutated ARAF, etc., after suppression of the
authentic signal by the mBRAF inhibitors.50)-81)

In addition, similar mechanisms to that of
mKRAS cancer treated with MAPK inhibitors
involving activation of early signaling components
of the MAPK pathway by suppression of negative
feedback with mBRAF inhibitors, may underlie one
of the mechanisms for the acquisition of resistance
to mBRAF inhibitors.®? In order to overcome this
resistance, co-administration of mBRAF inhibitors
with inhibitors of early signaling components of
MAPK such as MEK inhibitors has been attempted,
although clinical trials were sometimes hampered
by adverse effects.”) The autocrine signaling loop
formed by the interaction of GSTP1 with CRAF is
also implicated in the acquisition of resistance to
mBRAF inhibitors.

We have most recently reported that by
continuous exposure to one of the first generation of
mBRAF inhibitors, melanoma cells with a V600E
point mutation in BRAF acquired resistance to this
inhibitor, and the resistance was overcome by siRNA
GSTP1 treatment (unpublished observation), indi-
cating GSTP1-induced resistance. Hence, the devel-
opment of small molecular inhibitors of GSTP1/
CRAF interactions as mentioned above, is urgently
needed not only for achieving efficacious treatment
but also for overcoming drug-refractoriness in

mBRAF cancers.

Conclusion

In the early 2000s, the concept of “oncogene
addiction”, which implies that the growth and
survival of cancer cells can be impaired by the
inactivation of a single oncogene, was proposed.
However, as more sophisticated techniques in mo-
lecular biology have been introduced for the analysis
of cancer cell signaling, concealed complexities of the
signal pathways transduced by oncogenes have been
revealed. The complexity often causes refractoriness
to treatment with single oncogene inhibition. In
particular, the unexpected emergence of new signal
pathway(s) after treatment with oncogene-specific
inhibitors is problematic because they often cause
drug resistance.

Here, we reviewed the role of GSTP1, which
primarily functions in the detoxification of xeno-
biotics through GSH conjugation, in the growth
signaling of mKRAS and mBRAF cells, and empha-
sizing its chaperone activity with CRAF to create
an autocrine signaling loop, for which we recently
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reported its existence in these cells based on the
accumulated experimental evidence over several
years.

This autocrine signaling loop gives rise to the
complexity of the signaling pathway of these cancer
cells, and probably other cancer cells with MAPK
signaling as well, causing not only insufficient efficacy
of inhibitors against authentic signaling components
but also the acquisition of drug resistance. To
overcome the difficulties related to this autocrine
signaling loop, we proposed a strategy to inhibit
GSTP1/CRAF complex formation with a small
molecular agent. Experiments to prove the efficacy
of this agent are currently underway.
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