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Figure legends

Fig. 1. DTT induced the reconstitution of cerulean in HeLa/IRE1a-BiFC cells, which
stably express IRE1aAKR-cerN and —cerC.

(A) A schematic illustration of fusion proteins designed for the detection of IREla
dimerization with the BiFC assay. ss, signal sequence; Lu, luminal domain; T,
transmembrane domain; Li, linker domain; K, kinase domain; R, RNase domain; cerN,
N-term fragment of cerulean (1-152 a.a.); cerC, C-term fragment of cerulean (155-239
a.a.); 2A, 2A peptide sequence from the insect Thosea asigna virus. The plasmids
pCI-neo-IRE1aAKR-cerN and cerC were constructed as follows: First, a deletion
mutant of IREla (IRE1aAKR (1-1662 nucleotides)) was amplified from
pcDNA3-IRE10-FLAG® (hereafter, PCR was performed with KOD-plus polymerase
(TOYOBO, Osaka, Japan)) and the amplicon was inserted into pCIl-neo (Promega,
Madison, WI, USA). Cerulean N-term (cerN; 1-462 nucleotides) and C-term (cerC;
463-717 nucleotides) were amplified from pmCerulean-C1 (provided by Dr. Miyawaki).
The split site of cerulean was referred to in a previous report™. These cerulean
fragments were inserted into pCl-neo-IRE1IaAKR at the 3’ terminus of IREla (
pCI-neo-IRE1cAKR-cerN  and  cerC).  The  plasmid  designated  as
pCI-neo-IRE10AKR-cerN-2A-IRE1aAKR-cerC was constructed with PCR using
pCl-neo-IRE10dAKR-cerN as a template, and the amplicon was inserted into
pClI-neo-IRE1aAKR-cerC at the 3’ term of cerC.

(B) HeLa or HeLa/IRE1a-BiFC#5 and #10 cells were lysed and the expression of the
fusion proteins was detected by western blotting using an anti-FLAG antibody (Sigma
Aldrich, St. Louis, MO, USA). The arrows with a solid line and dotted line indicate
IRE1aAKR-cerN and IRE1aAKR-cerC, respectively. B-actin was immunoblotted as a
loading control with anti-B-actin antibody (Sigma Aldrich).

(C) HeLa/IRE1a-BiFC#5 and #10 cells were treated with 3 mM DTT for 1 hour. Then,

the cells were fixed and immunostained using anti-FLAG antibody (Sigma Aldrich) and



anti-rabbit IgG tagged with Alexa Fluor 546 (Life Technologies, Carlsbad, CA, USA),
and the photos were taken under a confocal microscope (FV1000, Olympus Corp.,
Tokyo, Japan). Scale bar, 20 um. All data were representative of at least three

independent studies.

Fig. 2. The reconstitution of cerulean and foci formation of IRE1aAKR-cerN and —cerC
were induced by treatment with ER stress inducers.

HeLa/IRE1a-BiFC#5 cells were treated with 30 nM thapsigargin (Santa Cruz
Biotechnology), 10 ug/ml tunicamycin, 2 mM 2-deoxyglucose, 10 ng/ml camptothecin
or 0.1 uM staurosporine (Sigma Aldrich) for 4 hours. The cells were then fixed and

immunostained using anti-FLAG antibody, and observed under a confocal microscope.

Fig. 3. Effects of ER stress inducers on the reconstitution of cerulean and XBP1 mRNA
splicing.

HeLa/IRE10-BiFC#5 cells were treated with 3 mM DTT, 30 nM thapsigargin, 10 ug/ml
tunicamycin, or 2 mM 2-deoxyglucose for 1-8 hours. (A) The cells were then fixed and
immunostained using anti-FLAG antibody, and observed under a confocal microscope.
The ratio of BiFC-positive cells was calculated as described in the manuscript. Values
are the means of three independent experiments. Bars, SD. *: p <0.05. (B)(upper panel)
Spliced- or unspliced-XBP1 mRNA was detected with RT-PCR. Black arrowheads
show the unspliced inactive form of the XBP1 ¢cDNA amplicon (125 bp) and white
arrowheads show the spliced active form of the XBP1 cDNA amplicon (99 bp). (lower

10



panel) The splicing of XBP1 mRNA was quantified using ImagelJ software (http://rsb.
info.nih.gov/ij/) as follows: band intensity of the active form at each time point was
divided by the band intensity of the inactive form at O hour. Values are the means of

three independent experiments. Bars, SD. *: p <0.05.
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Endoplasmic reticulum (ER) stress, due to an accu-
mulation of unfolded proteins in the ER, leads to a
process known as the unfolded protein response (UPR).
Since the several compounds used to induce UPR have
different modes of action, their mechanisms of protein
accumulation are thought to be different, but it is
unclear whether these compounds can upregulate UPR
target genes with similar kinetics. Hence, we sought to
compare the expression patterns of nine UPR target
genes induced by seven UPR-inducing compounds.
Hierarchical clustering analysis revealed that the ex-
pression patterns of the UPR target genes induced by
the seven compounds were classified into two clusters;
cluster A (thapsigargin, tunicamycin, 2-deoxyglucose,
and dithiothreitol) and cluster B (brefeldin A, monensin,
and eeyarestatin I). Thus, this study suggests the
existence of at least two types of UPR target gene
expression profiles, which depend on the mode of action
of the compounds.

Key words: unfolded protein response (UPR); endoplas-
mic reticulum (ER) stress; UPR-inducing
compound; profiling

The endoplasmic reticulum (ER) is the organelle in
which newly synthesized transmembrane and secreted
proteins are folded. Proteins that have undergone the
steps of conformational maturation, including folding,
glycosylation, and intra/intermolecular disulfide bond
formation, can be transported to their destination via the
Golgi apparatus, but if the proteins have failed to form
with the proper conformation, they accumulate in the ER
lumen, a condition referred to as ER stress. In order to
restore homeostasis in the ER, the cells activate an
unfolded protein response (UPR) via activation of three
ER transmembrane proteins, referred to as ER stress
sensors: activating transcription factor 6 (ATF6), inosi-
tol-requiring kinase 1 (IRE1), and protein kinase
regulated by RNA-like ER kinase (PERK). This is
followed by the activation of specific transcription
factors: activated ATF6 for ATF6, XBP1 (x-box binding
protein 1) for IRE1, and ATF4 (activating transcription
factor 4) for PERK. These transcription factors even-

tually upregulate the expression of UPR target genes to
execute four responses: (i) translational attenuation to
limit further protein load at the ER; (ii) enhancement of
the capacity of the protein folding system through
upregulation of ER chaperones or folding enzymes such
as glucose-regulated proteins 78 (GRP78, also known as
BiP, immunoglobulin-binding protein) and 94 (GRP94),
protein disulfide isomerase (PDI), and ER-localized
Dnal 4 (ERdj4); (iii) facilitation of ER-associated
degradation (ERAD), which is accelerated by enhancer
mannosidase alpha-like 1 (EDEM1); and, (iv) induction
of cellular apoptosis, in which C/EBP homologous
protein (CHOP) is thought to play an important role if
the adaptive responses (i—iii) are insufficient to relieve
ER stress (review in refs. 1 and 2).

In most studies, UPR is induced by treating in vitro
cell models with compounds such as tunicamycin,
thapsigargin, and dithiothreitol (DTT), which impair
the N-linked glycosylation of proteins,>® the Ca?*-
dependent chaperone via inhibition of ER Ca’*
ATPase,>® and protein disulfide bond formation”?
respectively. Moreover, brefeldin A, an inhibitor of
Golgi-specific  brefeldin A resistance factor 1
(GBF1),19 2-deoxyglucose, an analog of glucose and
an inhibitor of N-linked glycosylation,'? and eeyarestatin
I, an inhibitor of ERAD,'? also have been reported
to induce UPR.!%1314 Since these compounds have
different modes of action, the mechanisms of protein
accumulation in the ER induced by the various com-
pounds are thought to be different, but it is unclear
whether these compounds upregulate all UPR target
genes by similar kinetics. Therefore, in order to address
our question, we compared the time-course expression
profiles of UPR-target genes after treatment with UPR-
inducing compounds.

First we first selected six compounds commonly used
as UPR inducers: 2-deoxyglucose, brefeldin A, DTT,
eeyarestatin I, thapsigargin, and tunicamycin. Explor-
atory chemical screening indicated that monensin
induced the expression of GRP78 and other eight
UPR-target genes, so this was added as a prospective
UPR inducer (see below). We measured the expression
of nine UPR target genes, ATF4, CHOP, EDEMI,

T To whom correspondence should be addressed. Tel: +81-45-566-1793; Fax: +81-45-566-1557; E-mail: tashiro@bio keio.ac.jp

Abbreviations: ATF4, activating transcription factor 4; ATF6, activating transcription factor 6; CHOP, C/EBP homologous protein; DTT,
dithiothreitol; EDEMI1, ER degradation enhancer mannosidase alpha-like 1; eIF2c¢, eukaryotic initiation factor 2 «; ER, endoplasmic reticulum;
ERAD, ER-associated degradation; ERdj4, ER-localized Dnal 4; GADD34, growth arrest- and DNA damage-inducible gene 34; GBF1, Golgi-
specific brefeldin A resistance factor 1; GRP78, glucose-regulated protein 78; GRP94, glucose-regulated protein 94; IRE1, inositol-requiring kinase 1;
p58'PK | protein kinase inhibitor of 58 kDa; PDI, protein disulfide isomerase; PERK, protein kinase regulated by RNA-like ER kinase; RT-PCR,
reverse transcription PCR; UPR, unfolded protein response; VSVG, vesicular stomatitis virus G; XBP1, x-box binding protein 1
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ERdj4, growth arrest- and DNA damage-inducible gene
(GADD) 34, GRP78, GRP94, protein kinase inhibitor of
58kDa (p58%¥K), and PDL. GADD34 and p58'¥ have
been reported to act as feedback regulators of UPR.!310)
The expression profiles of these genes appeared to show
characteristic patterns among the compounds. Hierarch-
ical clustering analysis based on the kinetics of the
expression of UPR target genes revealed at least two
UPR target gene expression profiles, which were
dependent on the mode of action of the UPR-inducing
compound.

Materials and Methods

Materials. Tunicamycin, 2-deoxyglucose, monensin, and mouse
monoclonal anti-S-actin (AC-74) were purchased from Sigma Aldrich
(St. Louis, MO). Brefeldin A and DTT were from Calbiochem (San
Diego, CA) and Wako Pure Chemical Industries, (Osaka, Japan)
respectively. Thapsigargin and eeyarestatin I were from Santa Cruz
Biotechnology (Santa Cruz, CA). Mouse monoclonal anti-KDEL
(10C3) was from ENZO Life Sciences (Farmingdale, NY). Rabbit
polyclonal anti-elF2« and anti-phospho elF2« (Ser51) were from Cell
Signaling Technology (Beverly, MA). Rabbit polyclonal anti-PERK
was from Rockland (Gilbertsville, PA). Horseradish peroxidase-
conjugated anti-mouse IgG secondary antibody was from GE Health-
care (Little Chalfont, UK).

Cell culture. Haman epithelial adenocarcinoma cell line HeLa was
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; Nissui,
Tokyo) supplemented with 8% fetal bovine serum at 37°C in a 5%
C0O2-95% air atmosphere.

Western blotting. Western blotting was performed as described
previously.!” Cell pellets were lysed using an extraction buffer
containing 150mMm NaCl, 2.5mM EGTA, 1mM EDTA, 1mm DTT,
0.1% Tween-20, 10mMm pB-glycerophosphate, 1mMm NaF, 0.1mm
Na3VOy, 10% glycerol, and 50mm HEPES (pH 7.5). Lysates were
separated by 7%-10% SDS-PAGE and then subjected to immunoblot-
ting. This was followed by detection using the ECL Western blotting
detection system (Millipore, Bedford, MA) and on LAS-1000 CCD
camera (Fujifilm, Tokyo). The visualized bands were quantified using
Image]J software (http:/rsb.info.nih.gov/ij/).

Real-time RT-PCR. Reverse transcription was carried out as
described previously.'® Total RNA was extracted from HeLa cells
and reverse-transcribed. The synthesized cDNA was subjected to
quantitative real-time RT-PCR using SYBR premix Ex Taq (Takara,
Shiga, Japan), and was detected using Thermal Cycler Dice Real Time
System II (Takara). Data were analyzed using the Smart Cycler
software program (Multiplate RQ version 1.00; Takara) by the relative
quantification method.

Real-time cycle conditions for ERdj4 were 2 min at 50°C, followed
by 10min at 90°C, and then 45 cycles, each cycle 95°C for 30s and
63°C for 1min. The conditions for GAPDH were 10s at 95°C and
then 35 cycles, each of 95 °C for 3 s, 60°C for 10s, and 72 °C for 10s.
RT-PCR conditions for all the other genes were 10s at 95°C and then
40 cycles, each cycle 95°C for 3s, 60°C for 10s, and 72°C for 15s.
The sequences of the primer sets are shown in Table S1 (see Biosci.
Biotechnol. Biochem. Web site). The amount of total RNA present in
each reaction was normalized using GAPDH as internal control. Data
are averages of at least three separate experiments, and one outlier was
omitted in each case by Dixon’s Q-test at the 99% confidence level.'”

RNA interference. siRNA double-stranded oligonucleotides de-
signed to interfere with the expression of PERK (HSS190343; Life
Technologies) with siRNA as negative control (12935-300; Life
Technologies) were used. Transfection of siRNA was demonstrated
using Lipofectamine 2000 (Life Technologies) following the manu-
facturer’s instructions. Briefly, HeLa cells were transfected with OPTI-
MEM (Life Technologies) including siRNA and Lipofectamine 2000.
Twenty-four h after transfection, the cells were trypsinized and seeded

into 6-well plates. After further 24h, the cells were treated with
monensin and subjected to Western blotting.

Data processing and hierarchical clustering. The data acquired
were normalized among genes and named “UPR fingerprints of
genes,” or reordered by compound and named “UPR fingerprints of
compounds.” Pearson’s correlation coefficients between the UPR
fingerprints were calculated, and these were used to determine degrees
of similarity. Hierarchical clustering by an average linkage method was
done using R version 2.13.1. (http://www.R-project.org).

Trypan blue dye exclusion assay. Cell viability was evaluated by
trypan blue dye exclusion assay, as described previously.??

Results

Effects of the six UPR-inducing compounds on cell
viability and GRP78 and GRP94 protein expression

Our first investigation was to determine suitable
concentrations of six compounds (2-deoxyglucose,
brefeldin A, DTT, eeyarestatin I, thapsigargin, and
tunicamycin) for induction of UPR. GRP78 and GRP94
are well-known UPR marker proteins. Since the anti-
KDEL antibody recognizes the KDEL sequence, a very
common ER retention signal, it mainly detected both
GRP78 and GRP94. Hence, using the anti-KDEL
antibody, protein expression of them was examined in
Hel a cells after 24-h of treatment with each of the six
compounds (Fig. 1). As shown in Fig. 1A, 2-deoxyglu-
cose induced the expression of GRP78 in a dose-
dependent manner, with an approximately 1.5-fold
increase at 0.2mM and a maximum increase at 2mM,
and neither dose affected cell viability. Similarly,
brefeldin A, thapsigargin, and tunicamycin also increased
the expression of GRP78 in a dose-dependent manner,
with maximum increases at 50ng/mL, 30nM, and 10
ug/mL, and with moderate increases (approximately
1.5-fold) at 15ng/mlL, 1nm, and 1 pg/mL respectively.
These doses also failed to affect cell viability (Fig. 1B,
E, and F). DIT and eeyarestatin I induced GRP78
expression, at 3mM and 3 pm respectively (Fig. 1C and
D). Additionally, each of the compounds, except for
brefeldin A, induced the expression of GRP94 similarly
to GRP78, but the intensities of GRP78 and GRP94
protein expression induced by the various compounds
were different. Upon treatment by brefeldin A, the
expression of GRP94 increased in a dose-dependent
manner. It reached a maximum at 50 ng/mL and then
declined. Thus, it is likely that the expression patterns
and the intensities of GRP78 and GRP94 induction were
different among the compounds. In this study, the
concentrations sufficient to induce maximum and mod-
erate levels of UPR were defined with reference to the
expression of GRP78 as to protein level, as summarized
in Table 1.

Measurement of the time-course expression of the
mRNA levels of nine UPR-target genes

To compare the expression patterns of UPR-target
genes induced by the six UPR-inducing compounds, first
we measured the mRNA levels of GPR78. HeLa cells
were treated with one of the six compounds at the
concentrations indicated in Table 1 and the amount of
GRP78 mRNA was measured by real-time reverse
transcription PCR (RT-PCR). As shown in Fig. 2, all
six compounds increased the amount of GRP78 mRNA.
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Fig. 1. UPR-Inducing Compounds Induced GRP78 Expression without Affecting Cell Viability.

Biological activity of six UPR-inducing compounds: 2-deoxyglucose (A), brefeldin A (B), DTT (C), eeyarestatin I (D), thapsigargin (E), and
tunicamycin (F) (upper panel) HeLa cells were treated with the indicated concentrations of the compounds for 24 h. GRP78 and GRP94 were
detected by immunoblotting with the anti-KDEL antibody. *Nonspecific band. The intensities of the bands of GRP78 and GRP%4 were divided
by that of B-actin and are indicated below the bands (lower panel) HeLa cells were treated with the indicated concentrations of the compounds
for 24 h. Cell viability was assessed by trypan blue dye exclusion assay. Values are means of three independent determinations. Bars, SD.

Table 1. Concentrations of UPR-Inducing Compounds

Concentration
Compound Inducing maximum Inducing moderate
GRP78 levels GRP78 levels
Thapsigargin 30nMm 1nM
Tunicamycin 10pg/mL 1 ug/mL
2-Deoxyglucose 2mMm 0.2mmMm
DTT 3mm —
Brefeldin A 50ng/mL, 15ng/mL
5,000 ng/mL
Eeyarestatin I 3uM —

For instance, 30 nM thapsigargin increased it after 4-h of
treatment, and it reached a plateau at an approximately
10-fold increase after 12-h of treatment. Twomm 2-
deoxyglucose and 10 pg/ml tunicamycin also increased
the amount of GRP78 mRNA, which peaked after

approximately 12-16 h of treatment, resulting in 20- and
15-fold increases respectively, and then declined by the
end of the 24-h treatment period (Fig. 2). When the cells
were treated with 50 ng/mL of brefeldin A, the amount
of GRP78 mRNA increased in a time-dependent manner
for 24h, showing an approximately 8-fold rise in
expression (Fig. 2). Taken together, the time-course
expression data for GRP78 mRNA appeared to show
characteristic patterns among the six compounds.
Moreover, there were similar expression patterns for
GRP78 mRNA when the HeLa cells were treated with
15ng/mL, 50ng/mL, or 5,000 ng/mL of brefeldin A.
Furthermore, when the cells were treated with 0.2 mMm
and 2mM of 2-deoxyglucose or 1nM and 30nM of
thapsigargin, the expression patterns of GRP78 mRNA
were also similar. In addition, 1 ug/mL of tunicamycin
showed a slightly delayed expression pattern for GRP78
mRNA as compared to 10 pg/mL tunicamycin. Overall,
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HeLa cells were treated with UPR-inducing compounds at the indicated concentrations for 4-24 h. The relative mRNA levels of GRP78 were
quantified by real-time RT-PCR. All values were normalized using GAPDH as internal control. Values are means of three independent

determinations. Bars, SD.

the differences in the concentrations of the compounds
did not have any notable effect on the expression
patterns of GRP78 mRNA.

We further measured the changes in the amount of
mRNA of an additional eight UPR target genes, ATF4,
CHOP, EDEM1, ERdj4, GADD34, GRP94, PDI, and
p58K, when the cells were treated with each of the six
compounds. As shown in Supplemental Fig. 1, all the
compounds increased the amounts of the eight UPR
target gene mRNA, at the concentrations indicated in
Table 1.

Monensin upregulated UPR target genes

An in-house chemical library, which included com-
mercially available compounds as well as compounds of
microbial origin in our laboratory, was screened for
additional potential UPR-inducing compounds. It was
found that monensin, a compound first isolated from
Streptomyces cinnamonensis and known as a Nat
ionophore,?! increased the amount of GRP78 at protein
level with 10 um treatment (Fig. 3A) without affecting
cell viability (Fig. 3B). Monensin also increased the
amount of GRP78 mRNA slightly at 4-24 h of treatment
(Fig. 2), as well as the other eight UPR target genes of
interest (Fig. S1). Furthermore, it induced phosphoryla-
tion of elF2wx, a well-known substrate of PERK??
(Fig. 3C). Since four kinases (PERK, PKR, HRI, and
GCN2) are known to phosphorylate elF2¢, we examined
to determine whether monensin-induced phosphoryla-
tion of elF2« occurs through PERK activation. As
shown in Fig. 3C, monensin-induced phosphorylation of
elF2« was impaired in siPERK-transfected HeL.a cells,
in which successful knockdown of PERK was confirmed
by immunoblotting (Fig. 3C), suggesting that monensin
activated PERK. Thus, it appears that monensin induced
UPR, and hence it was used in the remaining experi-
ments in our study.

Clustering of compounds based on the expression
profiles of the UPR target genes

It was observed that the kinetics of UPR target gene
expression showed characteristic patterns among the 12
experimental conditions tested (seven compounds, some
with multiple concentrations). The data acquired were
analyzed by hierarchical clustering with the aim of
classifying the expression profiles of the UPR target
genes. The real-time RT-PCR data for each UPR target
gene obtained under the 12 experimental conditions
were normalized to acquire UPR fingerprints of genes.
Furthermore, the normalized data were reordered by
condition in order to acquire UPR fingerprints of
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Fig.3. Monensin Induced UPR.

The biological activity of monensin. (A) HeLa cells were treated
with the indicated concentrations of monensin for 24 h. GRP78 and
GRP94 were detected by immunoblotting with anti-KDEL anti-
bodies. *Nonspecific band. The band intensities of GRP78 and
GRP94 were divided by that of S-actin, and are indicated below the
bands. (B) Hela cells were treated with the indicated concentrations
of monensin for 24 h. Cell viability was assessed by trypan blue dye
exclusion assay. Values are means of three independent determi-
nations. Bars, SD. (C) Control or PERK siRNA-transfected Hel.a
cells were treated with 10um monensin for 4h. Total elF2«¢ and
phospho-elF2« were detected by immunoblotting. Successful
knockdown of PERK by siRNA was confirmed by immunoblotting
with anti-PERK antibody. B-Actin was immunoblotted as loading
control.

compounds (Fig. 4). Each type of fingerprint was
analyzed by hierarchical clustering using Pearson’s
correlation coefficient as a similarity and average-
linkage method. As a result of clustering analysis of
the compounds, as shown on the left side of Fig. 5, the
12 conditions were divided into two groups: cluster A
and cluster B. Cluster A contained thapsigargin, tunica-
mycin, 2-deoxyglucose, and DTT, and cluster B con-
tained brefeldin A, monensin, and eeyarestatin I. When
thapsigargin, tunicamycin, 2-deoxyglucose, or brefeldin
A was used at different concentrations, the expression
patterns of the UPR target genes were still to be
classified in the same cluster. Furthermore, as a result of
clustering analysis of the genes, as shown at the top of
Fig. 5, nine genes were classifiable into two groups:
cluster I and cluster II (Fig. 5). Cluster I contained
GRP78, ERdj4, EDEMI, p58"™X, and GRP94, and
cluster II contained GADD34, CHOP, PDI, and ATF4.
Based on two-way clustering analysis, a heat map
displayed the expression data for each gene under each
condition by reordering of the data by rows and columns
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(Fig. 5), indicated that the expression intensity of cluster
I genes in the fingerprints of cluster A was higher than in
cluster B; conversely, the expression intensity of cluster
II genes in the fingerprints of cluster A was lower than in
cluster B.

Discussion

In this study, by hierarchical clustering analysis, the
expression patterns of UPR target genes induced by
seven compounds were classified into two clusters.

Normalization of gene expression data

P Mo

UPR fingerprint
of compounds

/UPR fingerprint of genes

Reordered |
/by compounds*

Hierarchical clustering Hierarchical clustering
Fig. 4. Schematic Illustration of Method of Data Analysis.

The relative mRNA levels of the genes were normalized by
subtracting the average value from the result at each time point and
dividing by the standard derivative. A UPR fingerprint of genes was
obtained. We created a separate UPR fingerprint of compounds by
reordering the data compound-by-compound. Similarities between
the two UPR fingerprints (Pearson’s correlation coefficient) were
calculated and analyzed by hierarchical clustering.
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When cells were treated with thapsigargin, tunicamycin,
2-deoxyglucose, or brefeldin A at different concentra-
tions, the expression patterns of the UPR-target genes
were grouped into the same cluster (Fig.5). This
suggests that this grouping is due to the difference in
the modes of action of the compounds, rather than their
concentrations. The compounds comprising cluster A,
thapsigargin, tunicamycin, 2-deoxyglucose, and DTT,
showed a distinct mode of action, but they have been
reported to inhibit the conformational maturation of
proteins in the ER,*23-29 as described above in the
introduction, leading to an accumulation of incorrectly
folded proteins in the ER. On the other hand, among the
compounds in cluster B, brefeldin A has been reported
to accumulate correctly folded conformation of the
vesicular stomatitis virus G (VSVG) protein, as judged
by detection by the 114 antibody, which recognizes only
the native or correctly folded conformation of the VSVG
protein.?”?® Thus, it is likely that the compounds in
cluster B induced the expression of UPR target genes by
accumulation of excess amounts of correctly folded
proteins rather than incorrectly folded proteins in the
ER. If this is the case, the difference in the expression
patterns of UPR target genes as between cluster A and
cluster B are related to the folding status of the
accumulated proteins in the ER caused by the com-
pounds in cluster A and cluster B. Eeyarestatin I and
monensin were classified into cluster B, with the
expectation that eeyarestatin I and monensin can
accumulate excess amounts of correctly folded proteins
in the ER. Indeed, ecyarestatin I has been reported to
accumulate properly folded proteins as a consequence of
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Fig. 5.

Cluster | Cluster Il

Two-Dimensional Clustering Analysis of Genes and UPR-Inducing Compounds on the Basis of Pearson’s Correlation Coefficients.

UPR fingerprints were analyzed by hierarchical cluster analysis. Dataset of 12 conditions and of nine genes were clustered by the average-
linkage method using Pearson’s correlation coefficients. Rows indicate seven different small molecular compounds (some with multiple
concentrations; therefore 12 conditions). Columns indicate the nine UPR target genes, including the seven different time points. The heat map
shows a gradient color scale from green, indicating the score in UPR fingerprint of compounds negative, to red, indicating the score positive,
interpolated over gray for the score zero. The seven compounds and the nine genes were clustered into two groups, respectively.
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ERAD inhibition, detecting properly folded MHC class I
by W6/32 antibody,'>* but we cannot exclude the
possibility that eeyarestatin I induces UPR through an
accumulation of incorrectly folded proteins. On the
other hand, monensin has been reported to neutralize
acidic intracellular compartments such as the trans-
Golgi apparatus via its ionophore activity, and to inhibit
medial- to trans-Golgi protein transport.3®? Hence, we
cannot exclude the possibility that inhibition of medial-
to trans-Golgi protein transport by monensin abrogates
the entire protein transport system, including transport
from the ER to the Golgi apparatus, resulting in an
accumulation of correctly folded proteins in the ER.
This possibility was confirmed by our observation that
another polyether K*/H* ionophore, nigericin, which
disrupts Golgi function similarly to monensin,**** also
upregulated GRP78 protein expression (Fig. S2).

‘What remains unclear is the reason the compounds in
cluster A and cluster B induced different expression
patterns of the UPR target genes (Fig. 5). As shown in
Fig. 5, the compounds in cluster A and cluster B
comparatively highly upregulated the genes belonging to
cluster I, GRP78, ERdj4, EDEMI1, p58™¥, and GRP94,
and cluster I, GADD34, CHOP, PDI, and ATF4,
respectively. Since the expression of a UPR target gene
is transcriptionally regulated by the activation of three
ER stress sensors (ATF6, IRE1l, and PERK), it is
possible that each of these stress sensors has distinct
sensitivity to compounds belonging to cluster A and
cluster B, resulting in higher expression of the genes in
cluster I and cluster II respectively. Indeed, it has been
reported that GRP94 and GRP78 are regulated by
ATF6,**%9 ERdj4 is regulated by IRE1,%3® and
EDEMI1 and p58FX are regulated by both IRE1 and
 ATF6.3%373% On the other hand, among the genes to be
classified in cluster II, the expression of GADD34 and
CHOP was reported to be regulated by PERK.!33%40)
Furthermore, since a previous study found that the PDI
gene has a sequence resembling the ATF-binding site in
its promoter region,*" the expression of PDI, a gene in
cluster II, might also be mediated by ATF4 and its
upstream ER stress sensor, PERK. Thus, it is likely that
ATF6 and IRE1 are sensitive to compounds in cluster A
in comparison with PERK, and that PERK is sensitive to
compounds in cluster B as compared to ATF6 and IRE1.
On the other hand, among the compounds in the same
cluster, little difference in the expression patterns of the
UPR target genes was observed. For instance, tunica-
mycin highly upregulated p58™% and GRP94 as com-
pared to thapsigargin, 2-deoxyglucose, and DTT. 2-
Deoxyglucose and DTT highly upregulated GRP78 and
ERdj4 as compared to thapsigargin and tunicamycin. In
order to compare these differences more clearly, we are
developing a new detection system to monitor the
activation kinetics of the three ER stress sensors.

In summary, we classified the expression patterns of
nine UPR target genes induced by seven UPR-inducing
compounds into two clusters by hierarchal clustering
analysis. Our results suggest the existence of at least two
types of UPR target gene expression profiles, which
might be dependent on the mode of action of the
compounds. To our knowledge, although there have
been many reports on the regulatory mechanism of UPR
target gene expression using UPR-inducing compounds,

they have failed to address the question whether the
difference in mode of action of the UPR-inducing
compounds influences the expression patterns of UPR
target genes. This study is a first approach this question
by statistical analysis, and provides the information that
the expression patterns of UPR target genes are indeed
different among the compounds. We hypothesize that
the sensitivity of the three ER stress sensors depends on
the folding status of the accumulated proteins in the ER,
which results in the different expression patterns of the
UPR target genes. Further study is needed to elucidate
our hypothesis that the folding status of the accumulated
proteins affects the activation of ER stress sensors, the
expression of UPR target genes, and consequent re-
sponses, such as protein refolding, protein degradation,
and apoptosis.
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Novel derivatives of aclacinomycin A block cancer cell
migration through inhibition of farnesyl transferase

Shigeyuki Magil?, Tetsuo Shitara®®, Yasushi Takemoto!, Masato Sawada!, Mitsuhiro Kitagawa!, Etsu Tashirol,
Yoshikazu Takahashi? and Masaya Imoto’

In the course of screening for an inhibitor of farnesyl transferase (FTase), we identified two compounds, N-benzyl-aclacinomycin
A (ACM) and N-allyl-ACM, which are new derivatives of ACM. N-benzyl-ACM and N-allyl-ACM inhibited FTase activily with I1C5q
values of 0.86 and 2.93 um, respectively. Not only ACM but also C-10 epimers of each ACM derivative failed to inhibit FTase.
The inhibition of FTase by N-benzyl-ACM and N-allyl-ACM seems to be specific, because these two compounds did not inhibit
geranylgeranyltransferase or geranylgeranyl pyrophosphate (GGPP) synthase up o 100 pm. In cultured A431 celis, N-benzyl-
ACM and N-allyl-ACM also blocked both the membrane localization of H-Ras and activation of the H-Ras-dependent PI3K/Akt

pathway. In addition, they inhibited epidermal growth factor (EGF)-induced migration of A431 cells. Thus, N-benzyl-ACM
and N-allyl-ACM inhibited EGF-induced migration of A431 cells by inhibiting the farnesylation of H-Ras and subsequent

H-Ras-dependent activation of the PI3K/Akt pathway.
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INTRODUCTION

Cell migration is not only a central feature of a range of physiological
processes, but also a crucial event in the spread of cancer and,
consequently, the metastatic process.! Ras protein, a guanine
nucleotide (GTP) binding protein, has an important role in signal
transduction and regulation of cell migration.® A series of post-
translational modifications are essential for the cell membrane
association of Ras protein. One key modification is farnesylation of
Ras by farnesyl transferase (FTase) on the C-terminus cystein residue
of the CAAX motif.* Previously, we screened for inhibitors of cancer
cell migration and obtained moverastin A and B, new members of the
cylindrol family, from Aspergillus sp. F7720.% Furthermore, we found
that moverastin A and B inhibited FTase, and demonstrated that
moverastins inhibited the migration of tumor cells by inhibiting the
farnesylation of H-Ras. However, the inhibitory activity of
moverastins for FTase was rather modest (ICsy value of 14.7 um).
Thus we started screening of potent inhibitors of FTase as part of the
project in Screening Committee of Anticancer Drugs (SCADS). In
this study, we found new inhibitors of FTase, N-benzyl-aclacinomycin
A (ACM) and N-allyl-ACM, which are chemically synthesized
derivatives of ACM (aclarubicin) and described the antimigrative
effect of these compounds.

MATERIALS AND METHODS

General experimental procedures

Centrifugal partition chromatography was performed using a centrifugal
partition chromatograph-L.L.N. (Model-NMEF, 250 ml cell; Sanki Engineering,
Tokyo, Japan). HRMS were recorded on an Accu TOF-T100LC (JEOL, Tokyo,
Japan) mass spectrometer. IH-NMR and *C-NMR data were measured on a
JEOL ECX-600 spectrometer. Chemical shifts for proton are reported in p.p.m.
downfield from tetramethylsilane. For 1°C NMR, chemical shifts were reported
in the scale relative to NMR solvent (CDCl;: 77.0p.p.m.) as an internal
reference. Optical rotations were measured with a P-1030 polarimeter (JASCO,
Tokyo, Japan). IR spectra were recorded on a FT/IR-4100 Fourier transform IR
spectrometer (JASCO).

Preparation of N-benzyl-ACM

ACM hydrochloride (255.9 mg, 0.301 mum) in dry dimethylformamide (5.2 ml)
was treated with benzyl bromide (0.108ml, 3.0 equiv.) in the presence of
diisopropylethylamine (0.315ml, 6.0 equiv.) at room temperature for 19h.
After removal of the solvent, the residue was dissolved in CHCls, washed with
H,0 and then continuously with aqueous NapSO,. The CHCl; layer was dried
over Na,;SO, and evaporated. The oily residue was washed with hexane-diethyl
ether (4:1) three times and the remaining residue (crude material 1)
(328.4mg) was purified by centrifugal partition chromatography (CHCls:
CH;0H: H;O=5:6:4, ascending mode), to give mixtures containing
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N-benzyl-ACM  (151.28 mg). The portion (118.6mg) of obtained crude
materials was passed through a Dowex 1x2 (chloride form, CH;OH:
H,0 = 1:4), and finally purified by silica gel column chromatography (CHCls:
CH30H: H,0 = 10:1:0.1), to give pure N-benzyl-ACM (71.4 mg, yield 32%) as
an orange powder.

HRMS (ESIT mode): miz 902.39627 (observed), m/z 902.39575 (calcd. for
CyoHgoNO;57); TH-NMR of rhodosamine and D-ring moieties (chemical shift
in p.p.m., splitting pattern, J in Hz) in CDCl;: H-7 (5.18, d, 5.5), H-8a (2.20, d,
15.0), H-8b (2.61, dd, 5.5 and 15.0), 9-OH (4.57, br s), H-10 (4.12, s), H-13a
(1.69, dg, 7.5 and 15.0), H-13b (1.79, dq, 7.5 and 15.0), H-14 (1.15, t, 7.5), -
COOMe (3.69, s), H-1" (5.81, br d, 2.0), H-2'a (overlapping at around 2.1
p-p-m.), H-2’b (overlapping at around 2.4 p.p.m.), H-3 (5.13, br d, 14.0), H-4'
(4.45, br s), H-5' (overlapping at around 4.55p.p.m.), H-6¢ (1.38, d, 7.0).
Optical rotation: [a]ff 23 (c 0.1, CHCl3) NMR table of N-benzyl-ACM is
presented in Table 1.

Preparation of N-allyl-ACM

ACM hydrochloride (259.2 mg, 0.305 mum) in dry dimethylformamide (5.2 ml)
was treated with allyl iodide (0.042mi, 1.5 equiv.) in the presence of
diisopropylethylamine (0.16 ml, 3.0 equiv.) at room temperature for 24h.
The reagents allyl iodide (0.028ml, 1.0 equiv.) and diisopropylethylamine
(0.053ml, 1.0 equiv.) were added and the reaction mixtures were maintained
for a further 7h. After removal of the solvent, the residue was dissolved in
CHCl3, washed with H,O and then continuously with aqueous Na,SOy. The
CHCl; layer was dried over Nay,$SO, and evaporated. The oily residue was
washed with hexane-diethyl ether (4:1) three times and the remaining residue
(crude material 2) (302.8 mg) was purified by centrifugal partition chromato-
graphy (CHCl;: CH3;0H: H,0 =5:6:4, ascending mode), to give mixtures
containing N-allyl-ACM (108.2 mg). The crude materials were passed through
a Dowex 1 X 2, (chloride form, CH3OH: H,O == 1:4), and finally purified by
silica gel column chromatography (CHCl3:CH;OH:H,0 =10:1:0.1), to give
pure N-allyl-ACM (71.0 mg, yield 26%) as an orange powder.

HRMS (ESI* mode): miz 852.38267 (observed), m/z 852.38010 (caled. for
CysHssNO;5+); TH-NMR of rhodosamine and D-ring moieties (chemical shift
in p.p.m., splitting pattern, J in Hz) in CDCl3: H-7 (5.12, d, 5.5), H-8a (2.15, d,
15.0), H-8b (2.58, dd, 5.5 and 15.0), 9-OH (4.76, br s), H-10 (4.06, s), H-13a
(1.69, dg, 7.5 and 15.0), H-13b (1.76, dq, 7.5 and 15.0), H-14 (1.15, t, 7.5),
-COOMe (3.67, s), H-1" (5.78, br d, 2.0), H-2'a (overlapping at around 2.1
p-p-m.), H-2'b (overlapping at around 2.3 p.p.m.), H-3’ (5.08-5.14, m), H-4'
(4.44, br s), H-5' (4.61, q, 7.0), H-6' (1.36, d, 7.0). Optical rotation: [o]ff
~1.7(c 0.1, CHCl3) NMR table of N-allyl-ACM is presented in Table 1.

In vitro FTase assay

In vitro FTase assay was carried out according to the procedures previously
described.” In brief, the standard reaction mixture of FTase contained the
following components in a final volume of 60 ul:10pug of partially purified
FTase from human esophageal tumor ECI7 cells, 10ug of recombinant
GST-H-Ras protein, 0.06pm  of (*H)-farnesyl pyrophosphate (FPP)
(596 GBgmmol~!; New England Nuclear, Boston, MA, USA), 50mu
Tris-HCl (pH 7.5, Sigma, St Louis, MO, USA), 50um ZnCl, (Kanto
Chemical Co., Tokyo, Japan), 4 mm MgCl, (Wako Pure Chemical Industries
Ltd, Osaka, Japan) and 4mm DTT (Wako). The reaction was initiated by the
addition of enzyme and incubated for 1h at 37 °C. The reaction was stopped
by the addition of 0.5 ml of 1% sodium dodecyl sulfate (SDS, Wako) in MeOH
and 0.5ml of 30% trichloroacetic acid (TCA, Wako). The mixture was then
filtered through a Whatman GF/C filter (GE Healthcare, Buckinghamshire,
UK), washed with 5ml of 6% TCA. The dried filter was finally placed in a
liquid scintillation counter (Beckman Coulter, Inc., Miami, FL, USA). A blank
value was determined in a paralle]l incubation with boiled enzymes and was
subtracted before calculating percent inhibition.

Detection of H-Ras translocation to plasma membrane

Human epidermoid carcinoma A431 cells (I x 10%) were seeded in 10cm
dishes and cultured overnight. After the culture supernatant was replaced with
DMEM (Nissui Pharmaceutical, Tokyo, Japan) supplemented with 0.2% calf
serum, the cells were pretreated with drugs for 15min and stimulated with
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30 ngml -1 epidermal growth factor (EGF, Sigma). Following 24h of incuba-
tion, cells were collected and resuspended in buffer A (20 mm Hepes (Sigma),
pH 7.5, 10mm KCl (Kanto Chemical), 1.5mm MgCly, 1mm EDTA (Kanto
Chemical), 1 mm EGTA (Wako) and 1mm DTT containing 250 mm sucrose
(Sigma) and 1mum phenylmethylsulfonyl fluoride (PMSE Sigma). The cells
were homogenized and unbroken cells were removed by centrifuging the
homogenates at 1,000 % g for 10 min at 4°C. The supernatant was centrifuged
at 100000 x g for 1h at 4°C. The supernatant was removed and the pellets
were lysed in radioimmunoprecipitation assay buffer buffer (25mm Hepes,
1.5% Triton X-100 (Wako), 1% sodium deoxycholate (Wako), 0.1% SDS, 0.5 m
NaCl (Wako), 5mm EDTA, 50mm NaF (Sigma), 0.1 mm sodium vanadate
(Sigma) and 1 mn PMSE, pH 7.8) with sonication. The lysates were centrifuged
at 100000 x g for 15min at 4 °C to give the plasma membrane fraction. The
cells were also directly lysed in radioimmunoprecipitation assay buffer buffer
with sonication, and the resultant samples were used as the total cell lysate. All
samples were subjected to western blotting to detect H-Ras protein.

Transwell migration assay

Cell migration was assayed with a chemotaxis chamber (Becton Dickinson,
Franklin Lakes, NJ, USA). A431 cells (7.5x 10%) suspended in DMEM
supplemented with 0.2% calf serum were incubated in the upper chamber;
the lower chamber contained DMEM supplemented with 0.2% calf serum in
the presence or the absence of EGF (30 ngml~!). Drugs were added to both
chambers. Following 24h of incubation, the filter was fixed with MeOH and
stained with hematoxylin (Sigma). The cells attached to the lower side of the
filter were counted. )

RESULTS AND DISCUSSION

Screening for inhibitors of FTase

We evaluated the inhibitory activity of compounds against FTase in
the project of the SCADS. SCADS is offering several biological activity
evaluation of synthesized or isolated compounds for Japanese
chemists. For the in vitro FTase assay, FTase was partially purified
from human esophageal tumor EC17 cells and recombinant GST-H-
Ras and (°H)-FPP were used as the substrates. We firstly investigated
the effect of compounds on FTase activity at the concentration of
10 M. As a result, two compounds were found to have inhibitory
activity against FTase. As shown in Figure 1, these are novel
derivatives of ACM, and were named N-benzyl-ACM and N-allyl-
ACM, respectively. ACM was discovered from a culture of
Streptomyces galilaeus, and it showed potent antitumor activity.®”

Effect of N-benzyl-ACM and N-allyl-ACM on FTase activity

In the next step, we examined the inhibitory activities of these ACM
derivatives to give ICsq values. As shown in Figure 2, N-benzyl-ACM
and N-allyl-ACM inhibit FTase activity in a dose-dependent manner,
and the ICsq values of N-benzyl-ACM and N-allyl-ACM were 0.86.
and 2.93 pm, respectively (Table 2). On the other hand, ACM did not
inhibit FTase activity at a concentration of 10pm in the process
of the screening project of SCADS. Interestingly, neither the C-10
epimer of N-benzyl-ACM (10-epi-N-benzyl-ACM, see Supplementary
Information) nor the C-10 epimer of N-ally]l-ACM (10-epi-N-allyl-
ACM, see Supplementary Information) showed an inhibitory effect
against FTase activity at a concentration of 10um. These results
indicated that both modification of the N-dimethyl group and the
configuration of C-10 are critical for the inhibitory activity of
N-benzyl-ACM and N-allyl-ACM toward FTase. Like FTase, geranyl-
geranyl transferase (GGTase) catalyzes the geranylgeranylation of
proteins terminating with a CAAX motif, where X is restricted to
leucine, isoleucine or phenylalanine. FTase and GGTase have been
shown to be heterodimers that share a common o subunit with a
different B subunit; therefore, we examined the effect of N-benzyl-
ACM and N-allyl-ACM on the inhibitory activity against GGTase and



Table 1 13C- and 3H-NMR data for N-benzyl-ACM and N-allyl-ACM
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Table 1 (Continued)

Position O mult. J Position de
N-benzyl-ACM
H-1 7.75 1H dd 1.5Hz, 7.5Hz C-1 120.1
H-2 7.64 1H dd 7.5Hz, 8Hz C-2 137.4
H-3 7.25 1H dd 1.5Hz, 8Hz C-3 124.7
c-4 162.4 or 162.5
C-4a 115.7
C-5 192.7
C-5a 114.4
C-6 162.4 or 162.5
C-6a  132.10r1323
H-7 5.18 1H d B5.5Hz c-7 69.25 or 69.33
H-8a 2.20 1H d 15Hz c-8 36.5
H-8b 2.61 1H dd b5.5Hz, 15Hz
c-9 704
H-10 412 H s C-10 55.6
C-10a 143.9
H-11 7.68 IH s C-11 121.2
C-lla 132.10r1323
C-12 181.2
C-12a 1334
H-13a 1.69 1H dgq 7.5Hz, 15Hz C-13 32.6
H-13b 1.79 1H dq 7.5Hz, 15Hz
H-14 1.15 3H t 7.5Hz C-14 6.98
H-1 5.81 1H brd ~2Hz c-v 99.0
H-2'a 2.02-217 1H m c-2 26.5
H-2'b 2.35-245 1H m
H-3 5.13 1H brd ~14Hz c-3 67.2
H-4/ 4.45 1H brs C-4 76.1
H-5 452-460 1H m C-5 69.25 or 69.33
H-&' 1.38 3H d 7Hz c-6' 18.1
H-1" 5.31 1H t 4Hz c-1” 98.3
H-2"a,b 2.02-2.17 2H m c-2" 34.8
H-3" 405413 1H m C-3" 66.0
H-4" 3.80 IH t  3Hz c-4” 78.5
H-5" 4.05-4.13 1H m C-5" 69.5
H-6" 1.27 3H d 7Hz c-6" 16.3
H-1" 5.09 1H t 6Hz c-1 98.9
H-2""a 2.02-2.17 1H m c-2m 27.7
H-2""b 2.35-245 1H m
H-3" 2.44-253 2H m c-3" 33.3
c-a4m 209.6
H-5" 4.44 1H g 7Hz c-5" 71.7
H-6" 1.31 3H d 7Hz C-6" 14.8
4-0H 11.98 1H s
6-0H 12.78 1H brs
9-0H 4.57 1H brs
3"-0H 3.45 1H d 6Hz
COOMe 3.69 3H s COOMe 52.4
COOMe 1713
Bzl-1 127.1
H-Bzl-2 7.41 2H d 7.8Hz Bzl-2 133.2
H-Bzl-3 7.19 2H t 7.8Hz Bzl-3 129.0
H-Bzl-4 7.32 IH t 7.8Hz Bzl-4 130.6
H-BzICHpa  4.60 1H d 12.5Hz Bzl-CHp 66.6
H-BziCHyb  5.11 1H d 12.5Hz
N-Mea 3.08 3H s N-Mea 47.2
N-Meb 3.27 3H s N-Meb 46.6

Position Sy muit. J FPosition d¢
N-allyl-ACM
H-1 7.68 1IH d 8Hz C-1 120.1
H-2 7.60 IH t 8Hz c-2 137.5
H-3 7.20 1H d 8Hz C-3 124.8
c-4 162.4 or 162.5
C-4a 1156
c-5 181.1
C-ba 114.3
C-6 162.4 or 162.5
C-6a 132.1o0r132.3
H-7 5.12 IH d 5.5Hz C-7 69.1
H-8a 2.15 1H d 18Hz C-8 36.4
H-8b 2.58 1H dd 5.5Hz 15Hz
Cc-9 70.3
H-10 4.06 1H s C-10 55.7
C-10a 144.0
H-11 7.50 1H s c-11 121.2
C-11a 132.1or 1323
c-12 192.6
C-12a 133.2
H-13a 1.69 1H dq 7.5Hz, 15Hz C-13 32.7
H-13b 1.76 1H dg 7.5Hz, 15Hz
H-14 1.15 3H t 7.5Hz C-14 7.1
H-1 5.78 1H brd ~2Hz c-V 98.9
H-2'a 2.03-2.16 1H m c-2/ 26.2
H-2'b 222-236 1H m
H-3 5.08-5.14 1H m C-3 67.8
H-4' 4.44 1H brs C-&' 76.2
H-5 461 1H g 7Hz C-5 69.1
H-&' 1.36 3H d THz C-6' 18.1
H-17 5.28 1H t  3.5Hz c-1” 98.7
H-2"a,b 2.03-2.16 2H m c-2" 34.8
H-3" 4.06-4.13 1IH m Cc-3” 66.0
H-4" 3.81 IH t 2.5Hz c-4” 78.6
H-5" 3.97-4.06 1H m c-5" 69.5
H-6" 1.28 3H d 7Hz c-6" 16.5
H-1" 5.10 IH t 6Hz c-1" 98.9
H-2""a 2.03-2.16 1H m c-2" 27.8
H-2""b 2.38-2.54 1H m
H-3"a,b 2.38-254 2H m c-3” 33.3
c-4" 209.8
H-5" 4.46 1H q 7Hz C-5" 71.8
H-6" 1.32 3H d 7Hz C-6" 14.9
4-0H 11.93 1H s
6-0H 12.73 1H brs
9-0H 4.76 1H brs
3"-0H 3.5 1H brd 6Hz
COOMe 3.67 3H s COOMe 52.4
COOMe 1713
Allyl-1a 3.97-4.06 1H m C-Allyl-1 64.5
Allyl-1b 4.39 1H dd 6Hz13Hz
Allyl-2 5.88-597 1H m C-Allyl-2 124.5
Allyl-3a 5.59 1H d 17Hz C-Allyl-3 129.8
Allyl-3b 5.62 1H d 10Hz
N-Mea 3.15 3H s NMea 47.6
N-Meb 3.24 3H s NMeb 47.4

167

The Journal of Antibiotics



Nove! aclacinomycin derivatives inhibit FTase
S Magi et af

0 COOCH,

OH O OH,—gO
CH,
00 i

NR(CHj),

Aclacinomycin A ({ACM); R=H
N-benzyl-ACM; R=CH,CgiHg
N-allyl-ACM; R=CH,CH=CH,

Figure 1 Structures of ACM derivatives.
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Figure 2 Effect of N-benzyl-ACM and N-allyl-ACM on FTase activity /in vitro.
Partially purified FTase from EC17 cells was incubated with (3H)-FPP plus
recombinant GST-H-Ras in the presence or absence of N-benzyl-ACM
(N-BzI-ACM) or N-allyl-ACM (N-Allyl-ACM). The reaction was terminated by
the addition of TCA. The radioactivity of the TCA-insoluble fraction was
measured. The results are the mean £ s.d. of two independent experiments.

Table 2 Effect of N-benzyl-ACM and N-allyl-ACM on FTase, GGTase
and GGPP synthase activities in vitro, as well as cell migration and
cell viability in A431 cells

{Cs0 (um)

N-benzyl-ACM N-allyl-ACM
FTase 0.86 2.93
GGTase 100 > 100
GGPP synthase >100 >100
Cell migration 0.65 1.65
Cell viability (-EGF) >10 >30
Cell viability (+EGF)?) 9.09 22.0

#The concentration of EGF was 30ngm| 1.
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a -EGF +EGF 30 ng/mi
N-Bzl  N-Ally
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Figure 3 Effect of N-benzyl-ACM and N-allyl-ACM on H-Ras translocation,
phosphorylation of Akt and Erk in A431 cells. (a, b) A431 cells were
pretreated with drugs for 15min and stimulated with EGF. Following 24 h of
incubation, cells were collected and the membrane fraction was extracted
(a) All samples were subjected to immunoblotting.

found that they failed to inhibit GGTase up to 100 um. Geranylgeranyl
pyrophosphate (GGPP) synthase is an enzyme that catalyzed the
synthesis of GGPP from isopentenyl pyrophosphate and FPP; thus,
because both FTase and GGPP synthase use FPP as a substrate, the
effect of N-benzyl-ACM and N-allyl-ACM on GGPP synthase activity
was examined. However, neither FTase inhibitor could inhibit GGPP
synthase up to 100 pm (Table 2). So far, although several anthraqui-
nones have been reported as FTase inhibitors,® none of the
anthracycline family has been identified as an FTase inhibitor;
thus, N-benzyl-ACM and N-allyl-ACM are the first examples in a
series of the anthracycline family, demonstrating that the compounds
inhibit FTase.

Effect of N-benzyl-ACM and N-allyl-ACM on localization of H-Ras
Because N-benzyl-ACM and N-allyl-ACM selectively inhibited FTase
in vitro, next we examined whether these compounds could inhibit
FTase in a cultured cell system. A431 cells were well-known EGF
receptor-overexpressing cells that displayed a sufficient level of H-Ras
protein'® As shown in Figure 3a, the amount of H-Ras in the
membrane fraction was not changed in the presence or absence of
EGF; however, treatment of cells with N-benzyl-ACM and N-allyl-
ACM reduced the amount of H-Ras in the membrane fraction. On
the other hand, N-benzyl-ACM and N-allyl-ACM did not affect the
geranylgeranylation of RaplA in the same condition (data not
shown). These results suggested that N-benzyl-ACM and N-allyl-
ACM inhibited the membrane localization of H-Ras protein through
the inhibition of FTase in A431 cells.

Effect of N-benzyl-ACM and N-allyl-ACM on PI3K signaling
The activation of H-Ras was reported to further activate the PI3K
pathway.!>12 Indeed, we previously reported that other FTase
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Figure 4 Effect of N-benzyl-ACM and N-allyl-ACM on EGF-induced cell migration in A431 cells. A431 cells suspended in DMEM supplemented with 0.2%
calf serum were incubated in the upper chamber; the lower chamber contained DMEM supplemented with 0.2% calf serum in the presence or absence of
EGF (30ngml~1). Drugs were added to both chambers. After 24 h, the cells that migrated through the filter to the lower surface were photographed (a),
and the number of migrated cells was counted (b, c). The results are the mean+ s.d. of five different fields.

inhibitors, moverastin A and B, inhibited the PI3K/Akt pathway but
not the Raf/MEK/Erk pathway.> To confirm whether N-benzyl-ACM
or N-allyl-ACM also could inhibit the PI3K pathway selectively, we
examined the effect of these compounds on the phosphorylation of
Akt or Erk in A431 cells. As shown in Figure 3b, the phosphorylation
of Akt (Ser473) was significantly decreased in the presence of either
N-benzyl-ACM or N-allyl-ACM, whereas these compounds did not
affect the phosphorylation level of Erk. These results suggested that
N-benzyl-ACM and N-allyl-ACM inhibited PI3K activation through
the suppression of H-Ras farnesylation.

Effect of N-benzyl-ACM and N-ailyl-ACM on cell migration
Since the activation of H-Ras through the farnesylation by FTase was
involved in cell migration,® we examined the effect of N-benzyl-ACM

or N-allyl-ACM on EGF-induced cell migration in A431 cells. As a
result, N-benzyl-ACM or N-allyl-ACM inhibited EGF-induced cell
migration in a dose-dependent manner (Figures 4a, b). These
inhibitory effects were not due to the toxic effect of the drugs because
their ICsq values for A431 cell viability were at least seven times higher
than those for cell migration (Table 2). Importantly, the dose of
N-benzyl-ACM or N-allyl-ACM required to inhibit cell migration was
consistent with that for inhibition of the membrane localization of
H-Ras. Moreover, according to the inhibitory activity against FTase,
the ICsq value for the cell migration of N-benzyl-ACM was lower than
that of N-allyl-ACM (Table 2). Neither 10-epi-N-benzyl-ACM nor 10-
epi-N-ally]l-ACM, which failed to inhibit FTase, suppressed EGF-
induced migration of A431 cells (Figure 4c). Taken together, these
findings suggest that N-benzyl-ACM and N-allyl-ACM inhibited
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