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a b s t r a c t

The epigenetic regulation for gene expression determines cell plasticity. Oral squamous cell carcinoma
(SCC) exhibits bidirectional cell plasticity, i.e. epithelial differentiation and epithelial to mesenchymal
transition (EMT). The epigenetic regulator LSD1 is a histone H3-specific demethylase to which chemical
inhibitors for its activity had been developed as an anti-cancer therapeutics. The bidirectional plasticity
of the oral SCC cell line OM-1 had been characterized, but it remained unclear how chemical LSD1 in-
hibitors affect cell plasticity. Here we reported an adverse effect against cancer therapeutics, which was
EMT induction in vitro by the chemical LSD1 inhibitor. The LSD1 inhibitor caused EMT-TF ZEB1 in OM-1
to undergo EMT. Furthermore, an additional EMT-TF Snail-dependent partial EMT phenotype in OM-1
progressed to complete EMT in conjunction with LSD1 inhibitor-dependent ZEB1 induction. The pro-
motor activity of ZEB1was up-regulated under LSD1 inhibition. The regulatory chromatin regions of ZEB1
accumulated histone H3 methylation under the chemical inhibition of LSD1. The LSD1 inhibitor also
upregulates epithelial gene expression in vitro; however, the bidirectional effect of LSD1 inhibitor should
be considered in cancer therapeutics.

© 2023 Elsevier Inc. All rights reserved.
1. Introduction

EMT is regulated by transcription factors (TFs), including the
Snail family, ZEB1family, and Twist family, referred to as EMT-TFs.
The EMT-TF functions to cause the loss of epithelial hemophilic
adhesion and conversion of the cytoskeleton to mesenchymal
Vimentin, leading to invasive progression of the malignant
epithelial tumor [1]. Histone lysine-specific demethylase1 (LSD1)
plays a crucial part in the physiological process of cell fate deter-
mination [2,3]. Targeting LSD1 is recognized as a promising ther-
apeutic option for malignant tumor treatment [4,5]. It has been
demonstrated that inhibiting LSD1 promotes epithelial differenti-
ation in cancer cells; therefore, LSD1 inhibitors are highly antici-
pated as a cancer treatment drug [6].

Snail family EMT-TFs associate with LSD1 via the SNUG motif to
edical and Health Sciences,
shima, 734-8553, Japan.
biume).
silence Snail-target genes through histone demethylation [7].
Therefore, it was believed that LSD1 was linked to cancer malig-
nancy via EMT [8,9].

The present study, aimed to unveil the efficacy of LSD1 in-
hibitors on OM-1 cells with opposing cell-fate in cell culture,
namely epithelial differentiation and mesenchymal transition. The
findings showed that the LSD1 inhibitor induce EMT through the
release of LSD1-dependent histone demethylation at an EMT-TF
ZEB1 regulating chromatin region.
2. Materials and methods

2.1. Cell culture

The human oral SCC cell line OM-1 and its subclone pEMT OM-
1Snai1 have been previously described [10]. HEK293 was purchased
from the RIKEN cell bank, Tsukuba, Japan. The cells were cultured at
37 �C in a humidified atmosphere of 5% CO2 in the air and main-
tained in DMEM (#D6429, Sigma-Aldrich, St. Louis, MO, USA)
supplemented with 10% fetal bovine serum (Sigma-Aldrich).
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2.2. Reverse transcription polymerase chain reaction (RT-PCR)

Total RNA was isolated using an RNeasy Mini Kit for the RT-PCR
analysis (Qiagen, Hilden, Germany). First-strand cDNA libraries
were synthesized using ReverTra Ace qPCR RT Kit (Toyobo, Osaka,
Japan). RT-PCR was performed using Go Taq Green Master Mix
(Promega, Madison, WI, USA) for 30 cycles of denaturation at 95 �C
for 30 s, annealing at 60 �C for 30 s, and extension at 72 �C for 40 s.
The PCR products were analyzed using 2% agarose gel electropho-
resis. Real-time PCR was performed using Thunderbird SYBR qPCR
Mix (Toyobo, Osaka, Japan) and analyzed using Thermal Cycler Dice
Real-Time System III (TAKARA BIO, Shiga, Japan). The collected data
were evaluated by the DDCt method with GAPDH as an internal
control. The following are the PCR primers and amplicon sizes.

CDH1 (131 bp): 50-GCCTCCTGAAAAGAGAGTGGAAG-30 and 50-
TGGCAGTGTCTCTCCAAATCCG-30

Vimentin (750 bp): 50-TGGCACGTCTTGACCTTGAA-30 and 50-
GGTCATCGTGATGCTGAGAA-30

Snai1 (321 bp): 50-AATCGGAAGCCTAACTACAG-30 and 50-GGAA-
GAGACTGAAGTAGAG-30

ZEB1 (155 bp): 50-GGCATACACCTACTCAACTACGG-30 and 50-
TGGGCGGTGTAGAATCAGAGTC-30

OVOL2 (141 bp): 50-CCACAACCAGGTGAAAAGACACC-30 and 50-
CGCTGGGTGAAGGCTTTATTGC-30

GRHL1 (182 bp): 50-AACCGCAGCAACAAGCCTGTGC-30 and 50-
TGAGAGGGAAGCAGTGGCACTT-30

GRHL2 (155 bp): 50- CGCCTATCTCAAAGACGACCAG-30 and 50-
CCAGGGTGTACTGAAATGTGCC-30
Fig. 1. LSD1 inhibitor-induced ZEB1 and Vimentin in epithelial phenotype OM-1
(A) Immunocytochemistry of OM-1 cell. TCP (200 mM) and GSK-LSD1 (2 mM) were added fo
areas (white square) were also displayed at higher magnification to show the representativ
(B) Percentage cell numbers positive for Vimentin, assembled Vimentin, and ZEB1. Results w
groups.
(C) Wound healing assay of OM-1 cell with TCP pre-treated as indicated on top before woun
respectively). A number of migration cells. Counts were taken from 5 experiments with SD
(D) The Vimentin and ZEB1 expression profiles of OM-1 cells treated with LSD1 inhibitors as i
inhibitor treatment. Results were from 3 experiments with SD. Statistical analysis were per

24
GRHL3 (103 bp): 50-G ACTGTGGAGCACATTGAGGAGG-30 and 50-
CTGTGCTCAGACAGTTTACGCC-30

GAPDH (373 bp): 50-ACCACAGTCCATGCCATCAC-30 and 50-
CAGCCCCAGCGTCAAAGGTG-30

2.3. Reagents and antibodies

200 M Tranylcypromine (TCP) (Selleck Chemicals, TX, USA) was
applied in culture unless otherwise specified. 2 mM GSK-LSD1 2HCl
(Selleck Chemicals) was applied to the culture medium unless
otherwise noted. The antibodies and dilution ratios used in
immunocytochemistry were as follows: anti-E-cadherin rabbit
monoclonal antibody (clone24E10, 1:200, #3195, Cell Signaling
Technology, Danvers, MA, USA), anti-Vimentin mouse monoclonal
antibody (clone RV202, 1:200, sc-32322, Santa Cruz Technology,
Dallas, TX, USA), and anti-ZEB1 Rabbit monoclonal antibody (clone
D80D3, 1:200, #3396, Cell Signaling Technology). The validated
antibodies and dilution ratios used in ChIP were as follows: anti-
KDM1/LSD1 rabbit monoclonal antibody (clone EPR6825, 1:40,
ab129195, abcam, Cambridge, UK) and anti-Histone H3K4me2
mouse monoclonal antibody (clone MABI0303, 1:40, No: 39679,
Active Motif, Carlsbad, CA, USA).

2.4. Wound healing assay

OM-1 cells were seeded into six well plates. The cells were
allowed to grow to reach 100% confluency. Followed by the addition
of TCP to the culture medium for 12 h and 24 h prior to making a
r 12 h. The cells were double stained as indicated. Nuclei were stained with DAPI. Inset
e assembled Vimentin image.
ere from 3 experiments with SD. Statistical analyses were performed between indicated

ding. Images were taken 0, 6, and 9 h after wounding (top, middle, and bottom panels,
. Statistical analyses were performed between indicated groups.
ndicated. The quantified mRNA expression changes of indicated gene upon 12 h of LSD1
formed between indicated groups.
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scratch. The plate was scratched using a 200 ml pipette tip. Subse-
quently, images were collected using a BZ-X810 fluorescence mi-
croscope (KEYENCE, Osaka, Japan).

2.5. RNA interference

siRNAs targeting ZEB1 (HSS110548, HSS110549, HSS186235)
were purchased from Invitrogen, Carlsbad, CA, USA. Following the
manufacturer's instructions, transfection was performed using
lipofectamine RNAiMAX (Invitrogen).

2.6. Chromatin immunoprecipitation (ChIP)

ChIP was performed using ChIP-IT®▫ Express (Active Motif,
#53008) according to the manufacturer's instructions. Briefly, OM-
1 and pEMT OM-1Snai1 cells were fixed for 10 min by adding 37%
formaldehyde. Next, nuclei isolation was performed by Dounce
Homogenizer (Active motif, #40401). Shearing of chromatin was
performed by Bioruptor UCD-250 (Cosmo Bio, Tokyo, Japan) for 20
pulses of 30 s each, followed by 30 s of rest on ice. The target
chromatin regions were detected using Thunderbird SYBR qPCR
Mix (Toyobo) and Thermal Cycler Dice Real-Time System III
(TAKARA BIO). The percentage of immunoprecipitated chromatin
relative to the amount of starting chromatin was determined. The
outcome was expressed as a fold change between LSD1 inhibition
and the control. The target primers are listed below.

# 1 (163 bp): 50-ACGGTTCTACGCGAGGAAGA-30 and 50-GCTA-
GAAGTTCCGCTTGCCA-30
Fig. 2. LSD1 inhibitor-induced ZEB1 and promoted EMT in partial EMT phenotype OM-1.
(A) The representative mRNA expression profiles of pEMT OM-1Snai1 cells in response to LSD
LSD1 inhibitor treatment. Results were from 3 experiments with SD. Statistical analysis we
(B) Immunocytochemistry of pEMT OM-1Snai1 cells with or without LSD1 inhibitor treatmen
Nuclei were stained with DAPI. The insets in images (white square) were displayed in highe
the assembled Vimentin (left diagram) and with ZEB1 (right diagram) were determined from
(C) Quantified Vimentin expression changes by ZEB1 knockdown in OM-1 cells and pEMT O
supplemental figure.
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# 2 (103 bp): 50-CAGGTAGCCTCTCTCCGGT-30 and 50-
GGAAAGGGATCGCGGTCTG-30

# 3 (184 bp): 50-CGTGGGACTGATGGTAGCC-30 and 50-AAGG-
TAAAGTTGGAGGCTCGG-30

# 4 (117 bp): 50-TTCTGACCGCGTCCCTACG-30 and 50-
GTTTGCGGCAACCGTGG-30

# 5 (115 bp): 50-AAAGTGGAGTGGGAAAGTAGAAAGT-30 and 50-
GACCAGGTAAGAGACATAACGGT-30

# 6 (111 bp): 50-GATTTGTGCTGCTGTGCCAA-30 and 50-GCAAC-
CACCACCACATGTTC-30

# 7 (175 bp): 50-GCCCCGGTACCTGTTTGTAT-30 and 50-
GCGGTCCCATTATAGACGCA-30

# 8 (144 bp): 50-TGCGTCTATAATGGGACCGC-30 and 50-
AAAACCTCGCGTTTCGCATC-30

2.7. Immunocytochemistry

Cells were cultured in chamber slide plates (Nunc Lab-Tek II
Chamber Slide System, Thermo Fisher Scientific, Waltham, MA,
USA). The cells were fixed with 4% paraformaldehyde in phosphate-
buffered saline (PBS) for 30 min. Following blocking and per-
meabilization with 0.3% Triton X-100, 5% BSA in PBS (all from
Sigma-Aldrich) for 1 h, the cells were incubated with antibodies in
0.3% Triton X-100, 5% BSA in PBS for 12 h at 4 �C. Antibody binding
was visualized with Alexa Fluor 568 goat anti-rabbit IgG (H þ L) (A-
11036, Invitrogen) or Alexa Fluor 488 goat anti-mouse IgG (A-
11001, Invitrogen), diluted 1:10,000 in PBS for 1 h. Images were
analyzed using a BZ-X810 fluorescence microscope following
1 inhibitors. The quantified mRNA expression changes of indicated gene upon 12 h of
re performed between indicated groups.
t for 12 h. All panels were double stained with anti-Vimentin and anti-ZEB1 antibodies.
r magnification to demonstrate the assembled Vimentin. Percentage cell numbers with
3 experiments with SD. Statistical analyses were performed between indicated groups.
M-1Snai1 cells. The validation for silencing effects by each siZEB1 were displayed in the
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mounting with 40,6-diamidino-2-phenylindole (DAPI) containing
VECTASHIELD (Vector Laboratories Inc., Burlingame, CA, USA)
(KEYENCE).

2.8. Luciferase reporter assay

Transcription start sites (TSSs) of ZEB1 were identified using the
Eukaryotic Promoter Database (https://epd.epfl.ch) followed by
cloning of �3000 to 100 sequences of ZEB1_4 into pUC57. The
sequence contained two alternative promoters which could be
separated by XhoI digestion. SacI-XhoI or XhoI-HindIII fragments
from pUC57 were cloned into pGL4.10 (Promega) to generate 50

promoter and 30 promoter reporter plasmids, respectively. 70%
confluence HEK293 cells were seeded in 12-well plates. The re-
porter plasmid (1 mg) and pRL-SV40 0.1 mg (Promega) were co-
transfected using FuGENE HD Transfection Reagent (Promega) ac-
cording to the manufacturer's instructions.

Luciferase activities were determined using the Dual-Luciferase
reporter assay system (Promega) according to the manufacturer's
instructions. Firefly and Renilla luciferase activities were measured
using Varioskan Flash (Thermo fisher scientific). Following
authentication based on renilla activity, the result was expressed as
the fold change between LSD1 inhibition and control.

2.9. Statistical analyses

Welch's t-tests were used for statistical comparison between the
two samples.

3. Results

1. LSD1 inhibitor leads Vimentin expression in epithelial pheno-
type OM-1 cells.
Fig. 3. LSD1 inhibitor-induced transcriptional activation of ZEB1.
(A) Schematic representation of the promotor region of ZEB1.
The schema was from UCSC Genome Browser on Human (GRCh38/hg38). The regions for luc
(B) The separated ZEB1 promoter activities in HEK293 cells with exposure to varying amo
luciferase assay. The results were from 3 experiments with SD. Statistical analyses were pe
(C) The separated ZEB1 promoter activities in HEK293 cells with GSK-LSD1 treatment for 1
between indicated groups.
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Since it was known that chemical LSD1 inhibitors promoted the
development of epithelial lineages [6], we initially applied a
chemical LSD1 inhibitor TCP to oral SCC cell-line OM-1 cells, which
have the ability to form multilayered epithelial structures in vitro
[11e13]. Surprisingly, the addition of TCP induced EMT of OM-
1 cells as visualized by immunocytochemistry with Vimentin
(Fig. 1A and B). The wound healing assay further confirmed the
LSD1 inhibitor was able to accelerate single-cell migration (Fig. 1C).
Therefore we next analyzed the mRNA expression of EMT markers
together with the anticipated elevation of epithelial progenitor
markers such as OVOL and GRHL [6] (Fig. 1D). The epithelial regu-
lator OVOL2, GRHL1, GRHL2, and GRHL3 were up-regulated (Fig. 1D)
while functionally opposite EMT-regulator ZEB1 and EMT-marker
Vimentin displayed marked induction upon the LSD1 inhibitor
treatment in a time-dependent manner (Fig. 1D). ZEB1 induction
was also confirmed by immunocytochemistry (Fig. 1A and B),
which demonstrated the coincidence of Zeb1 induction with
Vimentin (Fig. 1A). The cells with assembled Vimentin lost E-cad-
herin; however, the cells with unassembled Vimentin had E-cad-
herin (Fig. 1A), indicating the chemical inhibition of LSD1 lead OM-
1 cells to undergo both partial EMTand EMT (Fig.1B). Application of
another LSD1 inhibitor, GSK-LSD1 had similar results (Fig. 1 A, 1B,
and 1D), confirming chemical LSD1 inhibition-dependent EMT in
OM-1 cells.

2. LSD1 inhibitor promotes partial EMT phenotype cells to com-
plete EMT.

An EMT-TF Snail had been reported to physically associate with
LSD1 to exhibit transcriptional repression for target genes [7]. As
we previously reported that exogenous Snail-induced OM-1 cells,
referred to as pEMT OM-1Snai1 cells, gained Snail-dependent partial
EMT phenotype [14] with both CDH1 and Vimentin expressions
iferase reporter constructs were indicated as 50 promoter and 30 promoter, respectively.
unts of TCP for 12 h. Transfection efficiency were normalized by Renilla in the dual
rformed between indicated groups.
2 h. The results were from 3 experiments with SD. Statistical analysis were performed

https://epd.epfl.ch
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[10,15], we next tested whether the chemical LSD1 inhibition lead
pEMT OM-1Snai1 cells to complete EMT. The pEMT OM-1Snai1 cells
constantly expressed Vimentin and CDH1 but not ZEB1 (Fig. 2A)
with unassembled Vimentin (Fig. 2B). Application of the LSD1 in-
hibitor lead pEMT OM-1Snai1 cells to express ZEB1 with coinciding
assembling of fibrous Vimentin (Fig. 2A and B). The pEMT OM-1Snai1

cells constantly express exogenous Snail, Vimentin, and the
epithelial lineages CDH1, and OVOL2, while the chemical LSD1 in-
hibition induced ZEB1 together with the further upregulations of
Vimentin and opposite epithelial regulator OVOL2, GRHL1, GRHL2,
and GRHL3 (Fig. 2A). ZEB1-knockdown suppressed the induction of
Vimentin by the LSD1 inhibitor in OM-1 cells (Fig. 2C); however,
high and constant expression of Vimentin in pEMT OM-1Snail was
not abrogated (Fig. 2C), suggesting the LSD1 inhibitor had the
ability to complete EMT via ZEB1 inductionwithout affecting Snail-
dependent Vimentin expression.

3. LSD1 inhibitor promotes ZEB1 promotor activity.

As schematically presented in Fig. 3A, the human ZEB1 gene had
been found to possess several transcription-start-sites (TSSs) with
three different exons, two of which possessed alternative initiation
codons. To determine the chemical LSD1 inhibition-dependent
transcriptional activation of ZEB1, we constructed luciferase re-
porters, which contained different promoter regions (Fig. 3A).
Luciferase reporter activities in HEK293 cells were released in
response to the LSD1 inhibitor in a dose-dependent manner
(Fig. 3B). GSK-LSD1 also released these promoter activities (Fig. 3C),
suggesting LSD1 is associated with the separate chromatin regions
Fig. 4. LSD1 inhibitor altered accumulation of LSD1 and its substrate histone methylation m
(A) Schema of curated LSD1 and H3K4me2 peaks around ZEB1 promoter regions from pub
treated and its control normal human epidermal keratinocytes ChIP-seq results were from
The target chromatin regions analyzed by ChIP-qPCR in this work were also indicated with
(B) The relative changes of LSD1 enrichment in response to indicated LSD1 inhibitors at the i
The results were from 3 experiments with SD. Statistical analysis were performed between
(C) The relative changes of H3K4me2 enrichment in response to indicated LSD1 inhibitors a
cell. The results were from 3 experiments with SD. Statistical analysis were performed bet
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for suppression of ZEB1.

4. LSD1 accumulates at the ZEB1 regulatory chromatin region to
modify the histone mark.

Since chemical LSD1 inhibition caused ZEB1 activation at two
separate promoters, we assumed LSD1 accumulated to those
chromatin regions to suppress ZEB1. As potential LSD1 accumula-
tion around the TSSs of ZEB1 were verified using the ChIP-atlas
database [16] (https://chip-atlas.org/)(Fig. 3A) and the Gene
Expression Omnibus database [17] (GEO, http://www.ncbi.nlm.nih.
gov/geo/), we tested whether LSD1 co-immunoprecipitated with
the specific sequences using ChIp-qPCR assay (Fig. 4A). The accu-
mulation of LSD1 at the specific chromatin regions (Fig. 4A) was lost
by the chemical LSD1 inhibition (Fig. 4B) in both OM-1 and pEMT
OM-1Snai1, indicating LSD1-dependent suppression of ZEB1 in these
cells. Since LSD1 has been known to exhibit specific histone H3
demethylase activity at di-methylated lysine 4 (H3K4me2), we
further performed ChIP-qPCR using an anti-H3K4me2 antibody to
test the possible histone mark alteration around the LSD1-
accumulated ZEB1 chromatin regions (Fig. 4A) by the chemical in-
hibition of LSD1 (Fig. 4B). The chemical LSD1 inhibition caused
accumulations of H3K4me2 around the separated promoter regions
(Fig. 4A), which exhibited LSD1 inhibition-dependent transcrip-
tional activation (Fig. 3B), in both OM-1 and pEMT OM-1Snai1

(Fig. 4B).
Taken all together, LSD1 suppressed ZEB1 transcription and its

chemical inhibitor released ZEB1-dependent EMT program of oral
SCC cell OM-1.
ark around ZEB1 promoter chromatin regions.
lic ChIP-seq database ChIP-Atlas (https://chip-atlas.org/) [16]. The peaks of GSK-LSD1-
GSE133560 [6].
names (#1-#8). The diagram was based on the Integrative Genomics Viewer [22]
ndicated chromatin regions of ZEB1 promoters in OM-1 cells and pEMT OM-1Snai1 cells.
indicated groups.

t the indicated chromatin regions of ZEB1 promoters in OM-1 cell and pEMT OM-1Snai1

ween indicated groups.

https://chip-atlas.org/
http://www.ncbi.nlm.nih.gov/geo/
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4. Discussion

In this work, we found LSD1 association at different chromatin
regions of ZEB1 located upstream of alternative TSSs, where the
promotor activities were released by the chemical LSD1 inhibition.
The chromatin landscape which lost LSD1 loading by chemical
LSD1 inhibition had been reported [6], and we analyzed the
uploaded GSE133560 ChIP-seq data [6]to determine possible
H3K4me2 accumulations around LSD1-lost chromatin region of
ZEB1 TSSs as schematically presented in Fig. 4A. The histone mark
H3K4me2 around ZEB1 promoters was consistently increased by
chemical inhibition of LSD1, leading to active chromatin for ZEB1.
Our previous works demonstrated oral SCC OM-1 cells created both
epithelial progenitor and CSC populations [18,19]. The cell plasticity
of non-CSC to CSC had been reported, and non-CSC population
exhibited poised chromatin around the second TSS of ZEB1 [20].
The microenvironmental cue provides activation of the poised
chromatin to lead ZEB1-dependent conversion of non-CSC to CSC of
which gene profile was shared by the EMT [20]. Our results in this
work suggested only chemical inhibition of LSD1 was able to pro-
mote ZEB1-dependent EMT program, which might associated with
non-CSC to CSC conversion in oral SCC cells, adverting to cancer
therapeutics.

LSD1 had been known to associate with another EMT-TF snail,
and our previous work demonstrated Snail-LSD1 interaction on
chromatin in OM-1 cells associated with the conversion of partial
EMT to EMT [15]. We previously reported that exogenous Snail
expression in OM-1 led to partial EMT, which had CDH1, OVOL2,
and Vimentin but not Slug and ZEB1. We anticipated LSD1 inhibi-
tion might revert partial EMT to epithelial phenotype through
abrogated LSD1-dependent Snail functions; , however, ZEB1in-
duction by the chemical inhibition of LSD1 in pEMT OM-1Snail

promotes to complete EMT program. Although epidermal differ-
entiation by LSD1 inhibitor had been reported and our results in
OM-1 and pEMT OM-1Snail also demonstrated upregulation of
CDH1 as well as epithelial regulators OVOL and GRHL by the
chemical inhibition of LSD1, which is believed to be favorable to
cancer therapeutics, we should care the adverse effect via in-
duction of ZEB1.

The limitation of this work was, we performed only bulk anal-
ysis for RNA expressions. Epithelial-, partial EMT-, and EMT-
phenotype coexist under the chemical inhibition of LSD1. Single-
cell analysis strategy may reveal a fate-determining mechanism
under LSD1 inhibition. Since LSD1-containing H3K4me2 deme-
thylation complex on 5'promoter of ZEB1 had been proposed in a
previous report [21], we also need to determine the LSD1-
containing complex with the pioneer factor to bind ZEB1 pro-
moter/enhancer element for ZEB1 suppression.
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