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Epithelial-to-mesenchymal transition (EMT)-subtype gastric cancers
have the worst prognosis due to their higher recurrence rate,
higher probability of developing metastases and higher chemo-
resistance compared to those of other molecular subtypes. Phar-
macologically actionable somatic mutations are rarely found in
EMT-subtype gastric cancers, limiting the utility of targeted the-
rapies. Here, we conducted a high-throughput chemical screen
using 37 gastric cancer cell lines and 48,467 synthetic small-
molecule compounds. We identified YK-135, a small-molecule
compound that showed higher cytotoxicity toward EMT-subtype
gastric cancer cell lines than toward non-EMT-subtype gastric
cancer cell lines. YK-135 exerts its cytotoxic effects by inhibiting
mitochondrial complex I activity and inducing AMP-activated
protein kinase (AMPK)-mediated apoptosis. We found that the
lower glycolytic capacity of the EMT-subtype gastric cancer cells
confers synthetic lethality to the inhibition of mitochondrial
complex |, possibly by failing to maintain energy homeostasis.
Other well-known mitochondrial complex I inhibitors (e.g., ro-
tenone and phenformin) mimic the efficacy of YK-135, supporting
our results. These findings highlight mitochondrial complex 1
inhibitors as promising therapeutic agents for EMT-subtype gastric
cancers and YK-135 as a novel chemical scaffold for further drug
development. [BMB Reports 2022; 55(12): 645-650]
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INTRODUCTION

Gastric cancer is the fifth most diagnosed cancer and the fourth
leading cause of cancer-related mortality worldwide (1). Ad-
vances in genomic technologies have enabled a better under-
standing of cancers by uncovering genetic heterogeneity that
enabled molecular classifications (2-5) which can affect prog-
nosis and therapeutic outcomes in gastric cancer. The Cancer
Genome Atlas (TCGA) project classified gastric cancers into four
molecular subtypes: tumors positive for Epstein-Barr virus (EBV),
chromosomal instable tumors, tumors with microsatellite insta-
bility (MSI), and genomically stable (GS) tumors. Of these, the
GS subtype is associated with epithelial-to-mesenchymal tran-
sition (EMT) features (2). Later, the EMT-activated gastric cancer
subtype was consistently found in diverse cohorts of gastric
cancer (4-6). The EMT-subtype gastric cancers are also chemo-
resistant due to their low proliferation rate (6). In addition, the
rare druggable oncogenic mutations and low mutation burden
of this subtype render targeted therapies and immunotherapies
ineffective, respectively (7, 8). Consequently, there are vital
unmet needs that demand the development of new therapeutic
interventions targeting the EMT-subtype gastric cancer to improve
the survival outcomes of these patients.

In the present study, we conducted a large-scale chemical
screen using 37 gastric cancer cell lines and 48,467 synthetic
small-molecule chemical compounds to identify novel drug
candidates with selective cytotoxicity against EMT-subtype gas-
tric cancer cell lines. We further investigated the molecular
targets and the underlying selectivity mechanisms of one of the
hit compounds, YK-135. This study highlights the altered central
energy metabolism as a synthetic lethal target pathway for the
selective intervention of EMT-subtype gastric cancers. Hence,
the findings from this study provide a novel precision drug
candidate for further drug development.

This is an open-access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http:/creativecommons.org/li-
censes/by-nc/4.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
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RESULTS

Large-scale chemical screening identified small-molecule
compounds selectively targeting EMT-subtype gastric cancer
cell lines

Previously, we classified a panel of 29 gastric cancer cell lines
into intrinsic molecular subtypes by analyzing whole exome
sequencing and RNA sequencing data (9). Here, we have
expanded this panel by adding eight additional gastric cancer
cell lines, SNU5, SK-GT-2, IM95, MKN7, NUGC3, NUG(C4,
RERF-GC-1B, and SCH (Supplementary Table 1). We performed
an unsupervised hierarchical clustering analysis based on
expression levels of EMT signature genes (5, 9) and found that
seven of the 37 gastric cancer cell lines exhibit robust EMT
features (Fig. 1A). We then performed a high-throughput drug
screen using 37 gastric cancer cell lines and 48,467 small-
molecule compounds to identify compounds with selective
cytotoxicity against EMT-subtype gastric cancer cell lines (Fig.
1B). The readout for our screening process was the cytotoxicity
of each compound using the CellTiter-Go assay, which mea-
sures ATP concentration in each well of the screening plates.
The measurements from this assay were highly correlated with
the live cell counts measured by combined staining of nuclei
with Hoechst and propidium iodide (PI) (Supplementary Fig.
1). A series of screening identified seven hit compounds (Fig.
1B, Supplementary Data 1) that had a wider selective margin
between the EMT cancer cell lines and the non-EMT lines in a
cumulative distribution function (AUC KS test P < 0.05 and
KS distance (D) > 0.6) (Fig. 1C). Molecular structures of the
final seven hit compounds are shown in Fig. 1D. Next, to
prioritize hit compounds targeting the distinct molecular features
of EMT-subtype gastric tumors, we conducted gene set enrich-
ment analysis (GSEA) of the EMT-subtype gastric tumors vs.
other gastric tumors using the TCGA dataset. We observed that
mitochondrial respiration-related gene sets (especially mito-
chondrial respiratory chain complex assembly) were most sub-
stantially reduced in EMT-subtype gastric cancer patients com-
pared to non-EMT-subtype (Fig. 1E and Supplementary Fig. 2).
This observation suggested that reduced mitochondrial mass or
activity may be a therapeutic vulnerability in the EMT-subtype
gastric cancer. Thus, we evaluated the effects of the seven hit
compounds on mitochondrial oxygen consumption rate (OCR)
in SNU484, an EMT-subtype cell line. We observed that only
YK-135 showed significant inhibition of mitochondrial respira-
tion, which was similar to other known mitochondrial inhibitors
(phenformin and rotenone) (Fig. 1F). We further validated the
selective toxicity of YK-135 in 4 EMT (SNU484, MKNT,
SNU668 and HGC27), 3 non-EMT (NCI-N87, MKN45 and
SNU719) gastric cancer cell lines and 3 non-cancerous cell
lines (THLE-2, CCD18CO and HK-2). YK-135 was confirmed
to selectively exert cytotoxic effects on EMT-subtype gastric
cancer cell lines (Fig. 1G).
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Fig. 1. A large-scale chemical screen identifies YK-135 as a selective
cytotoxic agent against EMT-subtype gastric cancer cell lines. (A) Clas-
sification of the 37 gastric cancer cell lines according to their EMT
signatures. Columns represent EMT signature genes (149 upregulated
genes on the left, 161 downregulated genes on the right). (B) Screen-
ing workflow. All 48,467 chemicals in the library were screened
once at a concentration of 2.5 UM in three EMT (Hs746T, SNU484
and SNU668) and one non-EMT (SNU719) cell lines. Four hundred
fifty-seven molecules with selective response profiles were re-screened
at 2.5 uM in six cell lines (3 EMT (Hs746T, SNU484 and SNU668)
vs. 3 non-EMT (SNU719, MKN45 and NCC59)). One hundred seventy-
five chemicals with selective viability were selected and re-assayed
in the same conditions, followed by filtering by chemical structures
or properties (e.g., availability of resupply and chemical structural
similarity) (Supplementary Data 1). Seventy-five chemicals were re-
screened in a multi-dose format (12-point dose responses) against a
panel of 37 cell lines in singlicate. Nineteen chemicals with EMT-
selective toxicity were selected and re-assayed across the 37 cell
lines using 12 doses (half-log dilution series). (C) Dot plot of KS test
distances of AUC in EMT cell lines compared to non-EMT cell lines
against 18 selected chemicals (left). Red dots indicate selected 7
hit candidates (AAUC KS distance = 0.6). Cumulative distribution
function plots of 7 hit candidates demonstrating enrichment for AUC
of EMT (red) and non-EMT (blue) cell lines (right). (D) Structures
of the 7 hit candidate chemicals. (E) Dot plot of GSEA results illust-
rating GO gene sets decreased in EMT-type gastric tumor of TCGA
stomach adenocarcinoma cohort. The figure shows the top 16 enriched
GO terms with NES < —2.0 and adjusted P-value < 0.03. Red text
indicates mitochondria-related gene sets. (F) Basal respiration measure-
ment using a Seahorse bioanalyzer. All values are mean + SD of
triplicated experiments. P-values were determined by one-way ANOVA,
followed by a Tukey multiple comparison test (**P < 0.01, ***P
< 0.0001). (G) YK-135 dose-response in 4 EMT, 3 non-EMT-subtype
gastric cancer cell lines and 3 normal cell lines.
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YK-135 blocked mitochondrial respiration by inhibiting
mitochondrial complex I activity

Our initial observation that YK-135 inhibited mitochondrial re-
spiration in SNU484 led us to further examine the consequence
of YK-135 treatment in an expanded gastric cancer cell line
panel including two EMT- (SNU484 and HGC27) and two non-
EMT-subtype gastric cancer cell lines (MKN45 and NCI-N87).
Measuring the cellular oxygen consumption rate (OCR) using
the Seahorse XF analyzer revealed a significant inhibition of
OCR by YK-135 in all cell lines at concentrations of 5-10 uM
(Fig. 2A), which was more potent than the biguanides (metfor-
min or phenformin), as they usually inhibit OCR at millimolar
concentrations (10). Next, to determine which mitochondrial
complex YK-135 inhibits, we examined mitochondrial respiration
in membrane-permeabilized cells by supplying either complex
| or complex Il substrate. In the complex I-linked respiration
assay supplied with adenosine-5’-diphosphate (ADP) and the
complex | substrates pyruvate and malate, YK-135 (10 uM)
inhibited oxygen consumption in permeabilized SNU484 cells
similar to the complex | inhibitor, rotenone (Fig. 2B, Left). Mean-
while, YK-135 had a minor effect on the oxygen consumption
in the cells supplemented with ADP and the complex Il sub-
strate succinate, wherein mitochondrial complex Il inhibitor,
2-thenoyltrifluoroacetone (TTFA), efficiently inhibited complex
[I-linked respiration (Fig. 2B, Right). YK-135 also dose-dependent-
ly inhibited the mitochondrial complex | enzyme activity in
isolated mitochondria of SNU484 cells in vitro (Fig. 2C). In
line with these observations, YK-135 mediated cytotoxicity
was rescued by rosiglitazone, a PPAR-y agonist and an inducer
of mitochondrial biogenesis (Supplementary Fig. 3). Next, we
compared YK-135 with other mitochondrial complex | inhibitors,
phenformin and rotenone, with respect to the EMT-subtype
selective cytotoxicity. This assay revealed that rotenone also
showed significantly increased cytotoxicity against the EMT-
subtype gastric cancer cell lines, although its therapeutic margin
is narrower than YK-135 (Fig. 2D). This observation indicated
that YK-135 is a novel mitochondrial complex | inhibitor
displaying superior selective cytotoxicity toward EMT-subtype
gastric cancer cell lines compared with other mitochondrial
complex | inhibitors.

YK-135 selectively induced AMPK-mediated apoptosis in
EMT-subtype gastric cancer cell lines

Biguanide-mediated inhibition of mitochondrial respiration acti-
vates AMP-activated protein kinase (AMPK), a major energy
sensor in the cell, by increasing the intracellular AMP and
ADP levels (11). YK-135 treatment activated AMPK, as demon-
strated by increased phospho-AMPK (Thr172) levels, only in
EMT-subtype gastric cancer cell lines (Fig. 3A), indicating that
the ATP depletion in the EMT-subtype gastric cancer cell lines
was more robust than that in the non-EMT cell lines. AMPK
activation causes a cell cycle arrest and inhibits the synthesis
of macromolecules required for the cell growth and prolife-
ration (12), as evidenced by reduced S6K phosphorylation in
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Fig. 2. YK-135 inhibits mitochondrial OXPHOS complex | activity.
(A) Assessment of OXPHOS functions for YK-135. Basal, maximal,
ATP-linked respiration and proton leak in 2 EMT (SNU484 and HGC27)
and 2 non-EMT (MKN45 and NCI-N87) gastric cancer cell lines 24
hours post-YK-135 treatment by a Seahorse bioanalyzer. P-values were
determined by Student’s t test (**P < 0.01, ***P < 0.0001,
n.s.: not significant). (B) SNU484 cells were treated with DMSO or
YK-135 (10 uM) for 24 h. Cells were permeabilized using plasma
membrane permeabilizer (PMP), and OCR was measured with se-
quential administration of a combination of pyruvate (10 mM), malate
(0.5 mM), and ADP (4 mM) for complex I-linked respiration or ro-
tenone (1 uM), succinate (10 mM) and ADP (4 mM) for complex
IlHinked respiration. (C) Complex | enzymatic activity was measured
from mitochondrial fractions of SNU484 cells. Mitochondrial fractions
were isolated and then treated with YK-135 or rotenone in vitro.
(D) Selective sensitivity of OXPHOS inhibitors in 7 EMT (HGC27,
SK4, SNU668, MKN1, YCC11, SNU484, and Hs746T) and 5 non-
EMT cell lines (NCI-N87, MKN45, SNU719, SNU216, and NUGCA4).
Boxplots represent mean of relative viability 72 h post-treatment
of YK-135 (5 uM), phenformin (0.63 mM) or rotenone (0.16 UM).
P-values were determined by Student’s t test.

EMT-subtype cell lines (Fig. 3A). Therefore, we next examined
whether YK-135 selectively exerts anti-proliferative effects on
EMT-subtype cancer cell lines. Our investigation revealed that
YK-135 treatment induced G2/M cell cycle arrest specifically
in EMT-subtype gastric cancer cell lines (HGC27 and SNU484)
but not in non-EMT gastric cancer cell lines (MKN45 and
NCI-N87) (Fig. 3B). It is known that the intact mitochondrial
respiratory electron transport chain (ETC) generates an electro-
chemical proton gradient that establishes the mitochondrial
membrane potential used by mitochondrial complex V to
generate ATP. However, impaired mitochondrial ETC leads to
a decreased mitochondrial membrane potential and increased
harmful reactive oxygen species (ROS) generation, which also
contributed to cell cycle arrest and cell proliferation inhibition
(13). We, therefore, examined the effect of YK-135 on the
mitochondrial membrane potential and mitochondrial ROS
production. Upon YK-135 treatment, SNU484 and HGC27 cells,
but not MKN45 and NCI-N87 cells, showed a decreased mito-
chondrial membrane potential (measured by the MitoTracker™
Red CMXRos dye staining) (Fig. 3C) and significantly increased
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Fig. 3. YK-135 induces AMPK-mediated apoptosis in EMT-subtype
gastric cancer cell lines. (A) YK-135-induced AMPK signaling was
assessed by western blotting of whole-cell lysates from the indicated
EMT and non-EMT cell lines. (B) Evaluation of cell cycle arrest
by propidium iodide staining and flow cytometry analysis after
YK-135 treatment for 24 h. Ten thousand cells were counted per
analysis. Data represent mean + SD from experiments in triplicate.
P-values were determined by two-way ANOVA (*P < 0.05, **P <
0.01, n.s.: not significant). (C Flow cytometry analysis of MitoTracker™
Red CMXRos and MitoTrackerTM Green FM-stained cells to detect
changes in mitochondrial membrane potential (A¥y) and mitochondrial
mass induced by YK-135. (D) Representative flow cytometry histogram
of MitoSOX staining in DMSO (light red), 5 uM YK-135 (light blue),
and 10 uM YK-135 (orange). (E) Representative scatter plots of
apoptosis analysis using Annexin V-FITC/PI dual staining and flow
cytometry after YK-135 (5 uM) treatment for 48 and 72 h. (F) YK-135
induced apoptosis was assessed by western blotting using anti-
cleaved PARP antibody in SNU484 and MKN45 cells post-incuba-
tion for indicated time points.

ROS production (Fig. 3D). To further understand the consequen-
ce of mitochondrial dysfunction caused by YK-135 treatment
in EMT-subtype gastric cancer cells, we examined its effect on
cell death. Flow cytometry analysis using Pl and Annexin V
staining (Annexin V-FITC Apoptosis Kit) showed significant
increases in cellular apoptosis 72 h post-YK-135 treatment, as
compared with the vehicle control in SNU484 and HGC27
cells but not in MKN45 and NCI-N87 cells (Fig. 3E). We
further examined the expression of cleaved PARP-1 (c-PARP), a
hallmark of cellular apoptosis. We observed that YK-135 treat-
ment-induced PARP-1 cleavage only in the EMT-subtype gastric
cancer cells in a time-dependent manner (Fig. 3F). These data
collectively indicated that YK-135 induced robust ATP deple-
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Fig. 4. Low glycolytic capacity confers hypersensitivity to YK-135.
(A) Gene set enrichment analysis showed decreased canonical glyco-
lysis gene set expression in the EMT-subtype gastric tumor patient
cohort (NES = —1.46, P = 0.0481). (B) The graphs represent
the correlation between AUC and glycolytic capacity. A Seahorse
bioanalyzer assessed the glycolytic capacity in 24 gastric cancer
cell lines. r, Spearman correlation coefficient. Spearman correlation
test P-value is indicated. (C) YK-135 sensitivity in gastric cancer cell
lines with/without glucose supplement. 50% growth inhibition (GI50)
was calculated in sensitive (n = 6) and resistant (n = 6) cell lines
72 h-post YK-135 treatment. Unpaired Student’s t test P-value is in-
dicated (n.s.: not significant). (D) Inhibition of glycolysis sensitizes
the resistant cell line, MKN45 and NCI-N87 against YK-135 (15.8 uM).
Cell lines were treated with a non-lethal concentration of the gly-
colysis inhibitor 2-deoxyglucose (2-DG, 10 mM) with YK-135 for
72 h. P-values were determined by one-way ANOVA, followed by
a Tukey multiple comparison test (**P < 0.01, ***P < 0.001).
(E) Graphical summary to describe selective toxicity of YK-135
against EMT-subtype gastric cancer cell lines. The low glycolytic capa-
city of EMT-subtype gastric cancer cell lines generates synthetic le-
thality to OXPHOS inhibition.

tion and consequently led to selective apoptotic cell death in
EMT-subtype gastric cancer cell lines.

Low glycolytic capacity of EMT-subtype gastric cancer cells
conferred hypersensitivity to YK-135

Since YK-135 treatment activates AMPK only in the EMT-sub-
type gastric cancer cells (Fig. 3A), we hypothesized that
EMT-subtype cancer cells might have a defect in compensatory
mechanisms for dealing with mitochondrial ATP depletion. In
this regard, GSEA analysis revealed that the glycolysis-related
gene set was significantly depleted in the EMT-subtype gastric
tumors in the TCGA dataset (Fig. 4A). Since glycolysis is critical
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for the survival of cancer cells in the presence of mitochon-
drial complex | inhibitor (14), we measured extracellular acidi-
fication rate (ECAR), an indicator of glycolysis, in 24 gastric
cancer cell lines, and found that there was a positive correla-
tion between glycolytic capacity and resistance to YK-135 (r =
0.55, P = 0.0058 by Spearman’s rank correlation) (Fig. 4B).
This result demonstrated that the gastric cancer cell lines that
were sensitive to YK-135, including the six EMT-subtype gastric
cancer cell lines, showed lower glycolytic capacity than that of
the resistant cell lines. Notably, one outlier EMT-subtype gastric
cancer cell line, Hs746T was relatively resistant to YK-135 but
showed higher glycolytic capacity than other EMT-subtype
gastric cancer cell lines (Fig. 4B). To determine whether defects
in glycolysis caused the sensitivity to YK-135, we investigated
the effect of glucose removal from the culture medium on
YK-135-mediated cytotoxicity. A significant decrease in viability
(50% growth inhibition, GI50) was observed only in YK-135-
resistant gastric cancer cell lines by glucose removal (Fig. 4C).
We further found that a glycolysis inhibitor, 2-deoxyglucose,
significantly sensitized MKN45 and NCI-N87 cell lines to YK-135
treatment (Fig. 4D). These data indicated that the YK-135-de-
pendent inhibition of mitochondrial complex | activity decreases
cell proliferation and induces cell death in EMT-subtype gastric
cancer cell lines by leveraging their low glycolytic capacity
(Fig. 4E). These findings collectively highlight how mitochondrial
complex | inhibitors can be promising targeted therapeutic
agents for treating EMT-subtype gastric cancer patients and
emphasize the role of YK-135 as a novel chemical scaffold for
further therapy development.

DISCUSSION

The oxidative phosphorylation (OXPHOS) pathway plays a
crucial role in cancer cells by providing ATP and metabolites
to support rapid proliferation and migration. Thus, OXPHOS
inhibition holds excellent potential for an anticancer strategy
with many therapeutic opportunities. To date, the biguanide
metformin which can act as a putative mitochondrial complex
I inhibitor has been tried in multiple clinical trials as an anti-
cancer agent in breast and colorectal cancers (14, 15). Beyond
metformin, the more potent biguanide phenformin (for hepato-
cellular carcinoma (16)) and mitochondrial complex I inhibitors
such as IACS-010759 (for Glioblastoma and AML (17)) have
shown efficacy in clinical trials. In addition, other mitochon-
drial OXPHOS inhibitors, such as Gracillin (complex Il inhibi-
tor for non-small cell lung carcinoma (18)) and gboxin (complex
V inhibitor for glioblastoma (19)), have shown anticancer effi-
cacy in pre-clinical studies. Despite these successes, the use of
OXPHOS inhibitors has some limitations. First, in the absence
of any precise biomarker, these drugs are likely to exhibit
some side effects toward non-cancerous cells with high-energy
demands. Mitochondrial dysfunction or fragmentation by OXPHOS
inhibitors induces a compensatory shift to glycolysis and pyru-
vate fermentation, resulting in secretion and accumulation of
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lactate leading to lactic acidosis (16, 20). Second, cancer cells
exhibit flexibility in switching energy metabolism between gly-
colysis and OXPHOS to adapt to the tumor microenvironment,
which causes resistance to OXPHOS inhibitor treatment. In the
case of malignant lymphocytes, metabolic adaptation to bigua-
nides is acquired by transcriptionally reprogramming glucose
metabolism (21). Thus, identifying tumor subtypes that may
benefit from OXPHOS inhibition is necessary to overcome the
limitation of mitochondrial inhibitors in clinical applications.

Thus, our discovery that EMT-subtype gastric tumors and
gastric cancer cell lines exhibit significantly reduced expression
of the glycolysis-related genes and low glycolytic capacity,
respectively, provides evidence supporting the utility of mito-
chondrial complex | inhibitors against EMT-subtype gastric
cancers. However, of the various mitochondrial complex | in-
hibitors, YK-135 showed the highest selectivity against EMT-
subtype gastric cancer cell lines, indicating that YK-135 has a
unique pharmacological property differing from other mito-
chondrial complex I inhibitors. One of the possible modes of
action of YK-135 explaining the higher selectivity to the
EMT-subtype gastric cancer cell lines might be its partial in-
hibitory effect on mitochondrial complex Il, as shown in Fig.
2B and Supplementary Fig. 4, since mitochondrial complex Il
can serve as a bypass when complex | is blocked. Despite the
potent efficacy of YK-135 in gastric cancer cell lines, it has
limited bioavailability and stability in vivo, preventing its im-
mediate application in a mouse model (data not shown). There-
fore, further chemical optimization of its pharmacokinetic pro-
perties is needed for this compound'’s further pre-clinical and
clinical development.

In conclusion, the present study demonstrates that a novel
mitochondrial complex | inhibitor, YK-135, exhibits specific
cytotoxicity toward EMT-subtype gastric cancer cell lines exerted
due to their impaired glycolytic capacity. This finding holds
tremendous translational implications for synthetic lethal strate-
gies against treatment-refractory EMT-subtype gastric cancers.
Further studies are needed to improve the poor pharmaco-
kinetic properties of YK-135 and to determine if YK-135 has
similar effects in in other cancer types.

MATERIALS AND METHODS

Materials and methods are available in the Supplemental Infor-
mation.
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