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Abstract

Endoplasmic reticulum (ER) stress and the subsequent adaptive cellular response, termed the unfolded protein response
(UPR), have been implicated in several diseases, including cancer. In this review, I present a brief introduction to ER stress
and the UPR and then summarize the importance of the IREla-XBP1 branch as a target for anticancer drug discovery. In
addition, I introduce our approach to the identification of inhibitors against the IREla-XBP1 branch from microbial
cultures. As a result of our screening, toyocamycin has been identified and toyocamycin showed anticancer activity against

multiple myeloma.

Introduction

The endoplasmic reticulum (ER) is an organelle that plays
an important role in several processes, including Ca*"
homeostasis, folding of newly synthesized proteins, and
post-translational modification of proteins. Only properly
folded and modified proteins can exit the ER. However,
deprivation of essential nutrients, the presence of mutations,
and several other types of stimuli in the synthesized proteins
themselves, alone or in combination, have been shown to
perturb the function of the ER. This perturbation results in
the accumulation of unfolded proteins in the ER, which are
harmful to cells and lead to so-called ER stress. Therefore,
in order to maintain homeostasis in the ER, the cells activate
an adaptation system known as the unfolded protein
response (UPR). The UPR consists of the following four
cellular responses: (1) pausing of protein translation, in
order to limit the load of new proteins in the ER, through
inactivation of eukaryotic initiation factor 2 (elF2); (2)
upregulation of molecular chaperones and folding enzymes,
such as glucose-regulated protein 78 (GRP78, also known
as BiP), GRP94, protein disulfide isomerase (PDI), and ER-
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localized DnaJ 4 (ERdj4), to enhance the capacity of the
protein folding system; (3) activation of the ER-associated
degradation system (ERAD) in order to eliminate the
unfolded proteins from the ER; (4) activation of apoptosis
machinery in the event of failure to eliminate the unfolded
proteins from the ER. The UPR is initiated by the activation
of three ER membrane-bound proteins that sense the pre-
sence of unfolded proteins in the ER. These ER stress
sensors are inositol-requiring enzyme lo (IREla), protein
kinase regulated by RNA-like ER kinase (PERK), and
activating transcription factor 6 (ATF6) (Fig. 1a).

The three ER stress sensors

Of the three ER stress sensors, IREla is the most evolu-
tionarily conserved and was the first to be discovered as an
ER stress sensor. IREla encodes an ER-localized type I
transmembrane protein with a luminal domain in the N-
terminal region and protein serine/threonine kinase and
RNase domains in the C-terminal region [1, 2]. It has been
shown that dimerization and oligomerization of IREla
leads to trans-autophosphorylation, resulting in activation of
the RNase domain [3, 4]. The exact mechanism of IREla
activation in response to the accumulation of unfolded
proteins is not entirely clear. However, structural and bio-
physical studies have proposed a model of unfolded protein-
induced IREla activation and subsequent activation of
XBP1, a transcription factor containing bZIP (basic leucine
zipper) domain, as follows (Fig. 1b): (1) GRP78 is known
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Fig. 1 Endoplasmic reticulum A
(ER) stress and the unfolded

protein response (UPR).
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to maintain IREla in an inactive state by binding to the
luminal domain of IREla. However, upon accumulation of
unfolded proteins in the ER, GRP78 dissociates from IREl1a
in order to bind to unfolded proteins. This dissociation of
GRP78 from IREla allows the luminal domain of IREla to
undergo dimerization [5]; (2) dimerization or oligomeriza-
tion of IREla occurs; (3) the dimerized/oligomerized
IREla leads to trans-autophosphorylation of the kinase
activation loop domains, which results in a conformational
change [3]; (4) this conformational change permits cofactor
(ADP or ATP) binding, promoting back-to-back dimer
configuration of the cytosolic domains [4, 6]; (5) oligo-
merization of the cytosolic domain activates the RNase
activity of IREla, which subsequently cleaves XBPI
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mRNA at two sites to initiate an unconventional splicing
reaction [4]. IREla-induced cleavage of XBPI mRNA
results in the removal of a 26-nucleotide intron and the 5’
and 3’ fragments are subsequently joined by RNA ligase
activity. This unconventional splicing reaction creates a
translational frameshift to produce the active XBP1 tran-
scription factor [7, 8]. The activated XBP1 transactivates a
subset of target genes that are involved in protein folding,
ERAD, protein translocation to the ER, and protein
secretion.

PERK is also an ER-localized type I transmembrane
serine/threonine protein kinase. Under normal conditions,
PERK is held in an inactive state through the association of
its luminal domain with GRP78. However, accumulation of



Screening and identification of inhibitors of endoplasmic reticulum stress-induced activation of the... 901

excess unfolded proteins in the ER results in the dissocia-
tion of GRP78 from PERK, which in turn causes dimer-
ization/oligomerization of PERK [5]. The dimerized/
oligomerized PERK induces trans-autophosphorylation, and
the phosphorylated PERK phosphorylates the a subunit of
eukaryotic translation initiation factor 2 (elF2a) [9, 10].
Phosphorylated elF2a is known to indirectly inactivate
elF2, resulting in inhibition of mRNA translation (Fig. 1a).

ATF6, a transcription factor, is an ER-localized type-1I
transmembrane protein in which the N-terminal cytoplasmic
region contains a bZIP and DNA transactivation domain
and the C-terminal luminal region senses unfolded proteins.
Upon accumulation of unfolded proteins in the ER, ATF6 is
translocated from the ER to the Golgi apparatus [11]. In the
Golgi apparatus, ATF6 is cleaved by two proteases, S1P
and S2P (site-1 and site-2 protease), which results in the
production of ATF6 N-terminal cytosolic fragment (ATF6
[N]D [12, 13]. ATF6(N) then moves into the nucleus and
acts as a transcription factor to regulate UPR target genes
(Fig. 1a).

These three ER stress sensors cooperate to control the
expression of UPR target genes.

UPR and diseases

ER stress and the UPR have been reported to contribute to
several diseases and conditions, including cancer, neuro-
degenerative disorders, diabetes, and inflammation.

It is well known that tumor cells can grow under a
variety of stressful conditions, such as hypoxia, nutrient
deprivation, low pH, or poor vascularization. In these
stressful conditions, unfolded proteins are known to accu-
mulate in the ER of tumor cells, resulting in UPR induction.
Tumor cells activate the UPR in order to alleviate these
stresses and restore ER homeostasis, promoting cell survi-
val and adaptation. Indeed, several studies have reported
involvement of the UPR in cancer development. High levels
of GRP78 expression have been observed in breast [14],
prostate [15], colorectal [16], and ovarian cancers [17], as
well as glioma [18]. The expression of XBP1 has also been
reported to increase in several types of tumor cells, such as
breast cancer [19], hepatocellular carcinoma [20], and
multiple myeloma (MM) cells [21]. Moreover, XBPI-
deficient cells have been reported to be sensitive to hypoxia-
induced apoptosis, and loss of XBP1 inhibited tumor
growth in vivo [22]. The activity of XBP1 has been shown
to be strongly correlated with the expression of HIFla in
triple-negative breast cancer [23]. Thus, it has been sug-
gested that XBP1 is an essential survival factor for tumor
growth. On the other hand, PERK levels have also been
reported to be correlated with tumor growth. Nrf2, a tran-
scription factor that regulates cellular redox homeostasis, is

a direct substrate of PERK [24]. In PERK-knockdown cells,
the activity of Nrf2 was reduced, leading to the induction of
oxidative DNA damage. Therefore, tumor volumes were
reduced in a PERK-deficient mouse mammary tumor model
[25]. Moreover, the PERK inhibitor GSK2656157 showed
anti-tumor activity in human tumor xenograft models of
pancreatic cancer cells [26]. These studies suggest the
importance of the UPR, and especially XBP1, in cancer
development.

The UPR also acts as a cytoprotectant in neurodegen-
erative disorders. In the 1-methyl-4-phenyl-1,2,3,6-tetra-
hydropyridine =~ (MPTP)-induced mouse model of
Parkinson’s disease, ATF6 knockout increased the loss of
dopaminergic neurons [27], while the enforced the expres-
sion of an active form of XBP1 (XBPls) by using an
adenovirus suppressed the degeneration of dopaminergic
neurons [28]. Furthermore, the enforced expression of
XBPls in the striatum by adenoviral transduction reduced
aggregation of mutant Huntingtin in a mouse model of
Huntington’s disease [29].

ER stress is reported to be a central feature of insulin
resistance and diabetes. In the liver tissue of both high-fat
diet and ob/ob mice, which are well-known diabetes mod-
els, expression of GRP78 and phosphorylation levels of
PERK and elF2a were elevated. Moreover, mice deficient
in XBP1 developed insulin resistance [30]. In addition,
chemical chaperons, such as 4-phenyl butyric acid (PBA)
[31] and taurine-conjugated ursodeoxycholic acid
(TUDCA) [32], are known to stabilize protein conforma-
tion, leading to improved ER folding capacity. These
compounds reversed insulin resistance in the liver tissue of
oblob mice [33]. These results suggest that ER stress is
involved in the development of diabetes and insulin resis-
tance. On the other hand, overexpression of XBP1s has
been reported to improve insulin resistance in ob/ob mice.
The PI3K-Akt pathway is activated upon insulin stimula-
tion, leading to phosphorylation of FOXOI1, which is a
transcription factor that regulates gluconeogenesis. The
phosphorylated form of FOXO1 by Akt is known to be
localized in the cytoplasm through 14-3-3 binding, which
results in inactivation of FOXOI1 and inhibition of gluco-
neogenesis. XBPls interact with FOXOI, resulting in
proteasome-mediated degradation of FOXO1 and decreas-
ing hepatic gluconeogenesis [34]. Therefore, XBP1 is
considered to be a therapeutic target for diabetes.

Inhibitors against IRE1a-mediated activation
of XBP1

As mentioned above, the IRE1a-XBP1 branch is considered
to be a therapeutic target for malignant tumors. Therefore,

we tried to identify inhibitors against ER stress-induced
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activation of the IRE1a-XBP1 branch. To accomplish this,
we implemented a novel screening system based on the
mechanism of IREla-mediated XBP1 activation in order to
easily detect activity of the IRE1a-XBP1 branch. First, we
constructed a pcDNA3/XBP1-luciferase plasmid, in which
human XBPI cDNA was fused upstream of luciferase
cDNA (designated as XBPI-Luc). When this construct is
transfected into mammalian cells, the luciferase protein is
not expressed because translation is terminated at a stop
codon located upstream of luciferase mRNA. Under ER
stress conditions, however, ER stress-mediated splicing of a
26-base XBPI mRNA causes a frameshift in XBPI-Luc
mRNA. Therefore, the translation from XBPI-Luc mRNA is
terminated at the stop codon of luciferase mRNA, resulting
in the expression of full-length XBP1-Luc protein. Next, we
established a line of HeLa cells in which XBP1-Luc was
stably expressed (Fig. 2a).

Trierixin and quinotrierixin

Based on our assay system, we screened inhibitors against
ER stress-induced activation of the IREla-XBP1 branch
from the culture broth of microorganism. As a result, we
obtained two novel triene-ansamycin group compounds,
namely trierixin [35, 36] and quinotrierixin [37, 38], from
Streptomyces strains (Fig. 2b). Quinotrierixin-producing
strains produced several triene-ansamycin group com-
pounds; therefore, we isolated some of these and performed
a structure—activity relationship (SAR) study. Our SAR
study of 12 triene-ansamycin group compounds showed that
their inhibitory activities were correlated with XBP1 acti-
vation and tumor cell growth. However, trierixin and qui-
notrierixin suppressed ER stress-induced activation of not
only the IREla-XBP1 branch, but also the PERK and ATF6
branches.

In addition, another triene-ansamycin group compound,
cytotrienin A [39], has been reported to inhibit protein
synthesis [40], suggesting that trierixin and quinotrierixin
may also be protein synthesis inhibitors. Indeed, they did
inhibit protein synthesis, as evaluated based on [3H]—1eucine
incorporation into the macromolecular fraction, at the same
concentration that inhibited ER stress-induced activation of
XBP1. It has therefore been suggested that they suppress
the accumulation of unfolded proteins in the ER through
inhibition of protein synthesis, leading to inhibition of
XBP1 activation [41].

Toyocamycin

We performed further screening and obtained toyocamycin
from a culture broth of a strain of Actinomycete [42]
(Fig. 2b). Toyocamycin was originally identified as an anti-

candida antibiotic [43], and was later reported to inhibit
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RNA synthesis [44]. Given that protein-synthesis inhibitors
suppressed ER stress-induced XBP1 activation [41], we
speculated that toyocamycin may also inhibit ER stress-
induced XBP1 activation by suppressing the accumulation
of unfolded proteins through inhibition of RNA synthesis.
However, the ICs, value of toyocamycin as an inhibitor of
XBP1 activation was 100-fold less than that as an inhibitor
of RNA synthesis. Moreover, a well-known RNA synthesis
inhibitor, actinomycin D, did not inhibit ER stress-induced
activation of XBP1. Therefore, the inhibitory activity of
toyocamycin against ER stress-induced XBP1 activation
was not due to inhibition of RNA synthesis.

As mentioned above, the accumulation of unfolded
proteins in the ER induces dimerization/oligomerization of
IREla, which results in trans-autophosphorylation of
IREla and subsequent cleavage of XBPI mRNA. Toyoca-
mycin has been reported to inhibit the activity of protein
kinases such as PKC [45], cdc2 [46], and PI4K [47].
Therefore, we wondered whether toyocamycin inhibits
phosphorylation of IREla. Overexpression of IREla has
been reported to induce homo-oligomerization and sub-
sequent autophosphorylation at Ser724 [48, 49]. Thus, we
examined the effect of toyocamycin on IREla phosphor-
ylation at Ser724 in IREla-overexpressing 293T cells.
While toyocamycin inhibited XBPI mRNA splicing
induced by overexpression of IREla, it did not inhibit
IREla phosphorylation at Ser724. This suggests that
toyocamycin does not inhibit the autophosphorylation of
IREla. On the other hand, it did inhibit IREl1x-mediated
XBPI mRNA cleavage in vitro, indicating that it inhibits the
RNase activity of IREla, which is regulated by autopho-
sphorylation and subsequent cofactor (ADP or ATP) bind-
ing to IREla. Therefore, it seems that toyocamycin inhibits
cofactor binding to IREla.

Since toyocamycin is a nucleotide analog, we examined
whether other nucleotide analogs would inhibit the activity
of the IRE1a-XBP1 branch. Similar to toyocamycin, san-
givamycin and tubercidin, which have adenosine moieties,
inhibited ER stress-induced activation of XBPI1, as eval-
uated via XBP1-luciferase assay and RT-PCR analysis. The
ICsg values of sangivamycin and tubercidin were 500 nM
and 340 nM, respectively. On the other hand, neither 5-aza-
2-deoxycytidine, a cytidine analog, nor 5-fluorouridine, a
uridine analog, inhibited ER stress-induced activation of
XBPI1, even at a concentration of over 100 uM (Fig. 2c).
These results suggested that the adenosine moiety of toyo-
camycin is important for its inhibitory activity against
XBP1 activation, which supports our hypothesis that toyo-
camycin may inhibit cofactor binding to IREla.

We also examined the anti-tumor activity of toyocamy-
cin against MM, because the IREla-XBP1 branch has been
reported to be activated in MM cells. MM is a hematolo-
gical malignancy characterized by the accumulation of
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Fig. 2 Screening to identify
inhibitors of the IREla-XBP1
branch. a Schematic illustration
of the screening system we
developed. Under normal
condition, the luciferase protein
are not be expressed because
translation is terminated at a stop
codon located upstream of
luciferase mRNA. However,
under ER stress condition, a 26-
base XBP1 mRNA is removed
by ER stress-mediated splicing,
which resulted in a frameshift in
XBPI-Luc mRNA. XBP1-
luciferase fusion protein can be
expressed. Therefore, we can
easily evaluate the activity of
IREla-XBP1 branch by
luciferase reporter assay.

b Structures of trierixin and
quinotrierixin that were
identified as inhibitors against
ER stress-induced activation of
XBPI. ¢ Effects of nucleotide
analogs against ER stress-
induced activation of XBP1
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clonogenic mature plasma cells in the bone marrow. produce abundant immunoglobulins and cytokines. Since
Terminal differentiation of B lymphocytes to plasma cells =~ MM cells are located in the bone marrow, they are thought
requires XBP1 activation [50]. The plasma cells and MM  to exist under hypoxic conditions [51], and abundant and
cells must enhance the capacity of the ER in order to  deregulated expression of XBP1 has been detected in these
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Fig. 3 Other compounds that inhibit or activate the IREla-
XBP1 branch

cells [21, 52]. For these reasons, the IRE1a-XBP1 branch is
considered to be a therapeutic target for MM cells. Indeed,
we showed that XBP1 was constitutively activated in such
cells, and toyocamycin suppressed this activation and
induced apoptosis. Moreover, toyocamycin showed in vivo
anti-tumor activity in an MM xenograft model (at a dose of
0.5 mg/kg twice a week) [42].

Other compounds modulating the IRE1a-XBP1
branch

Beside toyocamycin, several other compounds have been
reported to inhibit the IREla-XBP1 branch, including
4u8C, MKC-3946, STF-083010, and APY-29 (Fig. 3).
MKC-3946 and 4p8C were found to inhibit the IREla-
XBP1 branch in a high-throughput screening using an
in vitro FRET-based XBPI mRNA cleavage assay. While
the exact mechanism through which MKC-3946 inhibits
IREla-mediated XBPI mRNA cleavage remains unclear,
MKC-3946 suppressed XBPI mRNA splicing without
affecting IRE1a phosphorylation in both MM cell lines and
an MM tumor xenograft model [53]. 4u8C was shown to be
a noncompetitive inhibitor of the RNase activity of IREla,
with an ICsy value of 60 nM [54]. Similar to toyocamycin,
chemical screening using HT1080 human fibrosarcoma cell
lines stably expressing a luciferase-based XBP1 reporter
construct identified STF-083010 as an inhibitor against the
IREla-XBP1 branch. STF-083010 inhibited the RNase
activity of IREla at 30 uM without affecting the kinase
activity of IREla, and also inhibited the growth of tumors
in a human MM mouse xenograft model (at a dose of
30 mg/kg/week) [55]. Based on all the findings regarding
these inhibitors and toyocamycin, the IRE1a-XBP1 branch
is a promising therapeutic target for MM.
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On the other hand, compounds that selectively activate
the IRE1a-XBP1 branch are considered as candidate drugs
against diabetes and neurodegenerative diseases. According
to an in vitro fluorescence quenching-based screening,
quercetin was found to activate the RNase activity of IREla
and induce XBPI mRNA splicing [56]. However, the anti-
diabetes and anti-neurodegeneration activities of quercetin
remain unclear.
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