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ORY-1001, an inhibitor of covalent lysine (K)-specific demethylase 1A (KDM1A), has
been used as a therapy for the treatment of acute leukemia. However, the underlying
mechanisms of anticancer are still not fully elucidated. Here, we report that KDM1A
is highly expressed in lung cancers, where it appears to drive aggressive growth.
Furthermore, lung cancer patients with higher KDM1A levels have worse survival
outcomes than patients with lower KDM1A levels. Interestingly, ORY-1001significantly
inhibited the cell proliferation, colony formation, cell cycle, and induced apoptosis, by
regulating the Warburg effect through controlling Hexokinases 2 (HK2) expression. In
summary, these results indicate that ORY-1001 could inhibit the growth of lung cancer
cells via regulating the Warburg effect by controlling HK2.

Keywords: lysine (K)-specific demethylase 1A, Warburg effect, Hexokinases 2, cell proliferation, lung cancer

INTRODUCTION

Energy metabolism reprogramming is a hallmark of cancer. Cancer cells increase glucose uptake,
which then leads to an increase in the aerobic glycolysis rate and enhances lactate and energy
production, known as the Warburg effect (Cairns et al., 2011; Fan et al., 2014). Mounting evidence
supports that deregulated energy metabolism reprogramming is closely related to drug resistance
in cancer therapy (Liu et al., 2008; Wang et al., 2010; Zhou et al., 2010; Zhao et al., 2011, 2013;
Zheng et al.,, 2017). The enzymes involved in energy metabolism reprogramming can be regulated
at the gene expression and post-translation modification level, in response to extracellular and
intracellular signaling, to cope with the adaptive metabolic remodeling, in response to severe
environmental conditions. Blocking the epigenetic regulation of metabolic enzymes is not only
an intellectual pursuit, but also provides a way to help diagnose and treat cancers.

Lysine (K)-specific demethylase 1A (KDM1A), also known as Lysine-specific demethylase-1
(LSD1), is the first reported histone demethylase, that can remove histone H3 Lys 4 and Lys 9's
mono- and di-methylation modification (Sehrawat et al., 2018). KDM1A has been characterized as
a potential oncogene and a therapeutic target in various cancers (Hayami et al., 2011; Schildhaus
et al,, 2011; Yu et al., 2013). Several studies showed that various cancers with higher KDMI1A
expression correction, have high cell proliferation rates (Lv et al., 2012; Zhao et al., 2012; Jie
et al,, 2013; Yu et al,, 2013). In acute myeloid leukemia (AML), KDM1A overexpression blocks
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differentiation and results in a poor prognosis (Fang et al,
2017; Fiskus et al, 2017). Sakamoto et al. (2015) recently
found that KDM1A suppresses murine adipocytes mitochondrial
respiration and maintains energy storage under obese conditions
(Sakamoto et al., 2015). Targeting KDM1A by small molecule
inhibitors, blocks cell proliferation in leukemia (Magliulo et al.,
2018). It is therefore interesting to test whether targeting
KDM1A, would block metabolic reprogramming in cancer cells
driven by KDM1A. To better understand tumorigenesis, we must
understand the metabolic reprogramming of cancerous cells.
For this reason, the cancer metabolic reprogramming driven by
KDMI1A, has attracted much attention. Nevertheless, the precise
contribution of KDM1A to cancer metabolism remains unclear.

Maes et al. have developed ORY-1001, a potent and selective
inhibitor of KDM1A, for the inhibition of acute leukemia cell
growth (Maes et al., 2018). But, the anti-cancer activity of ORY-
1001 in lung cancer is unknown. In this study, we reported
that KDM1A is highly expressed in lung cancer tissues and lung
cancer cells and regulated cell proliferation. Furthermore, we
found that ORY-1001 inhibited lung cancer cell proliferation, cell
cycle and induced apoptosis by triggering the Warburg effect, by
regulating HK2 expression. These results suggest the hypothesis
that cancer cells are transmitted more on the glycolytic pathway
than normal cells and targeting KDM1A may represent a
promising approach for selectively causing cell proliferation in
cancer cells.

MATERIALS AND METHODS

Cell Lines

H1299, H157, H1944, H226, and H460 cells were cultured in
a RPMI 1,640 medium with 10% FBS at 37°C and 5% CO,.
The human lung adenocarcinoma epithelial cells A549, were
gifted by Dr. Zhi Shi (Jinan University, Guangdong, China). The
A549 cells were cultured in a Dulbecco Modified Eagle Medium
(DMEM) with 10% FBS. Normal proliferating Human Bronchial
Epithelial Cell Line (BEAS-2B) was gifted by Dr. Chenglai Xia
(Guangzhou Medical University, Guangdong, China) and were
cultured in a RPMI 1,640 medium with 10% FBS at 37°C and 5%
COs.

Cell Proliferation Assay

For cell proliferation assay, 5 x 10* cells were seeded into 6-well
plates and cultured at 37°C and 5% CO; for 12 h. The cells were
then treated with ORY 1001, with an increased concentration (80
and 160 wM) or vehicle alone for 1, 2, 3, and 4 days, and the cell
number was counted.

Colony Formation Assay

Eight hundred cells (H1299 and A549) were plated into 6-
well plates and were cultured in a RPMI 1,640 or DMEM
medium at 37°C and 5% CO,, in a humidified incubator.
The cells were then replenished with a fresh RPMI 1,640
or DMEM medium containing ORY1001 (80 and 160 wM)
after 10 days and incubated for another 5 days. The treated
cells were washed with pre-warmed PBS three times, fixed
with methanol for 20 min, and stained with crystal violet for

15min. The residual crystal violet was then removed using
double distilled H,O, and the plates were then air-dried. The
colony numbers were counted using Image plus software. Each
experiment was assayed in triplicate with three independent
experiments.

Apoptosis Assay

Cell apoptosis was determined by flow cytometry. Firstly,
the cells were harvested and washed with PBS. Subsequently,
an Annexin V fluorescein (FITC)/propidium iodide (PI)
double staining solution was used on the cell sample, to
detect apoptosis following the manufacturer’s protocol. The
samples were analyzed using the BD FACScalibur flow
cytometer (BD Biosciences), and subsequent analyses were
performed with FlowJo software. All assays were performed in
triplicate.

Cell Cycle Assay

H1299 and A549 cells were seeded into 6-well plates and treated
with 80 and 160 uM ORY1001 for 48h. The cells were then
harvested, washed with PBS, centrifuged and fixed in cold 70%
ethanol at 4°C for 12 h. The samples were washed with PBS after
fixation to remove the ethanol. Subsequently, PBS containing
10 mg/mL propidium iodide (PI; Sigma-Aldrich) and RNase A
(100 mg/mL, Solarbio) was added to the cell sample, at room
temperature for 10 min under darkness. Finally, the samples
were analyzed using the BD FACScalibur flow cytometer (BD
Biosciences).

Western Blotting

Cells were lysed with lysis buffer [1.5M NaCl, 1 M HEPES[pH
= 7.0], 1%NP40, 0.1 M Na4P207, 0.1 M NaF, 0.1 M Na3VO4,
protease inhibitor] on ice for 30 min and then centrifuged at
12,000 rpm for 15min at 4°C. Protein samples were loaded
into 12% SDS-PAGE, then separated by running different
Voltages, and transferred onto PVDF membranes (Millipore).
The membranes were blocked with 5% non-fat milk for 2h and
then incubated overnight at 4°C, or at room temperature for 2h
with the primary antibody and for 1 h at room temperature with
the secondary antibody. Signals were detected using a Luminol
substrate solution.

Small Interference RNA Transfection

H1299 and A549 cells (2 x 10°) were seeded into 6-well
plates and cultured in a humidified incubator at 37°C and
5% CO, for 12h. Cells were transfected with a siRNA control
and three independent siRNA targeting KDM1A by TransIT
LT1(Mirus corporation-). Transfected cells were cultured for 48 h
before being used for further experiments. The KDM1A siRNA
target sequences were as follows: KDM1A siRNA-1: GCTCGA
CAGTTACAAAGTT; KDMI1A siRNA-2: GTTGGATAATCC
AAAGATT; KDMI1A siRNA-3: GAAGCTACATCTTACCTTA,
and all siRNA sequences were purchased from the Ribobio
corporation of Guangzhou.

Cell Metabolism Determination
The extracellular acidification rate (ECAR), was determined
by the Seahorse XF96 Extracellular Flux Analyzer (Agilent
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FIGURE 1 | KDM1A expression is evaluated in lung cancer and is important for cancer cell proliferation and tumor growth. (A) Oncomine data for the expression of
KDM1A in lung and non-small cell lung cancer (NSCLC). (B) Expression of KDM1A in lung cancer tissues and matched non-cancerous, calculated from GEO profiles
(GSE19804, n = 60). (C) Kaplan—Meier curves of overall survival in lung cancer patients with high and low expression of KDM1A, calculated from (http://kmplot.com/
analysis). (D) KDM1A protein levels were analyzed in the majority of a spectrum of diverse human lung cancer cells, including H1944, H460, H1299, H157, H226,
A549 cells, and normal proliferating Human Bronchial Epithelial Cell Line (BEAS-2B). (E,F) Cell proliferation rates determined by cell counting in human lung cancer
H1299 and A549 cells with knockdown of KDM1A. The error bars represent mean values + SD from three replicates of each sample (*: 0.01 < p < 0.05; **: 0.001 <
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FIGURE 2 | Targeting KDM1A inhibit lung cancer cell proliferation and cell cycle. (A) Cell proliferation was determined in H1299, A549, and BEAS-2B cells in the
presence of increasing concentrations of ORY-1001. (B) Colony formation was determined in H1299 and A549 cells in the presence of increasing concentrations of
ORY-1001. (C,D) H1299 and A549 cells were treated with increasing concentrations of ORY-1001 for 48 h and stained with propidium iodide (PI) for flow cytometer
analysis. (C) Bar charts of the cell cycle phases from three independent experiments were shown. (D) Cell proliferation index (Pl) was calculated based on the
indicated equation and is shown. (E) H1299 cells were treated with ORY-1001 at the indicating concentrations for 48 h, and then labeled with annexin V-FITC and PI
for flow cytometer analysis. A set of representative dot plots of H1299 flow cytometer analysis were shown, and the bar charts show total apoptotic cells from three
independent experiments. (F) A549 cells were treated with ORY-1001 at the indicating concentrations for 48 h, and then labeled with annexin V-FITC and P! for flow
cytometer analysis. A set of representative dot plots of A549 flow cytometer analysis were shown, and the bar charts show total apoptotic cells from three
independent experiments. The error bars represent mean values + SD from three replicates of each sample (*: 0.01 < p < 0.05; *: 0.001 < p < 0.01; **p < 0.001).
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FIGURE 3 | KDM1A inhibition by ORY-1001 affects the Warburg effect in lung cancer cells. (A,B) ECAR rate (a proxy for the rate of glycolysis) was used to assess the
glycolysis using a Seahorse 96XF extracellular flux analyzer following sequential addition of glucose (10 mM), oligomycin (1.0 wM), and 2-DG (100 mM) as arrows
indicated in H1299 and A549 cells in the presence of increasing concentrations of ORY-1001. (C) Western blotting assay for the expression of glycolytic enzymes in
H1299 and A549 cells in the presence of ORY-1001. (D) Expression of HK2 in lung cancer tissues and matched non-cancerous, calculated from GEO profiles
(GSE19804, n = 60). (E) Kaplan—Meier curves of overall survival in lung cancer patients with high and low expression of HK2, calculated from (http://kmplot.com/
analysis/). The error bars represent mean values £+ SD from three replicates of each sample (*: 0.01 < p < 0.05; **: 0.001 < p < 0.01; ns, not significant).

Technologies, Santa Clara, CA, USA) according to the
manufacturer’s protocol. Briefly, H1299 and A549 cells were
seeded into 6-well plates and cultured in a humidified incubator
at 37°C and 5% CO; for 12 h. Cells treated with ORY 1001 (80 and
160 wM) or vehicle alone for 24 h, were then seeded into 96-well
cell plates. At the same time, the calibration plate was incubated
at 37°C, in a non-CQO; incubator for 12h. To determine the
cellular aerobic glycolysis profile, ECAR was estimated after
sequential injections of glucose (10 mM), oligomycin (1 wM),
and 2-DG (100 mM). Protein concentration was quantified
using the BCA kit to normalize the data and plotted as the
mean =£ SD.

Bioinformatics Analysis

The public Gene Expression Omnibus datasets (GSE19804) and
the human protein atlas (https://www.proteinatlas.org) dataset
were used for bioinformatics analysis. Kaplan-Meier Plotter
(http://kmplot.com/analysis/) was used for overall survival.

Statistical Analysis

Statistical analyses were performed using the Students f-test.
All data were obtained from three independent experiments
performed in triplicate and were presented as the mean £ SD.
Statistical analyses of the KM curve were performed using the
Log-Rank test. We considered a P < 0.05, to indicate a statistically
significant difference.

RESULTS

KDM1A Expression Is Elevated in Lung

Cancer and Regulates Cell Proliferation

In an effort to explore the role of KDMIA in lung cancer, we
analyzed the correlation between KDM1A expression levels and
the outcomes of lung cancer patients. We first examined the
expression of KDM1A in lung cancer tissues using Oncomine
data. Figure 1A shows that KDM1A was increased in non-small
cell lung cancer (NSCLC) tissue (19) compared with lung tissue
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FIGURE 4 | Overexpress HK2 would rescue the effect of ORY-1001 on cells proliferation, cell cycle and apoptosis. (A) Cell proliferation was determined in H1299 and
A549 cells in the presence of increasing concentrations of ORY-1001 when overexpress HK2. (B,C) HK2 overexpress A549 cells were treated with increasing
concentrations of ORY-1001 for 48 h and stained with propidium iodide (PI) for flow cytometer analysis. (B) Bar charts of the cell cycle phases from three independent
experiments were shown. (C) Cell proliferation index (Pl) was calculated based on the indicated equation and is shown. (D,E) HK2 overexpress A549 cells were
treated with ORY-1001 at the indicating concentrations for 48 h, and then labeled with annexin V-FITC and Pl for flow cytometer analysis. (D) A set of representative
dot plots of A549 flow cytometer analysis were shown, (E) The apoptosis bar charts from three independent experiments were shown. The error bars represent mean
values + SD from three replicates of each sample (*: 0.01 < p < 0.05; **: 0.001 < p < 0.01; ***: p < 0.001).

(65) (Hou et al., 2010). We also used Gene Expression Omnibus
(GEO) profiles (GSE19804) to analyze KDMI1A expression
and confirmed that the expression of KDMI1A was higher
in cancer tissues than in non-tumors (Figure 1B). To further
substantiate the importance of KDM1A expression in lung cancer
progression, we also used the Kaplan-Meier survival analysis in
lung cancer patients, based on the publicly available Kaplan-
Meier Plotter (http://kmplot.com/analysis/(KDMI1A: accession
number 212348_s_at). Higher levels of KDMI1A (red) are
significantly correlated with reduced overall survival compared
to low KDMIA levels (black) (Figure1C). To validate our
findings using the publish data, we also checked the expression
of KDMI1A in the various human lung cancer cells, including
H1944, H460, H1299, H157, and H226 cells, compared to
the normal proliferating Human Bronchial Epithelial Cell

Line (BEAS-2B), but there were not significant differences
(Figure 1D).

To determine the role of KDMI1A in lung cancer cell
proliferation, we found that knockdown of KDM1A by siRNA
transient transfection, resulted in decreased cell proliferation in
the human lung cancer H1299 and A549 cells (Figures 1E,F).
Together these data demonstrated that KDM1A was highly
expressed in lung cancer and correlated with overall survival, and
that KDM1A plays an important role in cancer cell proliferation,
suggesting that KDM1A is a promising anti-cancer target.

Targeting KDM1A Inhibit Lung Cancer Cell

Proliferation and Cell Cycle
ORY-1001 was identified as a potent and selective covalent
inhibitor of KDM1A for the inhibition cell proliferation of
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acute leukemia. In this study, we explored the role of ORY-
1001 in lung cancer. Firstly, ORY-1001 treatment resulted in a
decreased cell proliferation of lung cancer cells including H1299
and A549 cells, in a time and dose-dependent manner, but
did not significantly affect normal BEAS-2B cell proliferation
(Figure 2A). Secondly, the colony formation assays revealed
that the inhibition of KDMIA by ORY-1001 reduced the
colony formation of H1299 and A549 cells (Figure 2B). Thirdly,
ORY-1001 treatment resulted in the decreased cell cycle of
H1299 and A549 cells (Figures 2C,D). Together these data
demonstrated that ORY-1001 treatment suppressed lung cancer
cell proliferation, colony formation and the cell cycle. To evaluate
the anti-survival effect of KDM1A inhibition by ORY-1001,
H1299, and A549 cells were treated with ORY-1001 at different
concentrations, and apoptosis of the cells were analyzed by flow
cytometry. The results revealed that ORY-1001 induced robust
apoptosis in H1299 and A549 cells in a dose-dependent manner
(Figures 2E,F). Together these results demonstrated that ORY-
1001 inhibited lung cancer cell growth and induced apoptosis.

KDMH1A Inhibition by ORY-1001 Affects the

Warburg Effect in Lung Cancer Cells

Next, we attempted to verify whether the effect of KDM1A
inhibition by ORY-1001 on the Warburg effect, involved lung
cancer cell proliferation and apoptosis. KDMIA inhibition
by ORY-1001 decreased glycolysis in H1299 and A549 cells
(Figures 3A,B). We further assessed the various parameters of
the glycolysis function by analyzing ECAR data at each time
point. Our results showed that glycolysis, glycolytic capacity and
the glycolytic reserve were markedly decreased in H1299 and
A549 cells treated with ORY-1001 (Figures 3A,B). In addition,
the protein levels of HK2, were decreased in the ORY-1001
treated cells (Figure 3C). These results suggest that ORY-1001
decreased glycolysis in lung cancer cells by decreasing HK2
expression.

In an effort to determine the role of HK2 in lung cancer
mediated by KDM1A, we analyzed the correlation between HK2
expression levels and the outcomes of lung cancer patients.
We also analyzed HK2 expression utilizing Gene Expression
Omnibus (GEO) profiles (GSE19804) (Figure 3D). To further
substantiate the importance of HK2 expression in lung cancer
progression, we also used the Kaplan-Meier survival analysis
in lung cancer patients based on the publicly available Kaplan-
Meier Plotter (http://kmplot.com/analysis/) (HK2: accession
number 202934_at). Patients with higher HK2 levels (red) were
significantly correlated with reduced overall survival compared
to patients with lower HK2 levels (black) (Figure 3E). Together,
these data suggest that ORY-1001 affects the Warburg effect in
lung cancer cells by targeting KDM1A, leading to the regulation
of HK2 expression.

ORY-1001 Affects Lung Cancer Cell
Proliferation and Apoptosis Through

Regulating HK2 Expression
We wanted to explore the mechanism of how ORY-1001 inhibits
lung cancer cell proliferation and induces apoptosis. Firstly,

ORY-1001 treatment resulted in decreased cell proliferation
of lung cancer cells, including H1299 and A549 cells, in a
time and dose-dependent manner, but this effect was rescued
in H1299 and A549 cells, when HK2 was over expressed
(Figure 4A). At the same time, the decreased cell cycle of lung
cancer cells was also rescued by the overexpression of HK2
(Figures 4B,C). Thirdly, ORY-1001 induced robust apoptosis
in H1299 and A549 cells, in a dose-dependent manner and
was also rescued by the overexpression of HK2 (Figures 4D,E).
Together, these results suggest that ORY-1001 affects lung
cancer cell proliferation and apoptosis through regulating HK2
expression.

DISCUSSION

The Warburg effect describes cancer cells with high rates of
aerobic glycolysis and increased glucose uptake, which are
hallmarks of cancer (Cairns et al., 2011; Zheng et al., 2017;
Zhong et al,, 2018). The increased aerobic glycolysis rate gives
cancer cells a growth advantage, which provides energy and
intermediates the rapid growth of a cancer cell. In this study, we
established the KDM1A-HK2 axis as a critical regulatory pathway
in regulating the Warburg effect. KDM1A directly promotes the
expression of key glycolytic genes that facilitate the Warburg
effect, which involves the regulation of cell proliferation, cell cycle
and apoptosis. Our data indicated that KDMI1A is a key factor
in the regulation of the Warburg effect and also indicated the
causal role of KDM1A in glycolysis regulation mediated by HK2
expression (Figure 5).

Cancer metabolism has been extensively studied, and recent
studies have suggested that targeting the enzymes in the

HK2 DNA

v
K2
v

Warburg

v

Lung cancer cell proliferation
& tumor growth

/\

ORY-1001

FIGURE 5 | Proposed working model. Schematic model shows that the role
and mechanism of ORY-1001 in cancer cell metabolism.
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metabolic pathways for cancer therapy, seems appealing at first
glance. Regulation of cell metabolism to support all fundamental
cellular activities is essential for the maintenance of cellular redox
homeostasis, reactive oxygen species, growth, proliferation and
migration. In the current study, we demonstrated that KDM1A
is commonly upregulated in lung cancer and is important for
cell proliferation. Using different lung cancer cell lines, we
showed that targeting KDM1A by ORY-1001 can facilitate cell
proliferation, cell cycle and apoptosis. For the first time we
revealed the role that targeting KDM1A plays in controlling cell
proliferation, the cell cycle and the role it place in inducing
apoptosis, through the promotion of the Warburg effect by
regulating the expression of the key enzyme HK2, which is
necessary for cell proliferation and rapidly growing tumors.
However, we did not exclude the possibility that KDM1A
directly demethylates the enzymes in the glycolysis pathway,
regulating the Warburg effect by controlling their enzyme
activity.

From a translational point of view, therapeutic targeting
of KDMIA might be an effective therapeutic option for
the advanced growth of lung cancer, as it is sufficient to
block the glycolysis signaling pathway. Taken together,

our data clearly indicated that targeting the KDMIA
would rewire the Warburg effect and inhibit cancer
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