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A B S T R A C T   

Cancer cells utilize epithelial to mesenchymal transition (EMT) during invasion and metastasis. This program has 
intermediate cell states with retained epithelial and gained mesenchymal features together, referred to as partial 
EMT. Histone demethylase LSD1 forms a complex with the EMT master transcription factor Snail to modify 
histone marks and regulate target gene expression. However, little is known about the formation of this complex 
during the Snail-dependent transition between partial EMT and EMT. Here we visualized the nuclear complex of 
Snail and LSD1 as foci signals using proximity ligation assay. We demonstrated that the nuclear foci numbers 
varied with the transition of exogenous Snail-dependent partial EMT to EMT. Furthermore, we found that long 
exposure to dexamethasone could revert exogenous Snail-dependent EMT to partial EMT. In this reversion, the 
nuclear foci numbers also returned to previous levels. Therefore, we concluded that Snail might select partial 
EMT or EMT by altering its association with LSD1.   

1. Introduction 

The progression of oral squamous cell carcinoma is initiated by local 
invasion of cancer cells from the epithelium into the interstitium, fol
lowed by intravascular migration and metastatic lesion formation. 
Epithelial-to-mesenchymal transition (EMT) is a physiological program 
in which epithelial cells are reversibly converted to mesenchymal cells 
in epithelial organ formation and wound healing, and cancer cells 
infiltrate and metastasize distantly [1]. Recent studies demonstrated 
that the EMT process is not binary but exhibits an intermediate state, in 
which cells express both epithelial and mesenchymal markers [2]. This 
intermediate state has been referred to as partial, incomplete, or hybrid 
EMT, in contrast with EMT, which is a pure mesenchymal state [2]. In 
this study, we call the intermediate state partial EMT (pEMT) and the 
pure mesenchymal state, EMT. In addition, mesenchymal-to-epithelial 
transition, in which cells in EMT, mesenchymal cells, or stem cells ac
quire epithelial traits, has also been considered in physiological or 
metastatic cancer-developing processes [3]. Snail is a master transcrip
tion factor for EMT, and we previously reported several 

characterizations by exogenous Snail-dependent EMT using oral SCC 
cell lines, especially the established OM-1 [4]. Our previous studies 
focused on binary EMT using fully mesenchymal clones and 
Snail-expressing vector transduction [5,6], however, recent results 
indicated exogenous Snail-produced pEMT features in the majority, 
represented by retained CDH1 expression [7]. In gene repression at 
Snail-loaded chromatin, complex formation on the chromatin with his
tone demethylase LSD1 plays a crucial role [8]. Although inducible Snail 
nuclear translocation resulted in a transient chromatin loading and 
target gene expression for a short period (6–48 h) despite its continued 
existence, long-lasting histone modification alteration by its cofactors, 
including LSD1, may elicit a stable EMT phenotype [9]. Because little is 
known about how exogenous Snai1s differentially induced EMT or 
pEMT, we aimed to achieve a piece of evidence for the functional dif
ference of Snail in our established cells showing stable pEMT and EMT. 
Furthermore, since our stable pEMT and EMT cells that invariably 
expressed exogenous Snail nuclei were predicted to have different 
chromatin changes with long-lasting Snail loading on chromatin, we 
investigated possible alterations in chromatin by monitoring whether 
Snail recruited its functional cofactor LSD1 as well as histone 
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modifications at Snail-loaded chromatin regions in pEMT and EMT cells. 

2. Material and methods 

2.1. Cell lines and cell culture 

The human oral SCC cell line OM-1 [9,10,11] and its subclones [7] 
(pEMT OM-1snai1 and its derivate EMT OM-1snai1) were cultured at 37 ◦C 
in a humidified atmosphere of 5% CO2 in air and maintained in Dul
becco’s modified Eagle’s medium (Sigma-Aldrich, St. Louis, MO, USA) 
supplemented with 10% fetal bovine serum (Sigma-Aldrich). For exog
enous Snai1 transduction, as described previously [7], parental OM-1 
cells were infected with a retrovirus produced in host cell line 
HEK293gp packaging cells (RCB, Tsukuba, Japan), which was 
co-transfected with Snai1-encoding pBabe-puro [7] and pVSV-G (Invi
trogen, Carlsbad, CA, USA). The infected OM-1 cells were selected using 
3 μg/mL Puromycin dihydrochloride (InvivoGen, USA) to establish 
pEMT OM-1snai1, from which EMT OM-1snai1 cells were established by 
limited dilution. 

2.2. RNA extraction, first-strand cDNA synthesis, semi-quantitative RT- 
PCR, and real-time RT-PCR 

Total RNA was isolated using an RNeasy Mini Kit (Qiagen, Hilden, 
Germany) according to the manufacturer’s protocol. First-strand cDNA 
libraries were synthesized using ReverTra Ace qPCR RT Kit (TOYOBO, 
Osaka, Japan) according to the manufacturer’s protocol. RT-PCR was 
performed using a 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 electrophoresis. Real-time PCR was performed 
using a Thunderbird SYBR qPCR Mix (Toyobo, Osaka, Japan) and sig
nals were detected using a Thermal Cycler Dice Real-Time System III 
(TAKARA BIO, Shiga, Japan), according to the manufacturer’s protocol. 
The collected data were analyzed by the delta Ct (2–ΔΔCt) method using 
GAPDH as an internal control [12]. The PCR primers and amplicon sizes 
are shown below. 

CDH1 (131 bp): 5′-GCCTCCTGAAAAGAGAGTGGAAG-3′ and 5′- 
TGGCAGTGTCTCTCCAAATCCG-3′

Snai1 (321 bp): 5′-AATCGGAAGCCTAACTACAG-3′ and 5′-GGAA
GAGACTGAAGTAGAG-3′

Vimentin (750 bp): 5′-TGGCACGTCTTGACCTTGAA-3′ and 5′- 
GGTCATCGTGATGCTGAGAA-3′

Ovol1 (138 bp): 5′-ACGATGCCCATCCACTACCTG-3′ and 5′- 
TTTCTGAGGTGCTGGTCATCATTC-3′

Ovol2 (141 bp): 5′-CCACAACCAGGTGAAAAGACACC-3′ and 5′- 
CGCTGGGTGAAGGCTTTATTGC-3′

LSD1 (114 bp): 5′-TCAGGAGTTGGAAGCGAATCCC-3′ and 5′- 
GTTGAGAGAGGTGTGGCATTAGC-3′

GAPDH (373 bp): 5′-ACCACAGTCCATGCCATCAC-3′ and 5′- 
CAGCCCCAGCGTCAAAGGTG-3′

2.3. Reagents and antibodies 

Dexamethasone (Tokyo Chemical Industry Co., Ltd, Tokyo, Japan) 
was applied in culture at 200 nM. RU-486 (Tokyo Chemical Industry Co., 
Ltd) was applied at 10 μM. The antibodies and dilution ratios used in 
immunocytochemistry were as follows: anti-E-cadherin rabbit mono
clonal antibody (clone24E10, 1:200, #3195, Cell Signaling Technology, 
Danvers, MA, USA), anti-Snail mouse monoclonal antibody (clone 
L70G2, 1:200, #3895, Cell Signaling Technology), and anti-Vimentin 
mouse monoclonal antibody (clone RV202, 1:200, sc-32322, Santa 
Cruz Technology, Dallas, TX, USA), Anti-KDM1/LSD1 antibody (clone 
EPR6825, 1:200, ab129195, abcam, Cambridge, UK), anti-Histone H3K4 
me2 mouse monoclonal antibody (clone MABI0303, 1:200, No: 39679, 
Active Motif, Carlsbad, CA, USA), anti-monomethyl Histone H3 (Lys9) 
mouse monoclonal antibody (clone MA306A, 1:200, No: 19010, MAB 
Institute, Inc., Iida, Japan), and anti-dimethyl Histone H3 (Lys9) mouse 
monoclonal antibody (clone MA307A, 1:200, No: 20006, MAB Institute, 
Inc.). 

2.4. Immunocytochemistry 

Cells were cultured in 96-well Half Area COC Film bottom plates 
(Corning Incorporated, Corning, NY, USA). The cells were fixed with 4% 
paraformaldehyde in phosphate-buffered saline (PBS) for 15 min. 
Following blocking and permeabilization 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 at 4 ◦C for 12 h. 
Antibody binding was visualized with Alexa Fluor 568 goat anti-rabbit 
IgG (H + L) (A-11036, Invitrogen) or Alexa Fluor 488 goat anti-mouse 
IgG (A-11001, Invitrogen), diluted 1:10,000 in PBS for 1 h. After 
mounting with 4′,6-diamidino-2-phenylindole (DAPI) containing VEC
TASHIELD (Vector Laboratories Inc., Burlingame, CA, USA), images 
were analyzed with a BZ-9000 fluorescence microscope (KEYENCE, 
Osaka, Japan). 

2.5. Proximity ligation assay (PLA) 

For cell culture, fixation, and primary antibody reaction, the same 
procedures listed in section 2.4 were performed. PLA was performed to 
quantify protein–protein interactions in situ [13]. In this assay, two 
molecules located within 30 nm of each other develop a fluorescent 
signal spot [14]. The Duolink In Situ Detection Reagents Kit Red (Olink 
Bioscience, Uppsala, Sweden) was used to amplify specific signals. When 
either primary antibody for PLA was omitted, no signal was detected 
(data not shown). Images were acquired with a BZ-9000 microscope 
(KEYENCE). 

2.6. Quantification and statistical analyses 

Image data were quantified using Image J (https://imagej.nih.gov/i 
j/) [15]. Histogram plots were expressed using R Studio (https://www. 
rstudio.com/products/rstudio/download/) [16], where Welch’s t- and 
f-tests were used for statistical comparison. 

3. Results 

3.1. Exogenous Snai1 led both stable pEMT and EMT in OM-1 

As previously reported, exogenous Snai1 in OM-1 produces only a 

Abbreviations 
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partial EMT phenotype, which was characterized by transcriptional 
activation of Vimentin but a lack of repression of CDH1 [7]. During 
passage of the culture cells, the cells stably exhibited the partial EMT 
phenotype (pEMT OM-1snai1), whereas we were able to isolate clones 
showing a stable EMT phenotype (Fig. 1A, EMT OM-1snai1). The newly 
established EMT OM-1snai1 also produced transcriptional repression of 
CDH1 and Ovol2 (Fig. 1B and C), the latter of which was recently re
ported to be a master transcription factor for mesenchymal-to-epithelial 
transition [17], suggesting that pEMT OM-1snai1 maintained the 
epithelial traits. 

3.2. Dexamethasone reverted stable EMT to partial EMT 

Since the EMT program is known to be reversible [18], we tried to 
revert the EMT profile of EMT OM-1snai1 to pEMT using extracellular 

stimuli. Since dexamethasone is known to induce 
mesenchymal-to-epithelial transition [19], we tested whether it could 
revert EMT to pEMT. As demonstrated in Fig. 2A, we found that long 
exposure to dexamethasone reverted the EMT profile of EMT OM-1snai1 

to pEMT, with re-activation of CDH1 and Ovol2. An independent EMT 
OM-1snai1 clone also reproduced the result (Fig. 2B). While pEMT 
OM-1snai1 cells exhibited cytoplasmic unassembled vimentin and plasma 
membranous E-cadherin together (Fig. 2C, left top panel), EMT OM-1s

nai1 cells displayed assemblage of fibrous vimentin as a typical charac
teristic of mesenchymal cells, as well as the disappearance of E-cadherin 
(Fig. 2C, right top panel). We confirmed that this change was due to 
dexamethasone via glucocorticoid receptor (GR) signaling by using a GR 
antagonist, RU-486. RU-486 inhibited dexamethasone-induced changes 
at 7 days of EMT OM-1Snai1 cells in terms of its morphology (Fig. 2D) and 
CDH1 expression (Fig. 2E). Since pEMT OM-1snai1 did not diminish 

Fig. 1. OM-1 with exogenous snai1. (A) Phase-contrasted microscope images of OM-1, pEMT OM-1snai1, and EMT OM-1snai1. (B) mRNA expression profiles of OM-1, 
pEMT OM-1snai1, and EMT OM-1snai1. (C) Quantified mRNA expression profiles of independently established pEMT OM-1snai1 and EMT OM-1snai1 with parental OM-1. 
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cytoplasmic unassembled vimentin after extended exposure to dexa
methasone (Fig. 2A and right bottom panel of 2C), reversible transition 
by dexamethasone may be limited to pEMT, but not the epithelial state, 
in the presence of exogenous Snai1. 

3.3. Colocalized nuclear foci of Snail and LSD1 reflected pEMT and EMT 
states 

Next, we focused on histone demethylase LSD1, which is known to 
associate with nuclear Snail to regulate epigenetic histone marks [8]. 
The nuclear expressions of Snail and LSD1 were unaltered under dexa
methasone exposure both in pEMT OM-1snai1 and EMT OM-1snai1 cells 
(Supplemental Figure). As demonstrated in Fig. 3A, we evaluated the in 
situ nuclear interaction foci between Snail and LSD1 in OM-1, pEMT 
OM-1snai1, and EMT OM-1snai1 by PLA visualization [14]. The Snail-LSD1 
foci markedly increased in EMT OM-1snai1 (Fig. 3B and C), indicating 
that Snail-LSD1 foci numbers might represent the pEMT–EMT state. This 
was confirmed with long exposure to dexamethasone, which resulted in 
a specific decrease in Snail-LSD1 foci in EMT OM-1snai1 (Fig. 3D and E) 
concomitant with a transition from EMT to pEMT (Fig. 2). 

3.4. Histone marks around Snail-loaded chromatin represented pEMT 

As the Snail-LSD1 complex was expected to alter histone marks at the 
loaded chromatin, we analyzed histone marks at Snail-loaded chromatin 
regions by applying PLA between Snail and differentially methylated 
H3K4 or H3K9, which are substrates of LSD1 [20]. The nuclei of OM-1 
cells displayed fewer foci for any histones because of the reduced 
expression of Snai1, confirming that the signal spots developed by PLA 
in pEMT OM-1snai1 and EMT OM-1snai1 were specific Snail-histone 

complexes (Fig. 4A). Dexamethasone-induced reversion from EMT to 
pEMT in EMT OM-1snai1 diminished H3K4 me2 and H3K9 me2 but 
increased H3K9 me1 around the Snail-loaded chromatins (Fig. 4B and 
C), suggesting dynamic changes in Snail-target gene expression via 
chromatin modification. 

4. Discussion 

Our previous studies indicated that exogenous Snai1 in OM-1 is able 
to induce mostly pEMT [7], of which subclones elicit EMT. The former 
(pEMT OM-1snai1) expressed E-cadherin at cell-to-cell contact and mRNA 
of Vimentin, but expressed little cytoplasmic Vimentin [7]. The latter 
(EMT OM-1snai1) was stably established by single cell cloning after 
Snai1-expressing vector transduction. The pEMT OM-1snai1 also under
went EMT conditionally (e.g., cytokine stimuli and low density culture) 
[7], which was characterized by a complete loss of E-cadherin, sug
gesting plasticity in the transition of pEMT to EMT. In the present study, 
we succeeded in reverting EMT to pEMT using EMT OM-1snai1, indi
cating bidirectional plasticity between both Snail-dependent EMT and 
pEMT. The reverted features of EMT OM-1snai1 to pEMT after three 
weeks’ exposure to dexamethasone were maintained after withdrawal of 
dexamethasone (data not shown), indicating some establishment of 
epigenetic modifications. We found that histone demethylase LSD1 [20] 
increased the foci complex with Snail along with progression to EMT. In 
reverting EMT to pEMT by dexamethasone, the complex foci of Snail and 
LSD1 decreased, indicating that LSD1 was the partner to regulate 
epigenetic modification by Snail between pEMT and EMT. Recently, it 
was reported that Ovol1 and Ovol2 regulate the 
mesenchymal-to-epithelial transition. Our data demonstrated that pEMT 
OM-1snai1 diminished Ovol1 but maintained Ovol2. In the reversion 

Fig. 2. Dexamethasone reprogrammed stable EMT to partial EMT. (A) mRNA expression profiles for pEMT OM-1snai1 and EMT OM-1snai1 cultured for indicated 
periods with 200 nM dexamethasone. (B) Quantified mRNA expression profiles of independently established EMT OM-1snai1. (C) Immunocytochemical analysis of 
pEMT OM-1snai1 and EMT OM-1snai1. Controls (upper panels) were compared with 21 days cultures with dexamethasone (lower panels). All panels were double 
stained with rabbit anti-E-cadherin and mouse anti-vimentin antibodies (green: Vimentin, red: E-cadherin). Nuclei were visualized with DAPI (blue). (D) Phase- 
contrast microscope image of EMT OM-1Snai1. EMT OM-1Snai1 has a mesenchymal morphology (top left), but changes to an epithelial-like morphology with the 
addition of dexamethasone (bottom left). However, RU-486 inhibited dexamethasone-induced changes in cell morphology (bottom right). There was no change with 
the addition of RU-486 alone (top right). (E) Quantified mRNA expression profiles of independently established EMT OM-1snai1. 
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Fig. 3. Nuclear foci number of LSD1-carrying Snail reflected partial EMT and EMT states. (A) PLA results were analyzed using Image J. Image of nucleus stained with 
DAPI taken with a fluorescence microscope (top left). The number of nuclei was counted and set to display the outline (top right). The PLA spot is highlighted in red 
(bottom left). After merging the images, the red highlighted spots in the outline were calculated as pixel values for each nucleus (bottom right). The calculated pixel 
values in the nucleus are listed on the right side of the image. (B) A rabbit antibody (anti-LSD1) and a mouse antibody (anti-Snail) were used in this PLA assay for OM- 
1 (left), pEMT OM-1snai1 (middle), and EMT OM-1snai1 (right). (C) The images obtained in (B) were analyzed using Image J. The signal spots were quantified by pixel 
values, expressed using violin plots with included boxplot. Welch’s t-test was used for analysis using R studio (***p < 0.001). EMT OM-1snai1 significantly increased 
the PLA signal compared with pEMT OM-1snai1. (D) PLA with a rabbit antibody (anti-LSD1) and a mouse antibody (anti-Snail) for pEMT OM-1snai1 and EMT OM-1snai1 

with or without dexamethasone exposure for 21 days. (E) The images obtained in (D) were analyzed using Image J. The spots were quantified by pixel values, 
expressed as box plots. Welch’s t-test was used for analysis using R studio (***p < 0.001). Addition of dexamethasone significantly reduced the PLA signal in EMT 
OM-1snai1. 
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process, EMT OM-1Snai1 regained Ovol2 as well as E-cadherin. Interest
ingly, both Ovols and Snail possess a SNAG motif to interact with LSD1 
[18,19,21,22], therefore, it may be possible that these SNAG proteins 
compete for LSD1 to select pEMT or EMT features. Since Ovol2 is also 
known to be a direct GR-target gene [23], it would be interesting to test 
its contribution in EMT to pEMT reversal. 

In the present study, we identified nuclear foci numbers of Snail- 
LSD1 complexes that represented Snail-dependent pEMT or EMT 
states. Although nuclear Snail actually loaded on chromatin and altered 
its histone marks during dexamethasone-dependent transition from EMT 
to pEMT, the exact contribution of nuclear Snail-LSD1 complexes to the 
histone modification were not fully characterized here. Especially, 
reduced Snail–LSD1 numbers by dexamethasone might cause accumu
lation of methylated histones at the Snail-loaded chromatin. Indeed, 
H3K9me1 displayed this anticipated accumulation and its foci number 
also had decreased EMT tendency compared with pEMT, suggesting that 
H3K9me1-accumulated Snail might load on genes with LSD1 for pEMT 
or EMT determination. Moreover, the Snail-loaded chromatin unex
pectedly lost H3K4me2 and H3K9me2 upon dexamethasone treatment, 
suggesting that other histone modifiers for this histone substrate might 
be recruited to the Snail-loaded chromatin regions via dexamethasone- 
dependent upregulations. 

In this study, antibody-dependent PLA served as a powerful tool for 
in situ visualization but had obvious limitations in addressing specific 
genes on the Snail-loaded chromatin regions. Possibly, interference 
occurred between the GR directly and the Snail–LSD1 association on the 
chromatin. Therefore, it is necessary to perform triple-color PLA in the 
future. To elucidate the Snail-target genes that determine the pEMT or 
EMT state and Snail-loaded chromatin modification, especially colo
calized LSD1 and its substrate histones, further genome-wide experi
ments, such as detailed transcriptome analysis with ChIP-seq for these 
nuclear factors, need to be conducted. 
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