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1.INTRODUCTION

1.1THE EPITHELIAL-MESENCHYMAL TRANSITION

The epithelial-mesenchymal transition (EMT) is a complex biological program in
which epithelial cells gradually lose their epithelial characteristics and acquire a
phenotype with mesenchymal features. These characteristics can be summarized
as loss of cell polarity and cell-cell adhesion; acquisition of migratory and invasive
capacity and expression of proteins such as Vimentin, fibronectin and N-
cadherin. The first demonstration of the ability of epithelial cells to acquire
mesenchymal characteristics such as the absence of cell polarity and migration
capabilities, was described in 1982 by Greenburg and Hay!. Since then, the
knowledge and the number of information concerning EMT have increased
exponentially. There is evidence that EMT plays a key role in both physiological
and pathological processes?. From a functional biological point of view, EMT is
divided into three main types: Type |, during embryogenesis; Type Il, during
tissue repair; Type lll, in the metastatic spread of cancer®. All three types are
however united by the acquisition by epithelial cells of migratory ability and
loss of adhesion and cell polarity.

The first critical step is represented by the loss of various cellular markers; there
is a significant reduction in E-cadherin, a protein responsible for cell-cell side
interactions by tight junctions and adhesion and relative immobility of the
epithelial cells to the tissue structure®. The down-regulation of this protein is
also mediated by increased expression of vimentin which reduces the transport
of the E-cadherin at the cell surface. Parallel to this, during EMT, the cell
acquires the ability to express a protein pattern characterized by N-cadherin,

fibronectin and matrix metalloproteinases that typically characterize the
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mesenchymal phenotype®. The expression of fibronectin and the loss of a
polarized cytoskeleton allow epithelial cell the acquisition of motility®. It’s
important to note that EMT, in many instances, is a mix of epithelial and
mesenchymal phenotypes: cells lie along a gradient of incomplete transition

where both epithelial and mesenchymal features coexist’.



1.2 EMT AND PHYSIOLOGY

EMT has been described as a fundamental process in important physiologic
events such as wound healing and organ repair®. Many models of cutaneous
wound healing have shown that wound healing is a multi-step process which
involves inflammatory response associated with cell proliferation, migration and
ECM remodeling. In fact, during wound healing, keratinocytes at the wound edge
lose their intercellular adhesion and migrate across the wound. Specifically,
these keratinocytes undergo changes in junctional complexes including a
reduction in desmosomes and adherent junctions, a disruption of intermediate
filaments and cytoskeletal reorganization that results in the creation of
intercellular gaps. These modifications change the morphology of keratinocytes

9,10 In

and let them acquire motility and shape features mesenchymal like
addition has been shown that Slug, one of the main EMT transcription factor, is
involved in re-epithelialization and keratinocytes migration and motility; healing
of excisional wounds is impaired in Slug knockout mice!! and keratinocytes from
these mice show a defect of migration and motility at the wound hedge!?. In
fact, Slug regulates keratinocytes during re-epithelialization by repressing E-
cadherin then leading to reduced cell-cell adhesion and desmosome
disruption. ¥4

EMT has also been described as a fundamental process in extra cutaneous organs
development and repair: in hearth, EMT progress of epicardial and myocardial
cell line is very important for a normal development as demonstrated by
generation of knockout mice for TGFP type2 receptor, one of the main signaling
pathway of EMT, that led to hearth defects and vascular abnormalities such as

ventricular myocardium hypoplasia, septal defects and irregularities of

descending thoracic aorta®.



EMT program is also activated in hearth after myocardial ischemic or mechanical

injury as demonstrated in mouse and zebrafish?®.

1.3EMT AND PATHOLOGY

1.3.1 EMT AND FIBROSIS

Many evidences have shown the role of EMT in complex pathological processes
as fibrosis and metastatic spread of cancer.

During wound-healing physiologic repair, tissue integrity could be restored not
only by re-epithelization but also through formation of a stress-resistant scar.
This process is orchestrated by myofibroblast and a pathologically prolonged
activity of them results in fibrogenesis. Indeed, persistent myfibroblast activation
is a shared feature of fibrotic disease!’. Dysregulation of EMT process is one of
the elements that can to support and to contribute to fibrosis in multiple organs.
In kidney, a chronic disease may cause interstitial fibrosis that could lead to loss
of function until end-stage renal failure. Many studies have shown the
involvement of EMT program in renal fibrosis, showing that fibroblasts
responsible for fibrogenesis in a murine model could derive both from bone
marrow and both from local EMT2. In vivo have also been reported presence of
EMT markers in human renal biopsies?®.

Many evidences show that one of the main inducer of EMT in renal fibrosis is
TGFB1, an isoform of TGB family, which is involved in renal tubular epithelial

EMT?.



Moreover, in lung, persistent and repeated injury may lead to persistent
inflammation and activation of EMT and then fibrosis?. Many studies and
murine models have investigated the occurrence of EMT in lung fibrosis,
partially mediated by TGFR1%%23,

Hearth is another organ where EMT plays a role following cardiac injury: adult
epicardium derived cells have shown the possibility to undergo EMT and
migrate into injured myocardium, where they may produce various cell types as

2425 involved in cardiac

interstitial fibroblast and coronary smooth muscle cells
repair process.

Also hepatic fibrosis may be mediated by EMT; in fact has been shown that
TGFB may induce EMT in hepatocytes in vitro through the activation of

TGFB1/Smad pathway?®.



1.3.2 EMT AND CANCER

Close connection between EMT and cancer progression is known since more
than ten years?. Many EMT transcription factors are involved not only in
acquisition of migration and invasive capacities, but also in suppression of cell
senescence and apoptosis and resistance to radiotherapy and
chemotherapy?®?°.  Cells undergoing EMT may contribute to
immunosuppression and act as cancer stem-like cells**. Therefore, with EMT,
cancer cells may acquire a general more aggressive phenotype, the possibility
to metastasize and the activation of EMT in tumor primaries cells can be
induced by stimuli from tumor microenvironment®'. Indeed EMT may be
promoted by hypoxia, low ph, mechanical stress, adaptive and innate immune
response, altered extracellular matrix and treatment with antitumor drugs. One
important element is that EMT can induce many epigenetic changes as, in
example, methylation of E-cadherin gene promoter region3?. These changes are
inheritable and may persist also if the original stimulus is no longer present.
EMT can be induced also by stimulus independent elements, as constitutive
receptor activation, activating mutations of intracellular pathways elements as
Janus kinase 2 (JAK2), phosphoinositide 3-kinase catalytic subunit-a (PIK3CA),
BRAF or KRAS, together with inactivating mutations or deletions of tumor
suppressors such as Von Hippel-Lindau disease tumor suppressor (VHL) or
phosphatase and tensin homologue (PTEN)®.

This combination of stimulus dependent and independent activation can
increase EMT potential.

It is important to underline that EMT it’s not an-all-or-nothing event whereby
tumor cells lose entirely their epithelial markers to acquire exclusively

mesenchymal features; the process is the result of a complex crosstalk between



tumor cells, tumor associated cells and stroma, a crosstalk mediated by
paracrine and autocrine factors®4. In many solid tumors, tumor associated cells
play a pivotal role in progression of EMT: recently has been show how cancer
associated fibroblast (CAF), can promote metastatic propensity of colon rectal
cancer by secreting cytokines and increasing cancer-stem like cells (CSC) by

inducing features of EMT and reprogramming of cancer progenitors into CSCs>°

1.4 EMT SIGNAL TRANSDUCTION PATHWAYS

There are many growth factors involved in starting and progression of EMT;
these growth factors such as epidermal growth factor (EGF), fibroblast growth
factor (FGF), hepatocyte growth factor (HGF) and transforming growth factor
(TGFB1) are both involved in physiological processes involving EMT such as
wound healing and organ repair and pathological processes. FGF, EGF and HGF
function as ligands for their corresponding receptors, which are tyrosine kinase
trans-membrane  receptors  resulting in  their  dimerization and
autophosphorylation3®. This can lead to activation of pathways such as MAPK,
p38 MAPK, JNK and others causing upregulation of EMT transcription factors
like Snail, Slug and ZEB¥’.

TGFB pathway is probably the most studied EMT pathway, TGFB is a
superfamily that comprises many proteins such all TGFB isoforms, bone
morphogenetic proteins (BMPs), activins and others. TGFB isoforms are three:
TGFB1, TGFB2 and TGFB3. Their role has been widely investigated in cell
proliferation, migration and differentiation®. The functional complex of TGFB

receptors at cell surface consists of two type Il and two type | transmembrane
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serine/threonine kinase receptors. Only five type Il receptors and seven type |
receptors have been identified for 29 different ligands®. In the absence of
ligand type Il and type | receptors exist as homodimers at cell surface. Each
ligand can bind to different combinations of type Il and type | receptors: i.e.
TGFB1, TGFB3 and activins bind their type Il receptors without needing a type |
receptor, whereas BMP2, BMP4 and BMP7 bind primarily to their type |
receptors, BMP-RIA or BMP-RIB, although heteromeric BMP receptors complexes
provide higher-affinity ligand binding®. Otherwise, TGFB2 interacts only with
type | and type Il receptor combinations.

It is worth to stress that although this pathway is inherently simple there is a
more complex versatility in receptor interactions and ligand binding; these
interactions may modulate TGFB signaling and orchestrate his Smad dependent
or independent response®’.

Smad family, small mother against decapentaplegic, is one of the main effector
of TGFP signaling; there are eight vertebrate Smad, Smad1 to Smad8. Smad2 and
Smad3 are activated through carboxyl-terminal phosphorylation by TGFB and
interaction with TBRI and ActRIB receptors, whereas Smad1l, Smad5 and Smad8
are activated by ALK-1, ALK-2, BMP-RIA/ALK-3 and BMP-RIB/ALK-6 in response to
BMP or other ligands*¥*%. These receptor-activated Smads (R-Smads) are
released from the receptor complex to form a heterotrimeric complex of two R-
Smads and a common Smad4, and translocate into the nucleus**; instead, Smad6
and Smad7 act as inhibitory Smads®. The increment of Smad6 and Smad7 caused
by TGFB and BMP represents an auto-inhibitory feedback mechanism for ligand
induced signaling®®.

After activation, Smad complexes may go into the nucleus where they regulate
gene expression. Nuclear import of R-Smads does not require Smad4, although

Smad4 co-translocates with R-Smads. Final effect of this import is physical
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interaction and functional cooperation of DNA binding Smads with sequence
specific transcription factors and co-activators®’.

Many genes are activated in response to TGFB ligands while others are
repressed; specifically TGFB represses c-Myc and Id family members. Of course,
this repression is mediate with the cooperation of other transcription factors as
E2F4, E2F5 and pl107: this complex is pre-assembled in cytoplasm and then,
after stimulation with TGFpB, translocates into the nucleus where, in association
with Smad4, it binds to a Smad-E2F-binding site in c-Myc promoter and
represses c-Myc expression”®.

TGFB inhibits also myoblast, osteoblast and adipocyte differentiation and it is
very interesting how Smads can repress or activate transcription depending on
cell types: as an example, Smad3 cooperates with Runx proteins to activate
transcription in epithelial cells and repress transcription from the same
promoter in mesenchymal cells®.

Besides Smad-mediated transcription, TGFB mediates other signaling cascades
including MAPK pathways, Erk, JNK but how they are activated and their
biological effects are still poor characterized. It’s possible to hypothesize that
these different pathways can amplify themselves and regulate each other: TGFf
induced activation of Erk and JNK can result in Smad phosphorylation and
regulate Smad activation®'">2,

The dual ability of TGFp to activate Smads and MAPK signaling has a role in EMT
and although this convergence often results in cooperativity, these pathways

may counteract each other>¥>%,
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1.5 EMT: TRASCRIPTION AND EPIGENETIC FEATURES

Epigenetics has been traditionally described as the amount of mechanisms that
can determine cellular phenotypes without concomitant changes in the genome
of a cell, specifically without changes in its nucleotide sequences. Recently the
term has gain a new and wider meaning, since epigenetic modifications can be
achieved by many mechanisms and, among these, may be included methylation
of cytosine residues and covalent modifications of the histone proteins that
form DNA associated nucleosomes.> In the last ten years, modifications which
can generate active or repressive histone marks that are catalyzed by a variety
of histone modifying enzymes, has been recognized as fundamental process of
gene regulation®®. For example, histone methyltransferases and demethylases
can either add or remove methylation marks on the lysine residues of
nucleosome subunits, especially those of histones H3 and H4. These chemical
reactions play an important role how DNA is packaged in chromatin, determining
the transcriptional potential of underlying genes. Recently, many studies have
shown the connection between EMT transcription factors (EMT-TFs) activation
and histone modifications. For example, many EMT-TFs are recruited to the
promoter of CDH1, the gene codifying for E-cadherin, and repress its
transcription after activation of EMT program®’.

In recent years, many studies have begun to link the lysine-specific demethylase,
LSD1, to EMT; LSD1 was the first histone demethylase to be identified and was
initially shown to remove methyl groups from the transcription-activating
H3K4me3 mark®®. It’s should be noted that in breast cancers LSD1 is highly
expressed in estrogen receptor and negative tumor, which tend to bring

mesenchymal gene features and this can support its role in promoting EMT®°.
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LSD1 overexpression has been correlated both with poor survival in many types
of cancer and both with inhibition of invasiveness and metastatic potential®®®!;
these apparently controversial role may be attributed to the fact that LSD1 is
able to modify multiple histone lysine substrates. Apart from converting active
H3K4me2 or H3K4me3 to the less active H3K4mel mark, LSD1 is now known to
cause demethylation of the inactive H3K9me3 mark, converting it into the less
repressive H3K9me1l or H3K9me2 marks, thereby causing gene de-repression®.
So, the functional activity of LSD1 is determined by a balance between gene
activation and repression based on its capacity to modify H3K4me3, H3K9me3 or
both.

Referring to this bivalence, certain segments of DNA may be associated with
facultative heterochromatin, implying an ability to alternate between induced
and repressed states of expression. Facultative heterochromatin, associated with
H3K27me3, can be easily converted in an active euchromatinic state®. So this
bivalent configuration of certain EMT associated genes may explain the rapid and
reversible change between epithelial and mesenchymal state that some
epithelial cells could have during EMT process®¥®.

This wide involvement of various histone-modifying enzymes reflects the
characteristic of EMT program as a succession of changes as cell pass from a fully
epithelial phenotype to a fully mesenchymal one, sustained by a spectrum of

progressively more stable epigenetic changes®®.
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1.6 SNAIL AND WIF1

SNAI1, also known as SNAIL, is a zinc finger protein encoded in humans by
SNAIL gene®’. Initially this transcription factor, the first member of superfamily
SNAIL, has been described in Drosophila Melanogaster®® and has been studied
in relation to his role in morphogenesis, as it is essential for mesoderm
formation in several organism from flies to mammals®. Recently his role has
been evaluated also in processes that require large-scale cell movements such
as the formation of neural crest and EMT.

To confirm his central role in EMT two different approaches has been used: first
Snail was shown to convert normal epithelial cells into mesenchymal cells

7071 “Moreover is direct effect on E-

through the direct repression of E-cadherin
cadherin repression is very important in normal progression of embryos
development which requires EMT program. SNAIL knockout animals die at
gastrulation stages and show defects in EMT’2. Of course, E-cadherin is the
principal target of SNAIL but not the only one: it can downregulate others
epithelial marker such as desmoplakin, the epithelial mucin Muc-1 and
cytokeratin-18 and is able to upregulate and to redistribute mesenchymal
markers such as vimentin and fibronectin”.

His involvement in EMT has been demonstrated both in physiological and
pathological processes: his overexpression has been found in cell types that
were highly invasive and metastatic. Cell lines derived from breast cancer, colon
cancer, bladder cancer and melanomas has been analyzed: high levels of SNAIL
MRNA were detected in breast cell line and melanoma cell line, while there

were low or undetectable expression of E-cadherin in breast, colon and bladder

cells’,
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WIF1, Wnt inhibitory factor 1, is a 379 amino acids highly conserved protein.
Structurally it consists of an N-terminal signal sequence, a single domain WIF
(WD) that mediates the interaction with Wnt and five EGF-like domains. The
evolutionary process has selected and preserved this protein along the various
evolutionary chains and indeed, it can be found in fish, amphibians, and
mammals. In humans it was identified for the first time in retina’> and the highly
conserved homologues were found in the mouse; particularly the expression of
WIF1 in the mouse appears to be at the highest levels in heart, lung and at lowest
levels in brain and eye’®.

Together with secreted related frizzled proteins, sFRP, WIF1 is a secreted
inhibitor of Wnt pathway.

Wnt proteins are a family of proteins that control the activation of several
pathways’”’. The principal and more studied pathway activated is Wnt/B-
catenin: this pathway, that causes a stabilization of B-catenin and his
consequential translocation into cellular nucleus, activate many B-catenin
related genes.

The over expression of this pathway is involved in important pathological
processes as cancer’®, aging” and fibrosis®°.

As a confirmation of this, WIF1 has been founded suppressed in many different
pathologies: its promoter region it is methylated in many tumors as
nasopharyngeal and esophageal carcinomas®!, lung cancer®, bladder cancer,
breast and prostate cancer®. Recently, WIF1 silencing has been found in fibrosis
and systemic sclerosis but in this pathology, the gene is silenced through
histone deacetylation®.

Studying Wnt/B-catenin pathway and its inhibitors is very important since its
correlation with EMT and with pathologies as cancer and fibrosis where EMT

plays an important role®
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2. AIM OF THE PROJECT

Over last 5-10 years, there has been an increase in the number of reports on
the role of reactive oxygen species, ROS, in mediating EMT and supporting
tumor growth by activating multiple pathways®’®. It’s also well established that
high ROS levels, characterizing tumors microenvironment, can promote
differentiation of myofibroblast into cancer associated fibroblast, also known as
CAF®'8 These CAFs, through production of cytokines and proteinases, support
the activation and progression of EMT®,

ROS have also been found involved in DNA oxidation, which it has been
demonstrated to be essential for the assembly of a productive transcriptional
initiation complex. In fact, it’s has been shown that under estrogen stimulation
LSD1, a FAD oxidase, causes demethylation of histone 3 and its activity
produces bursts of nuclear ROS, causing DNA oxidation®’®? and starting
transcription.

In this scenario, the aim of this work is to explore if a similar mechanism,
involving ROS, could be the driving force of the transcriptional program leading
to EMT in mammary epithelial cells.

To this end, attention has been focused on transcription of two prototypic
TGFB1 activated or repressed gene: SNAIL1, encoding a transcription factor
TGFB1 induced, essential for EMT, and WIF1, encoding a secreted WNT
inhibitory factor, downregulated by TGFB1. WIF1 by inhibiting WNT represses
EMT. Recently, it has been found that WIF1 is silenced by ATM checkpoint

kinase, activated by oxidative DNA damage®:.
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3. MATERIALS AND METHODS

Materials. PVDF membrane was from Millipore (Bedford, MA, USA); anti-ECadherin,
anti-Actin, anti-N-Cadherin, anti-LSD1, anti-JIMJD2A, anti JMJD2A and anti-SMAD2/3
antibodies were from Santa Cruz Biotechnology (Santa Cruz Biotech,CA, USA); anti-
smooth muscle actin antibody and Phalloidin-TRITC were from Sigma-Aldrich (St.
Louis, MO, USA); DCFDA and Alexa 488 secondary antibody were from Molecular
Probes; anti-H3K4me2, anti-H3K9me3 and anti-Pol 2 antibodies were from AbCam
(Cambridge, UK); Oxy-DNA assay was from Calbiochem (S.Diego, CA, USA) ; LSD1 and
JMJD2A SiRNA were from Qiagen (Valencia, CA,USA).

Cell Cultures and Transfections. MCF-10A cells were from the American Type
Culture Collection (ATCC). MCF10A cells were cultured in DMEM/HAM’S F12
supplemented with 5% horse serum, 0.5 ug/ml hydrocortisone, 100 ng/ml cholera
toxin, 20 ng/ml EGF, 10 ug/ml insulin. MCF-10A cells were transfected with plasmids
encoding LSD1 or LSD1 mutants using Lipofectamine 2000 (Invitrogen, Waltham,
MA, USA) according to manufacturer’s instruction or by electroporation.
Immunoprecipitation and Immuno-Blot Analysis. 1 x 106 cells were lysed for 20
min on ice in 500 pl of complete RIPA lysis buffer (50 mM Tris-HCI, pH 7.5, 150 mM
NaCl, 1% Nonidet P-40, 2 mM EGTA, 1 mM sodium orthovanadate, 1 mM
phenylmethanesulfonyl fluoride, 10 pg/ml aprotinin, 10 ug/ml leupeptin). Lysates
were clarified by centrifugation and immunoprecipitated for 4 h at 4°C with 1-2 ug
of the specific antibodies. Immune complexes were collected on protein A-
Sepharose, separated by SDS-PAGE, and transferred onto nitrocellulose.
Immunoblots were incubated in 3% bovine serum albumin, 10 mM Tris-HCl, pH 7.5,
1 mM EDTA, and 0.1% Tween 20 for 1 h at room temperature, probed first with
specific antibodies and then with secondary antibodies. Quantity-One software was

used to perform quantitative analyses.
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Real-Time PCR. Total RNA from MCF-10A was extracted using RNeasy (Qiagen,
Valencia, CA, USA) according to the manufacturer’s instruction. cDNA was
synthesized using a high capacity cDNA reverse transcription kit (Applied Biosystem,
Foster City, CA, USA) using 1 ug of total RNA. For quantification of mRNA expression,
Real-Time PCR reactions were performed on a 7500 Fast Real Time PCR system
(Applied Biosystem, Foster City, CA, USA). The primers were:

SNAIL1 (forward): 5'-GAGGCGGTGGCAGACTAG -3’;

SNAIL1 (reverse): 5’-GACACATCGGTCAGACCAG -3;

LSD1 (forward): 5'-GAGGCGGTGGCAGACTAG -3’;

LSD1 (reverse): 5'-GACACATCGGTCAGACCAG-3’;

JMID2A (forward): 5'-CCAGAACCAACCAGGAGC-3’;

JMIJD2A (reverse): 5’-TTCACTGCGCGAGACCAT-3'.

Data are normalized to those obtained with B 2-microglobulin primers. Results
(mean £ SD) are the mean of three different experiments.

Immuno-cytochemistry. After washing with PBS, cells were fixed with 3.7%
formaldehyde solution in PBS for 20 min at 4 °C. After extensive washing in PBS, cells
were permeabilized with 0.1% Triton X-100 in PBS and then stained with anti E-
cadherin antibody overnight and with 50 pg/ml fluorescent phalloidin conjugate,
phalloidin-TRITC, in PBS for 1 h at room temperature and then with anti rabbit Alexa
488 secondary antibodies. After washing with PBS, the cover slides were mounted
with glycerol plastine and then observed under a confocal fluorescence microscope
(Leica).

8-0x0-G test. After stimulation, cells were fixed with 3% formaldehyde solution in
PBS and permeabilized with 0.1% Triton X-100 in PBS. Cells were then incubated
with FITC-conjugate probe that binds to 8-oxoguanine for 1h at 37°C. After extensive
washing cells were mounted with glycerol plastine and observed at confocal

miscroscope.
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Intracellular ROS determination. Production of intracellular H202 was assayed as
previously described (13). At 3@min before the end of the incubation time, DCF-DA
was added to a final concentration of 5uM. Cells were lysed in 1ml of RIPA buffer
and analyzed immediately by fluorescence analysis using a Perkin Elmer
Fluorescence Spectrophotometer 650-10S equipped with a Xenon Power Supply
(excitation 488 nm, emission 510 nm).

Chromatin Immunoprecipitation. MCF-10A cells were grown to 95% confluence in
DMEM/Ham’s F12. Following the addition of 10 ng/ml TGF-B1 for 2 hours (to
evaluate the state of H3K9me3 on SNAIL1 promoter) or for 30 min (to evaluate the
state of H3K4me2 on SNAIL1 promoter), cells were washed twice with PBS and
cross-linked with 1% formaldehyde at room temperature for 10 min. Cells then
werewashed with ice-cold PBS containing protease inhibitors (1 mM phenyl-
methylsulphonyl-fluoride (PMSF), 1 ug/ml aprotinin and 1 ug/ml pepstatin-A. Cells
were then resuspended in 0.2 ml of lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-
HCl, pH 8.1, ImM PMSF, 1 ug/ml aprotinin and 1 ug/ml pepstatin-A, sonicated for
170 cycles (12 sec followed by 28 sec of stop) and centrifuged for 10 min at 10000 x
g at 4°C. Supernatants were collected and diluted in buffer containing 1% Triton X-
100, 2 mM EDTA, 150 mM NaCl, 20 mM Tris-HCl, pH 8.1. Immunoprecipitation was
performed overnight at 4°C with 2 pg of specific antibodies with 14 pl Protein G-
Dynabeads (Invitrogen, Waltham, MA, USA). After immunoprecipitation,
precipitates were washed sequentially for 10 min each in High Salt Solution (0.1%
SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCI, pH 8.1, 150 mM NacCl), Low Salt
Solution (0.1%SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCI, pH 8.1, 500 mM
NaCl), and LiCl Solution (0.25 M LiCl, 1% NP-40, 1% deoxycholate, 1 mM EDTA, 10
mM Tris-HCI, pH 8.1). Precipitates were then washed three times with TE buffer and
extracted two times with 1% SDS, 0.1 M NaHCO3. Eluates were pooled and heated
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at 65°C overnight to reverse the formaldehyde cross-linking. DNA fragments were
purified with a QlAquick Spin Kit (Qiagen, Valencia, CA, USA). For PCR, 1ul of purified
DNA and a set of primers, corresponding to a 80 bp fragment of SNAIL1 promoter,
were used by Real Time PCR.

Statistical analysis. Data are presented as means * SD from at least three
independent experiments. Statistical analysis of the data was performed by

Student's t test. P values of <0.05 were considered statistically significant.
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4. RESULTS

4.1. INDUCTION OF ROS BY TGP1 IS ESSENTIAL FOR TRIGGERING THE EMT
PROGRAM

TGF-B1-induced ROS in MCF-10A human mammary epithelial cells peak at 30-45 min
and decrease thereafter (Fig.1A). ROS accumulation was sensitive to antioxidant
treatments, such as N-acetyl cysteine (NAC) and peggylated-catalase (Fig. 1B). ROS
induced by TGF-B1 are essential for the establishment of EMT, as revealed by
changes in the levels of N-cadherin, a-SMA and E-cadherin in cells exposed to TGF-
B1 and/or NAC (Fig. 1C). Confocal microscopy of E-cadherin distribution shows that
scavenging of ROS by NAC inhibits TGF-Bl1—-induced EMT. Indeed, TGF-B1 treated
cells are more dispersed, show a mesenchymal like elongated spindle-shaped
morphology, display well-organized actin stress fibers and reduced levels of E-
cadherin (Fig. 1D, 1E).

Antioxidant (NAC) treatment inhibits the acquisition of these features confirming
that in MCF10A-cells EMT induction by TGFB1 is strictly redox-dependent. (FIG.1E.)
Determination by qPCR of SNAIL1 mRNA, after TGF-B1 treatment, confirms its
induction by TGF-B1 (Fig. 1F). The pattern of induction of SNAIL1 by TGF-B1 is
biphasic with peaks at 30 and 90 min (Fig. S1). ROS induced by TGF-B1 are
essentially produced by NADPH oxidase(s)®* and this is the reason why it has been
measured SNAIL1 induction by TGF-B1 in the presence of the general NADPH
oxidase inhibitor, DPl. Under these conditions, NAC, not DPI, inhibited TGF-B1-
induced SNAIL1 gene expression, suggesting that ROS, required for the induction of
SNAIL1, were not generated by NADPH oxidase (Fig. 1F).
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4.2 Nuclear ROS and the histone demethylase, LSD1, are required for EMT
induction by TGF-B1.

To find the source of ROS required for TGF-Bl-induction of SNAIL1 gene, the
attention has been focused on the nucleus. A different approach has been evaluated
instead of measuring nuclear ROS: these ROS are extremely unstable and may
diffuse from perinuclear mitochondria, so it has been determined the accumulation
of the major DNA oxidation product, 8-oxo-guanosine (8-oxoG). The Fig.2A shows a
significant accumulation of 8-oxoG after 30 min of TGF-B1, in concomitance with the
increase of ROS levels (Fig.1A) and EMT engagement (Fig.1C). Again, NAC inhibited
8-0x0G levels induced by TGF-B1, while DPI treatment was unable to reduce nuclear
8-0x0G induced by TGF-B1, confirming the notion that ROS were not produced by
NADPH oxidases (Fig.2A).

A nuclear enzyme involved in histone demethylation and generating hydrogen
peroxide, is the lysine demethylase-1, LSD1. Since LSD1 has also been associated
with EMT engagement and SNAILI induced repression of epithelial markers®’®®, this
enzyme could be involved in the redox dependence of TGF-Bl-induced EMT and
DNA oxidation.

To this end, LSD1 has been silenced in MCF10A cells by shRNA-interference (Fig. 2B
and S2) and 8-o0xoG has been assayed upon TGF-B1 stimulation. LSD1 silencing is as
effective as NAC in inhibiting DNA oxidation upon TGF-B1 stimulation (Fig. 2C),
suggesting that this enzyme is the source of nuclear ROS and the cause of DNA
oxidation. Then, it has been analyzed EMT engagement in MCF10A cells upon LSD1
depletion. Confocal analysis of distribution of cortical E-cadherin and formation of
actin stress fibers, confirms that silencing of LSD1 inhibits EMT induced by TGF-B1
(Fig. 2D)
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4.3 LSD1 down-regulates SNAIL1 gene expression.

LSD1 is required for SNAIL1-mediated transcriptional repression®” but it is not known
if LSD1 impacts directly on SNAIL1 expression. To find out, SNAIL1I mRNA has been
measured by qPCR in MCF10A cells depleted of LSD1. Fig.3A shows that depletion of
LSD1 increases the basal expression of the gene, suggesting that LSD1 is required to
maintain low SNAIL1 levels in untreated cells. To confirm the silencing of SNAIL1
induced by LSD1, three versions of LSD1 protein has been ectopically expressed:
wild type LSD1, mutALA, which encodes for an alanine NH terminal mutant of LSD1

98997100 3nd mutASP, which contains

endowed with dominant negative characteristics
the same site converted into phospho-mimetic site, aspartic acid (Fig 3B). As shown
in Fig. 3C and D, wild type LSD1 and the dominant negative mutant (mutALA)
inhibited or enhanced SNAIL1 basal expression, respectively. Instead, the phosphor-
mimetic mutant displayed little effects on the basal, but strongly inhibited SNAIL1
induced by TGF-B, thereby endorsing a repressor role of LSD1 in SNAIL1 expression

(Fig 3D).

4.4 LSD1: dual role in repression and induction of TGFB1 target genes.

The data shown above do not clarify the mechanism of TGF-B1 induction of EMT,
which is dependent on LSD1 generated ROS. The main apparently contradiction is
how LSD1 inhibition of SNAIL1 expression can induce EMT, which is SNAIL1
dependent. It is possible that LSD1 induced ROS are required for both SNAIL1
repression and induction. LSD1 has been initially isolated from a repressor

complex!?®?, which may mediate the silencing of SNAIL1 in unstimulated cells. Upon
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TGF-B1 stimulation, LSD1 may dissociate from the repressor facilitating the
formation of the transcription initiation complex. Instead, genes repressed by TGF-
B1 may use LSD1 as a stable repressor. To determine if LSD1 is operating also on
genes silenced by TGF-B1, WIF1, an inhibitor of EMT, has been analyzed.

TGF-B1 inhibits WIF1 expression and this effect is also mediated by LSD1, because
LSD1 depletion rescues WIF1 expression in cells exposed to TGF-B1 (Fig. S3A, B). To
test whether LSD1 activity was necessary for WIF1 TGF-B1 repression, cells have
been pretreated with a mono-amino-oxidase inhibitor, tranylcypromine and
measured the induction of SNAIL1 or the repression of WIF1 by TGF-B1. Figures S4A,
B and C show that basal mRNA and protein levels of both genes increased and that
SNAIL1 mRNA induction by TGF-B1 was severely impaired. WIF1 mRNA levels were
higher than in the control, but still sensitive to TGF-B1 repression. These data
suggest that the physical presence of active LSD1 at SNAIL1 or WIF1 promoter sites
reduces basal transcription of both genes and sensitizes cells to TGF-B1 (Fig.54). To
determine the mechanism of LSD1 activation or repression of TGF-B1 target genes,
following chromatin markers at the SNAIL1 and WIF1 promoters in cells exposed 30-
60-90 min to TGFB-1 has been analyzed: methylation of histone H3 at lysines 4 or 9
(H3k4me2-3 orH3k9me2-3); recruitment of LSD1 and JMJD2A that is a di-oxygenase,
which uses a Fe++ and a coupled decarboxylation reaction to remove the repressive
marks H3k9me2 or me3, which cannot be demethylated by LSD1'%?; recruitment of
the co-repressor NCoR1 and HDAC3, key components of the repressor complex
interacting with LSD1'%; accumulation of OGG1 and APE1, BER enzymes that

recognize 8-OxoG and abasic sites!®.
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4.5 Chromatin changes induced by TGF-B1 at WIF1 and SNAIL promoters.

TGFB1 stimulation induced significant modification of the chromatin encompassing
the SNAIL1 promoter. The prominent changes induced by TGFB1 at this site were:
redistribution of nucleosomes with H3 depletion at 60 min (Fig.4A); late (60-90 min)
methylation of H3k4me3 which is an activation mark (Fig. 4B); early (30-60 min)
methylation of H3k9me2-me3 which is a repressive mark (Fig. 4C). These changes
were specific to SNAIL1 promoter and were not found in other non TGFB1 regulated
genes(Fig.S5). LSD1, recruited at the promoter site in not stimulated cells,
progressively decreased following TGF-f1 exposure (30-60 min) and was
substituted by JMID2A (60 min) (Fig. 4D). To link these chromatin changes to the
oxidation burst induced by TGFB1 (Fig.2A and 2C), it has been measured the
recruitment of OGG1 and APE1, the BER enzymes that recognize, OGG1, and
process, APE1, the oxidized site. Fig. S6A shows that OGG1 was recruited at the
SNAIL1 promoter at 30 and 90 min TGF-B1 mirroring the 8-o0xoG burst shown in
Fig.2A. APE1, on the other hand, accumulated at SNAIL1 promoters after 90 min
TGF-B1 (Fig.S6A and B). These changes were selectively induced by TGF-B1 and did
not occur in other non TGFB1 sensitive genes (Fig.S6C). Since LSD1 depletion inhibits
ROS production and EMT induced by TGF-B1 (Fig. 2C-2D) and both LSD1 and JMJD2A
are recruited at SNAIL1 promoter chromatin at 30 and 90 min TGF-1, it is likely that
also JMIJD2A contributes to ROS production and EMT. To find out, JMID2A
expression has been silenced in cells exposed to TGF-B1 and measured 8-oxoG and
EMT. Fig.S7 shows that JMJD2A does not contribute to ROS production (Fig.S7A, B)
but is essential for EMT (Fig.S7C, D, E). At WIF1 promoter TGF-B1 induces specific
changes of the histone H3 methylation code and of the other chromatin markers: H3
loss suggests a major nucleosome reorganization at 30 min TGF-B1, instead of 60
min as at SNAIL1 promoter (Fig.5A); H3k4me2-me3, activation marks, were barely
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modified by TGF-B1 (Fig. 5B); there was a peak of H3-k9 methylation 30 min
following TGF-B1 exposure, overlapping with H3 loss (Fig. 5C); LSD1 accumulated
steadily, while JMID2A after an initial rise, almost disappeared at 90 min (Fig. 5D);
OGG1 and APE1 accumulated at WIF1 promoter 30-90 min, OGG1, and 30 min,
APE1, after TGF-B1 stimulation (Fig.S6B).

To complete the description of histone H3 methylation changes induced by TGF-B1,
the recruitment of other two H3k4 and H3kS methylating enzymes have been
monitored, SET9% and SUV39'%, SET9, the H3K4me2 methyltransferase, appeared
very late at the WIF1 promoter (Fig.S8B) and very early, 30 min, at SNAIL1 promoter
(Fig.S8A), while SUV39, associated with the repressive marker, H3k9m3m, peaked at
30 min TGF-B1 at both promoters (Fig. S8A and B). The high levels at 30 min of SET9
at the SNAIL1 promoter (Fig.S8A) were not associated with a significant increase of
H3k4me2-me3, which appeared only at 90 min after TGF-f1 (Fig.4B. It may be
possible that at 30 min after TGF-B1, LSD1 concentration at the promoter site is high
enough to de-methylate H3k4mel and me2, to oxidize the DNA (Fig. S6) and to
compete with re-methylation of H3k4dme2 by SET9 action. A further reduction of
LSD1 at this site (60-90 min TGF-B1) leads to a substantial methylation of H3k4me2

and accumulation of H3k4me3 (Fig.4B).
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4.6 TGF-B 1 induced-phospho-SMAD2/3 recruits JMJID2A and promotes LSD1
depletion at the SNAIL1 promoter.

The changes of the histone H3 methylation and LSD1-JMJD2A levels, recruited at
TGF-B1-activated or repressed promoters, correlate well with the progressive loss or
accumulation of repressors (NCoR1 and HDAC3) at the SNAIL1 and the WIF1
promoters, respectively (Fig.6A and B). However, these data do not clarify the initial
event triggered by TGF-B1l. TGF-f1 induces SMAD2-3 phosphorylation and the
accumulation of these factors in the nucleus are essential for EMT induction®’.
Thus, phosphorylated SMAD2-3 steadily increases at 30 and 60 min TGF-B1 at the
SNAIL1 promoter (Fig.6C), whereas at the WIF1 promoter accumulates essentially
only the un-phosphorylated SMAD2-3 (Fig.6D). To find the partners associated with
SMAD2-3, re-ChIP analysis on SMAD2-3 chromatin immuno-precipitates with
antibodies against LSD1 and JMJD2A has been performed. TGF-f1 reduced SMAD2-
3/LSD1 and increased SMAD2-3/ JMJD2A at SNAIL1 promoter, (Fig.S9B and C),
whereas at the WIF1 promoter, TGF-f1 promoted the interaction of LSD1 with
SMAD2-3 (Fig.S10). Taking into account that at the SNAIL1 promoter phosphorylated
SMAD2-3 were selectively recruited at 30-60 min TGF-B1 (Fig.6C) and at WIF1
promoter were present essentially only un-phosphorylated SMAD2-3 at 30-90 min
TGF-B1 (Fig.6D), it could be possible to conclude that the phosphorylation of
SMAD?2-3 induced by TGF-B1 is the critical event that facilitates the formation of a
transcription-active (SMAD2-3/JMJD2A) or inactive (SMAD2-3/LSD1) complex at the
SNAIL1 and WIF1 promoters, respectively (Fig.S9 and S10). To better define the
interaction between SMAD2-3, LSD1 and JMIJD2A, it has been performed direct
immune-precipitation analysis of total cell extracts derived from cells exposed to
TGF-B1. Fig. 6E and F show that TGF-B1 facilitates the interaction of SMAD2-3 with
JMJD2A and reduces the complex SMAD2-3/LSD1. Although it has not been possible
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to purify selectively pSMAD2-3/JMJD2A complex with the phospho-SMAD-specific
antibodies, we suggest that the switch at the SNAIL1 promoter of SMAD2-3/LSD1 to
SMAD2-3/JMJD2A is favored by higher concentrations of phosphoSMAD2-3 at this
site induced by TGF-B1(Fig.6C).

4.7 TGFpB transiently reduces LSD1 protein levels

Another possibility that might explain the loss of LSD1 and the increase of JMID2A
at SNAIL1 promoter induced by TGF-B1 is the change of protein levels of the two
enzymes. While it is well established that pSMAD2-3 are induced by TGF-B1 (34), it
is unknown if TGF-B1 has any effect on LSD1 or JMJD2A protein levels. To this end,
it has been measured the concentration of these proteins in TGF-B1-induced cells.
Figures S11A-B show that LSD1 protein levels, not IMJD2A, were reduced in TGF-f1
exposed cells, although at 90 min, TGF-B1 did not modify LSD1 mRNA levels
(Fig.S2). This reduction is likely due to proteasome activation by the cytokine, since
MG132, a cell-permeable proteasome inhibitor, prevented the drop of LSD1 levels
(Figures S11C and D). Reduction of LSD1 protein attenuates nuclear ROS levels
(Fig.2A), but does not affect LSD1 mRNA (Fig.S2) or LSD1 associated with other
repressors at other sites (Fig.5D). Lower LSD1 concentrations shift the binding of
pSMAD2-3 to JMID2A, which levels remain constant in TGF-Bl-exposed cells
(Fig.S11B). Figure 7 shows a summary of the chromatin changes at SNAIL1 and
WIF1 promoters in cells exposed to TGF-B1. The growth factor induces changes of
histone (H3) methylation code and recruitment of various factors to the SNAIL1 and
WIF1 promoters. Specifically all profiles shown, display a biphasic pattern and that
the period 30 to 60 min of TGF-B1 stimulation is critical for the activation of SNAIL1
and repression of WIF1. This is suggested by the following observations: the
histone H3 eviction is very rapid (30 min) and overlaps with high LSD1 levels at
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WIF1 promoter (Fig.5D); at the SNAIL1 site, the repressive complex is eliminated
stepwise, first, HDAC3 at 30 min, second, LSD1 at 60 min and eventually, NCoR1 at
90 min (Fig.4D and 6A); between 30 and 60 min, pSMAD2-3 and JMJD2A form a
complex at the SNAIL1 promoter site (Fig.S9A); at 60 min, OGG1 levels, present at
SNAIL1 and WIF1 promoter sites, significantly decrease (Fig.S6) as well as the levels
of histone methyltransferases, SUV39 and SET9 (Fig.S8A); at 90 min TGF-B1, LSD1 is
again recruited at the SNAIL1 promoter, but without the co-repressor NCOR1 or
HDAC3 (Fig. 4D and 6A). In the absence of repressors, LSD1, in vivo can
demethylases H3k9me2 and activate transcription (Fig.4D)!0®19'110  Collectively,
Fig.7 shows that histone methylation-demethylation, recruitment of repair
enzymes and transcription factors (pSMAD2-3) follow a cyclical pattern both at the
TGF-B1-induced (SNAIL1) or repressed (WIF1) transcription units. These chromatin
changes are similar to those observed in cells constitutively expressing SNAIL1
gene!!l, The critical event is the appearance of phospho-SMAD2-3 at the SNAIL1
promoter. At this site, the phosphorylated proteins stabilize the active complex
formed with JMJD2A (Fig.S9). These sites are previously cleared by LSD1, which
reduces the basal transcription and sensitizes the cells to TGF-B1. Only under these
conditions it has been possible to detect TGF-Bl-induced early chromatin and
transcriptional changes. After 90 min TGF-B1 exposed cells de-synchronize and the
cyclical chromatin changes escape detection due to increased cell-to-cell stochastic

variations!t#113/114,
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5.DISCUSSION

The data reported show that in epithelial mammary cells, EMT induced by TGFB1 is a
redox dependent process. Many studies in the last years have been focused their
attention on the role of ROS in EMT 1’116 Oxidative stress is a complex process
implicated in many human pathological and physiological pathways. Many factors
such as inflammation, cytokines, grow factors produced and released in tumors
microenvironment by various cell types such as cancer associated fibroblast, CAF, or
macrophages may cause oxidative stress in epithelial cells which can sustain EMT
program. With this work, an important element is added: ROS induced by TGF-B1 in
the nuclear compartment by the histone demethylase, LSD1, are essential for

SNAIL1 induction and the establishment of the EMT program.

5.1 Nuclear ROS wave induced by TGF-1

It’s well known that TGFB1 induces an initial oxidation, generated by membrane-
bound NADPH oxidase enzymes which are NOX-2 and NOX-4'. This is
accompanied by activation of SMADs proteins, which are phosphorylated by
several kinases, including stress kinases, JNK, p38. While this membrane-cytosolic
pattern is well known!8, nuclear oxidation burst TGB1 induced is novel. The source
of these nuclear ROS is the histone demethylase LSD1 (Fig. 2C) and nuclear ROS
production causes DNA oxidation testified by recruitment of OGG1 at the SNAIL1 or
WIF1 promoters; a recruitment that suggests an activation and a repression of
transcription by TGF-B1, mediated by ROS. Changes of histone methylation code
and loss or gain of repressors correlate very well with activation of SNAIL1 and

repression of WIF1 transcription induced by TGF-B1.
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5.2 TGF-B1 coordinates the action of LSD1 and JMJD2A to induce SNAIL1

expression

Timing in TGFB1 induced EMT is very important, since the main chromatin changes
occurs within 30-60 minutes after TGB1 administration (Fig.7). Indeed TGB1 at 30
minutes, facilitates the recruitment of JMJD2A and the successive elimination of
H3-k9me3, a repressive marker, at 60 minutes at SNAIL1 promoter (FIG.4C and 4D).
On the other hand, WIF1 promoter is stably silenced by the recruitment of LSD1
(Fig.5D) and associated co-repressors (NCoR1-HDAC3) (Fig. 6B).

TGF-B1-induced LSD1, transiently represses SNAIL1 and prepares the promoter for
the activation by JMJD2A (Fig.4). Conversely, the significant gain of repressors at
WIF1 promoter (30-60 min TGF-B1) induces stable repression of transcription
(Fig.6). These date show the poliedric effect of a signal, which could induce both
transient and stable repression depending on factors recruited at promoters sites.
It is important to underline that activation of SNAIL1 requires both LSD1 and
JMIJD2A: basal transcription of SNAIL1 is turned off by cooperation of LSD1 together
with NCorl and HDAC3 (Fig.4D and 6A) which physically occupy SNAIL1 promoter.
After TGFB1 treatment, LSD1 further reduces basal transcription by demethylating
H3K4me2, an active marker, but at 60 minutes the enzyme is turned away from
SNAIL1 promoter by a complex formed by pPSMAD and JMJD2A (Fig.6C and D). LSD1
demethylates H3k4dme2, which is formed by SET9, recruited at 30 min at the SNAIL1
promoter (Fig.7). The other histone demethylase JMID2A, upon TGF-B1 challenge,
demethylates H3k9me3, a repressive marker, (Fig.4C) and activates transcription
associated with pSMAD2/3 (Fig.6C). The oxidation burst at 30 minutes is due to
cells synchronization by TGFB1 as shown by 8-oxoG signal (Fig. 2) and to LSD1
activity but not JMJD2A (Fig.S7). The importance of the presence of LSD1 at the

SNAIL1 promoter to trigger EMT has been shown by LSD1 depletion or expression
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of LSD1 dominant negative mutant: high levels of basal SNAIL1 block EMT induced
by TGFB1 (FIG. 2). Moreover, LSD1, in the absence of JMJD2A, cannot induce TGFB1
EMT (Fig. S7) indicating that LSD1 cooperates with JMID demethylases. Members
of JMID family required for EMT TGF-B1 induced are known. For example, JMJD3,
which demethylates H3k27m3, another repressive mark, is required for EMT
induction®®. Collectively, these data highlight the role of IMJD demethylases and
their cooperation with LSD1 to induce EMT. There is also a general implication on
the control of nuclear oxidation. These enzymes with a different mechanism of
action control both hydrogen peroxide levels (LSD1) and redox status of iron since
JMIJD family enzymes contain Fe++. This control of DNA oxidation represents an
important factor assisting the recruitment and the assembly of transcription

initiation complex that triggers EMT.

5.3 Periodic cycles of histone methylation and DNA oxidation, induced by TGB1,

govern the induction of EMT transcriptional program.

This process which opens the chromatin, induces formation of chromatin loops and
governs cycles of histone methylation, is very similar to the events induced by
estrogens and retinoic acid to stimulate transcription of target genes 120121122,
Simultaneously to this, WIF1 silencing by TGB1 occurs through complex constituted
by LSD1-HDAC3-NCorl (Fig. 6B and Fig. S3). Moreover, also in this process, ROS
play a fundamental role involving other factors such as JNK and ATF3%. The final
result is the inhibition of WIF and activation of Wnt/B-catenin cascade, which
contributes to EMT program.

Summarizing, EMT program could be described as an oscillatory process where

transient and reversible changes of chromatin could reflect typical features of EMT
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such as reversibility and gradient of intermediate expression between epithelial
and mesenchymal state. These changes, responsible for activation or suppression
of transcription, occur in a specific time frame where LSD1, stimulated by TGFB1,

takes on the role of metronome.
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6.FIGURES AND TABLES
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Figure 2
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Figure 3
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Figure 4
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Figure 5

WIF1 promoter
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Figure 6
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Figure 7
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Fig.S1
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Fig. S3
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Fig. S4
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Fig. S5
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Fig. S6
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Table T1:

mRNA

SNAIL Fw 5-GAGGCGGTGGCAGACTAG-3"
SNAIL Rv 5-GACACATCGGTCAGACCAG-3’
WIF1 Fw 5-TGAAGTGGATGTGATTGTTATG-3
WIF1 Rv 5-TCAGGACACTCGCAGATGCGT-3’
LSD1 Fw 5-GATTCAGCTGACATTTGAGGCT-3"
LSDIRv 5-CTGTCGAGCTGCTGCCAAGCCT-3’
JMID2A Fw 5-CCAGAACCAACCAGGAGC-3’
JMIDZ2A Rv 5’-TTCACT GCGCGAGACCAT-3’

185 Fw 5-GCGCTACACTGACTGGCTC-3’
18SRv 5-CATCCAATCGGTAGTAGCGAC-3"
Chip

SNAIL Fw 5-ACTGGACCAGAAGCTACCCTTCG-3’
SNAIL Rv 5-TGACATCTGAGTGGGTCTG-3’
WIF1 Fw 5-CGGGTTATCAGGGAGACAGA-3’
WIFI1 Rv 5’-CTCCCTTTCAGCCAGTAGGA-3’
TSHR Fw 5-ACCGAGACCCCTCTTGCTCT-3’
TSHR Rv: 5-AGTTGCTAACAGTGATGAGAGGCT-3’
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6.1 FIGURE LEGENDS

Fig. 1. TGF B1-induced ROS are essential for EMT in MCF-10A cells.

A and B: ROS induced by TGF-B1. A. Cells were serum-starved for 24h before stimulation with 10
ng/ml TGF-B1 for the indicated times. H,0; production was evaluated as described in Materials
and Methods. The results are representative of three experiments. Student t-test, *p<0.005
treatments vs control. B. Cells were pretreated with 5 mM NAC or 1 pug/ml catalase for 15 min
before stimulation with 10 ng/ml TGF-B1 for 30 min. The results are representative of three
experiments. Student t-test, *p<0.005 treatments vs control. C to F: E-N cadherin switch induced
by TGFB1. Cells were pre-treated with 5 mM NAC for 15 min and then stimulated with 10 ng/ml
TGF-B1 for 30 min. After 72h cells were lysed and subjected to immunoblot analysis for E-
cadherin, N-Cadherin, a-SMA and B-actin. D. Photographs of cells treated as indicated were taken
with a phase/contrast microscope. E. Representative images of cells treated as indicated, fixed
and examined by immunofluorescence microscopy of phalloidin and E-cadherin. F. MCF-10A cells
were pre-treated with 5 mM NAC or 5 uM DPI for 15 min before stimulation with 10ng/ml TGF-
B1 for 90 min. Total RNA was extracted and SNAIL1 mRNA levels were analyzed by gRTPCR.
Results are representative of three experiments. *p<0.005 treatment vs control. The primers

used are shown in Table I.

Fig. 2. Nuclear ROS induced by TGF B1 require the histone demethylase, LSD1. A.
Immunofluorescence detection of 8-oxoG by fluorescein-tagged 8-oxoG-binding protein of cells
pre-treated with 5 mM NAC or 5uM DPI for 15 min before stimulation with 10 ng/ml TGF-B1 for
30 min. B. LSD1 targeting by siRNA reduces LSD1 mRNA in MCF10A cells. A specific siRNA
targeting LSD1 or a scrambled siRNA was electroporated in MCF10A cells as described in
Materials and Methods. 72 h later, total RNA was extracted, reverse transcribed, and amplified
with specific primers to human LSD1 and a reference gene (B-actin or 18SRNA). The normalized
data derive from at least 3 experiments. C. Immunofluorescence of 8-oxoG binding protein in
control or 24 h LSD1-depleted cells, pre-treated with 5 mM NAC for 15 min before stimulation
with 10ng/ml TGF-B1 for 90 min. D. Immunofluorescence microscopy of phalloidin and E-
cadherin in control or LSD1-depleted cells exposed to 10ng/ml TGFB1 for 90 min. The primers

used are shown in Table I.
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Fig. 3. LSD1 represses SNAIL1 expression.

A. LSD1 was depleted in MCF-10A (shLSD1) for 72 h (Fig.S2) and stimulated with 10 ng/ml TGF-
B1 for 90 min (inset). Total RNA was extracted and SNAIL1 or LSD1 (inset) mRNA expression
levels were analyzed by qRT-PCR. Results are representative of three experiments: * p<0.005
TGF-B1 vs control; ** p<0.005 shRNA LSD1+TGF-B1 vs TGF-B1. B. Cells were transiently
transfected with expression vectors encoding wild type human LSD1wild type (wtLSD1) or a
dominant negative mutant at threonine 110 (mutALA) or the 54phospho-mimetic mutant at
the same site (mutASP) (13, 23) for 48 h. After stimulation with 10 ng/ml TGF-B1 for 90 min,

total RNA was extracted and SNAIL1 mRNA expression was analyzed by qRT-PCR.

Results are representative of three experiments: * p<0.005 transfected cells vs control. C and D.
Basal and TGF-B1-induced SNAIL1 are altered in cells expressing LSD1 mutants. SNAIL1 mRNA
analysis was carried out by qPCR with specific primers and normalized to 18S RNA. Panel D shows
the normalized induction at 90 min TGFB-1. * p<0.001 transfected cells vs control (mock).**

p<0.005 cells expressing wtLSD1 vs mutALA. The primers used are shown in Table I.

Fig. 4. TGF-B1 at the SNAIL1 promoter induces histone H3-k4 and k9 methylation changes, loss of
LSD1 and recruitment of JMJD2A.

Chromatin from MCF-10A cells, stimulated with 10 ng/ml TGF-B1 for 30 min, was immune-
precipitated with —anti-H3 (A) anti-H3k4me2/3 (B) or anti anti-H3kme2/3 (C) or anti-LSD1 or
JMJD2A (D) antibodies. The region encompassing the SNAIL1 promoter (see Materials and
Methods) and a region in a gene not induced by TGF-B1, human TSH receptor gene (Fig.S5) were
amplified by RT-PCR. Normal mouse preimmune IgG was used as a negative control. The bar
graph shows the gqPCR signals in immunoprecipitates, normalized to input DNA and histone H3
content from each sample. Data are reported as mean+SD of three experiments. * p<0.005 TGF-
B1 stimulated cells vs control; ** p<0.001 90 or 60 min TGF-B1 stimulated cells vs 30 min. The

primers used are shown in Table I.

Fig. 5. TGF-B1 at the WIF1 promoter induces histone H3-k4 and k9 methylation changes and

recruitment of LSD1.

Chromatin from MCF-10A cells stimulated with 10 ng/ml TGF-B1 for 30 min was immune-
precipitated with—anti-H3 (A) anti-H3k4me2/3 (B) or anti anti-H3k9me2/3 (C) or anti-LSD1 or

JMJD2A (D) antibodies. The region encompassing the WIF1 promoter (see Materials and
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Methods) and a region in two genes not induced by TGFB1 (Fig.S5) were amplified by RT-PCR.
Normal mouse pre-immune IgG was used as a negative control. The bar graph shows the qPCR
signals in immunoprecipitates, normalized to input DNA and histone H3 content from each
sample. Data are reported as meanzSD of three experiments. * p<0.005 TGF-B1 stimulated cells
vs control; ** p<0.001 60 or 90 min TGF-B1 stimulated cells vs 30 min TGF-B1. The primers used

are shown in Table I.

Fig. 6. Loss or gain of repressors at SNAIL1 and WIF1 promoters, respectively.

Phosphorylated SMAD2/3 induced by TGF-B1 binds and recruits JMJD2A allowing LSD1 depletion
from the SNAIL1 promoter. Chromatin from MCF-10A cells stimulated with 10 ng/ml TGF-B1 for
30 min was precipitated with—anti-NcoR1 or HDAC3 (A and B) antibodies and amplified by qPCR
with primers corresponding to the SNAIL1 gene (A) or WIF1 (B) promoters and the same region in
two genes not induced by TGF-B1 (Fig.S5) were amplified by RT-PCR. C and D show ChIP analysis
of SMAD2-3 and phosphorylated SMAD2-3 at the SNAIL1 and WIF1 promoters, respectively.
Normal mouse pre-immune IgG was used as a negative control. The bar graph shows the qPCR
signals in immunoprecipitates, normalized to input DNA and histone H3 content from each
sample. Data are reported as meanzSD of three experiments. * p<0.005 TGF-B1 stimulated cells
vs control; ** p<0.001 90 or 30 min TGF-B1 stimulated cells vs 60 min TGF-B1. E and F show the
immunoprecipitation of total cell extracts with antiSMAD2-3 antibodies and immunoblot with
anti JMJD2A | or LSD1 (F) antibodies. Briefly, MCF-10A cells were stimulated with 10 ng/ml TGF-
B1 for the indicated times. Cells were lysed and Smad2/3 was immunoprecipitated and separated
and immunoblotted with anti-JMJD2A or LSD1 antibodies. The bar graph derives from the
densitometric scanning of the gel band normalized to the fraction of SMAD2-3

immunoprecipitated. The primers used are shown in Table I.

Fig. 7. Cyclical oscillations of H3 histone methylation, recruitment of BER and demethylases at

promoters of TGF-B1 activated and repressed genes.

Summary of the ChIP and RNA expression data at various times after TGF-B1l exposure of
MCF10A cells. On the left are shown ChIP and RNA data expressed in arbitrary units relative to
SNAIL1 or WIF1 gene, respectively. On the right are shown the proteins analyzed (color-coded).
Peaks of chromatin recruitment of LSD1 (red) and JMJD2A (green) are indicated in the second

and third row from the top.

Supplementary Figures
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Figure S1. TGF-B1 induces SNAIL1 expression .

RNA analysis of SNAIL1 gene following TGF-B1 exposure. MCF-10A cells were stimulated with 10
ng/ml TGF-B1 for the indicated times, total RNA isolated, reverse transcribed and amplified by
gPCR with specific primers. The values were normalized to 185 RNA. The experiments were
repeated three times in triplicate. *p<0.01 as compared to control (0). **p<0.01 as compared to

30 min TGF-B1. The primers used are shown in Table I.

Figure S2. LSD1 silencing.

MCF10A cells were transfected with an expression vector encoding shRNA targeting LSD1 and
72 h later were treated with 10 ng/ml TGF-B1 for the indicated times. Total RNA was extracted,
reverse transcribed and amplified by gqPCR with LSD1 specific primers. The values were
normalized to 185 RNA .* p<0.01 as compared to control (0) transfected with scrambled shRNA;
** p<0.01 as compared to 90 min TGF-B1 transfected with scrambled shRNA. The primers used

are shown in Table I.

Figure S3. TGF- B 1 inhibits WIF1 expression through LSD1

MCF10A cells were transfected with an expression vector encoding shRNA targeting LSD1 and 72
h later were treated with 10 ng/ml TGF-B1 for the indicated times. Total RNA was extracted,
reverse transcribed and amplified by gPCR with WIF1 and LSD1 specific primers. The values were
normalized to 18SRNA .* p<0.01 as compared to control (0) transfected with scrambled shRNA;
** p<0.01 as compared to 90 min TGFB1 transfected with scrambled shRNA. The primers used

are shown in Table I.

Figure S4. Tranylcypromine or Parnate, a LSD1 catalytic inhibitor, blunts TGF31 SNAIL1 induction

and relieves WIF1 silencing.

MCF10A cells were pre-treated with tranylcypromine or parnate (1 ug/ml) for 60 min and
stimulated with 10 ng/ml TGF-B1 for the indicated times. Total RNA isolated, reverse transcribed
and amplified by gPCR with specific primers. The values were normalized to 18SRNA or GADPH. A
and B show SNAIL1 and WIF1 mRNA quantification, respectively. *p<0.01 as compared to
untreated control (0). **p<0.01 as compared to treated-samples before TGF-B1 treatment. The

primers used are shown in Table I.
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Fig.S5. TGF-Bldoes not modify H3 methylation or LSD1-JMJD2A recruitment at a control gene,
TSHR.

MCF10A cells were stimulated with 10 ng/ml TGF-B1 for the indicated times. ChIP analysis with
anti H3, H3k4me2-me3, H3k9me2-me3, LSD1 and JMJD2A antibodies as indicated in each panel.

The primer used for the reference gene, TSH receptor, is shown in Table I.

Figure S6. TGF-B1 induces recruitment of OGG1 and APE1l at both induced and repressed

promoters

MCF10A cells were stimulated with 10 ng/ml TGF-B1 for the indicated times. ChIP analysis with
anti OGG1 and APE1 antibodies was performed as described in Materials and Methods. The
regions analyzed are the promoters of SNAIL1 (A), WIF1 (B) and TSHR (C), as indicated in Table I. *
p<0.001 TGF-B1 stimulated cells vs control; ** p<0.001 TGF-B1 stimulated cells 60 min vs 30 min.

The primers used are shown in Table I.

Fig.S7. JMID2A silencing impairs TGF(-1 induced EMT but not TGF-B1 production of ROS.

MCF10A cells were transfected with specific siRNA targeting JMID2A and were stimulated with
TGF-B-1 72 h later in the presence or absence of NAC as indicated in Fig.1 and 2. In A is shown
the immunofluorescence of oxoG binding protein as illustrated in Fig.2. B shows the quantitative
analysis of the same samples shown in A an indicated below the histogram, C shows the
immunofluorescence of a representative image of control or JMJD2A-silenced cells induced with
10 ng/ml TGF-B1 for 30 min, fixed and examined by immunofluorescence for Phalloidin and E-
cadherin staining. D shows the image quantification of SNAIL1 expression as illustrated in
Materials and Methods. E shows JMJD2A RNA analysis in cells transfected with siRNA targeting
JMIJD2A. * p<0.001 TGF-B1 stimulated cells vs control; # p<0.001 control scrambled vs siRNA

JMJD2A in TGF-B1 stimulated cells. The primers used are shown in Table I.

Figure S8. TGFB-1 induces the recruitment at SNAIL1 and WIF1 promoter sites of the histone

methyl transferases, SUV39- SET9.

ChIP analysis of cells exposed to TGF-B1 for the indicated times and processed for
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ChIP analysis with antibodies specific to SUV39 and SET9. The regions analyzed are SNAIL 1, WIF1

and TSHR promoters. The primers used are shown in Table I.

Figure S9. Re-ChIP analysis of SMAD2-3 immunoprecipitates at the SNAIL1 and WIF1
promoters. A. ChiP performed with anti-SMAD2-3 immunoprecipitates at SNAIL1 or WIF
promoters were re-ChIPPed with anti JMJD2A (B) or anti-LSD1 (C) antibodies. Cells were
stimulated with TGF-B1 for the indicated times and processed as described in Materials and
Methods. Re-Chipped values are plotted as % of the first ChIP shown in A. The primers used are

shown in Table I.

Figure S10. TGFB-1 controls the levels of LSD1 protein. Cells were stimulated with TGF-3-1(10
ng/ml) and the extracts collected and analyzed by immunoblot with specific antibodies to LSD1
(A) and JMJD2A (B). The upper panels show the quantitative analysis of at least 3 experiments. C
and D show the same experiment in which the cells were pre-treated with the proteasome

inhibitor, MG132 (10 ug/ml) for the period indicated in the presence or absence of TGFB-1.
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