REVIEW

Molecular & Cellular Oncology 1:2, €960770; April/May/June 2014; Published with license by Taylor & Francis Group, LLC

The Epithelial-to-Mesenchymal Transition (EMT),
a Particular Case

Joan Pau Cebria-Costa', Alba Millanes-Romero?, Antonio Garcia de Herreros'3, and Sandra Peiré'*

'Programa de Recerca en Cancer; IMIM (Institut Hospital del Mar d’Investigacions Mediques); Barcelona, Spain; %Institute for Research in Biomedicine (IRB Barcelona);
Barcelona, Spain; >Departament de Ciencies Experimentals i de la Salut; Universitat Pompeu Fabra; Barcelona, Spain

Keywords: epithelial to mesenchymal transition, heterochromatin, histones

Abbreviations: 3C, chromosome conformation capture; ChIP, chromatin immunoprecitpitation; CSC, cancer stem cells;
DGE, digital gene expression; EMT, epithelial to mesenchymal transition; EMT-TF, EMT-Transcription Factors; ES, embryonic
stem cells; HP1, heteroprotein 1; LINES, long interspersed elements; LNA, locked-nucleic acid; IncRNAs, long non-coding RNAs;
LOCKs, large organized chromatin domains enriched in H3K9m2; MEFs, mouse embryonic fibroblasts; MET, mesenchymal
epithelial transition; NMuMg, mouse epithelial mammary gland; SINES, short interspersed elements;
TERRA, telomeric repeat-containing RNA

Constitutive heterochromatin, an essential structure that
has been conserved throughout evolution, is required
to maintain genome stability. Although heterochromatin is
enriched for repressive traits, it can be actively transcribed to
generate thousands of noncoding RNAs that are required for
correct chromatin assembly. Despite the importance of this
structure, how and why heterochromatin transcription is
regulated, and the proteins responsible for this regulation,
remain poorly understood. Here, we summarize recent
findings in heterochromatin transcription regulation during
different cellular processes with a focus on the epithelial-
mesenchymal transition (EMT), which elicits important
changes in cell behavior, has a key role in early development,
and is involved in cancer progression.

Chromatin Organization

DNA in the nucleus is folded into chromatin through the for-
mation of a basic structural and functional unit called the nucleo-
some. Each nucleosome consists of 146 base pairs of DNA
wrapped around a histone octamer composed of 2 molecules
each of histones H3, H2A, H4, and H2B.! Nucleosomes are
kept in clusters by linker DNA that is associated with histone H1
or H5. These linker histones organize the nucleosome arrays into
a more condensed 30-nm chromatin fiber, typically postulated as
the second structural level of DNA orgzmizzltion.2 However,

© Joan Pau Cebria-Costa, Alba Millanes-Romero, Antonio Garcia de Herreros,
and Sandra Peir6

*Correspondence to: Sandra Peird; Email: speiro@imim.es

Submitted: 06/12/2014; Revised: 07/25/2014; Accepted: 08/01/2014
http://dx.doi.org/10.4161/23723548.2014.960770

This is an Open Access article distributed under the terms of the Creative
Commons Attribution-Non-Commercial License (http://creativecommons.
org/licenses/by-nc/3.0/), which permits unrestricted non-commercial use,
distribution, and reproduction in any medium, provided the original work is
properly cited. The moral rights of the named author(s) have been asserted.

www.landesbioscience.com

Molecular & Cellular Oncology

chromatin is additionally organized into a higher-order structure
inside the nucleus. Although it is clear that this structure is bio-
logically relevant, how the spatial organization of the genome is
linked to its biological function is still poorly understood.?
Recent advances in genomic technologies, such as the develop-
ment of chromosome conformation capture (3C)* and, more
recently, the Hi-C technique,” have provided new information
about trans and cis interactions of DNA and have led to rapid
advances in the study of the 3-dimensional genome organization
in vivo. For example, distant loci on the same chromosome have
been found to be physically associated.®

Chromatin can be divided into 2 types, heterochromatin and
euchromatin, based on its compaction status in interphase. Het-
erochromatin has been defined as a chromosomal region that
remains condensed throughout the cell cycle and is gene-poor,
contains heterochromatin protein 1 (HP1), and is enriched in
hypoacetylated histones, methylated histone H3 at lysine 9
(H3K9), and methylated DNA.”® On the other hand, euchro-
matin is less condensed, contains most of the genes, and is
enriched in acetylated histones H3 and H4 and methylated
H3K4.” Heterochromatin can be subdivided into constitutive
and facultative heterochromatin. In higher eukaryotes, repetitive
and noncoding sequences as well as regions important for
genome integrity, such as telomeres and centromeres, are kept
stably heterochromatinized; these regions are referred to as con-
stitutive heterochromatin. In contrast, facultative heterochroma-
tin is defined as condensed and transcriptionally silent chromatin
that can decondense for transcription depending on the develop-
mental state, cell cycle phase, or chromatin positioning. There-
fore, although facultative heterochromatin is transcriptionally
silent, it retains the potential to convert to euchromatin.'®"!

The centromere region is characterized by the presence of 2
different types of chromatin: centric and pericentric heterochro-
matin. These 2 domains are enriched in repetitive sequences and
specific epigenetic traits. Centric chromatin has a particular his-
tone variant called cenH3, as well as specific proteins that are
required for kinetochore formation. Pericentromeric heterochro-
matin contains hypoacetylated histones and methylated H3K9
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and H4K20. Pericentromeric heterochromatin is also rich in
HP1, a protein essential for maintaining the heterochromatin
structure. In mouse somatic cells, these heterochromatin areas are
organized into clusters called chromocenters'?; the number and
the size of these clusters are indicators for how the pericentro-
meric heterochromatin is organized.

Heterochromatin Transcription

Constitutive heterochromatin accounts for more than 50% of
the human genome'® and, although highly compacted, is tran-
scribed.'®"> Tn stark contrast, protein-coding sequences represent
approximately 2% of the human genome.'® Despite this huge
difference, litde is known about the function of most of these
heterochromatin RNAs and their regulation. It has recenty
become clear that these regions are transcribed to generate a new
subtype of long non-coding RNAs (IncRNAs); indeed, long peri-
centromeric transcripts of up to 8 kb have been detected.'” These
heterochromatin transcripts are differendally expressed in differ-
ent cell types and their levels are modulated by distinct stimuli,
suggesting that this transcription is tightly regulated.

Although this review focuses on the transcription of pericen-
tromeric and interspersed repeats, it is worth mentioning that
telomeres of eukaryotic chromosomes are also transcribed by
RNA Pol II to generate different non-coding RNAs, including
the telomeric repeat-containing RNA (TERRA).'®

Heterochromatin Regulation during Fertilization, Cell
Differentiation, Cellular Stress, and Cancer

At the moment of fertilization the organization of pericentro-
meric maternal and paternal heterochromatin differs consider-
ably," although both are equivalent by the 8-cell stage.”**'
During this early stage of development in mice a particular het-
erochromatin state is acquired that requires transcription of a
pericentromeric repetitive sequence, known as major satellite
RNA, that is initiated by a burst in synthesis of the forward major
satellite strand. At the 4-cell stage, transcription of both strands is
downregulated. Disruption of this transcriptional heterochroma-
tin regulation using locked-nucleic acid (LNA)-DNA gapmers
that target major transcripts leads to developmental arrest at the
2-cell stage.”” These repetitive transcripts are detected again in
advanced stages of mouse development and are ubiquitously
expressed in several tissues. However, the expression pattern in
the adult is more restricted and tissue-specific.”?

The expression levels of pericentromeric transcripts are also
modified during several processes of differentiation. For example,
in P19 cells the major satellites are downregulated by retinoic
acid, which induces differentiation, suggesting a relationship
between major satellite transcription and reprogramming.23 In
contrast, an increase in transcription is observed during terminal
muscle differentiation, resulting in global heterochromatin
reorganization.z4

Pluripotent stem cells express high amounts of HERV-H
retrovirus, a heterochromatin sequence, and this expression
decreases upon differentiation.?® In fact, transcription of satellite
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repeat sequences, including major, minor, long interspersed ele-
ments (LINES), and short interspersed elements (SINES), is sig-
nificantly higher in embryonic stem (ES) cells than in ES-derived
neural progenitor cells, and the transcriptional status of these
sequences correlates with the degree of active chromatin marks
such as H3K4me3 and H3K9/K14ac.?

Regulation of pericentromeric transcription is also important
for the cellular stress response. In human cells, alpha-satellite
repetitive sequences are located in the pericentromeric and cen-
tromeric regions in almost all chromosomes. The high degree of
similarity between these sequences makes it difficult to discern
the origin of specific sequences. However, other sequences within
pericentromeric regions, such as LINEs, SINEs, and satellite III,
can be more easily analyzed.””*® SINEs are upregulated in stress
conditions. The human Alu RNA transcribed from SINEs
represses the transcription of 4 housekeeping genes in #rans dur-
ing the heat shock response.””>® Heat shock also activates the
formation of RNA Pol II factories, facilitating satellite III tran-
scription.”' ™’

Senescence can be considered a stress-dependent exit of the
cell cycle. Transcription of the major satellite increases during
senescence in cardiac muscle.** Heterochromatin transcription is
also regulated during the cell cycle; the transcription of 2 differ-
ent populations of major and minor satellite repeats from hetero-
chromatin regions increases in late G1 and then decreases during
mid-late S phase, when heterochromatin is replicated.”

The expression of repetitive sequences in human primary
tumors has not been extensively analyzed, probably because of
the bias of microarray platforms toward including annotated cod-
ing sequences and excluding repetitive sequences. Recent studies
using a next-generation digital gene expression (DGE) method
showed that pericentromeric satellites are overexpressed in
human pancreatic adenocarcinomas, especially for the o satellite
and HSTAIII transcripts; this pattern is also observed in other
cancers (lung, kidney, ovary, colon, and prostate).>® Further-
more, epithelial primary tumors were found to overexpress
LINE1 and aberrantly express neuroendocrine-associated genes
located near LINE1 insertions. The authors suggest that this
aberrant expression of heterochromatin transcripts may reflect
global alterations in heterochromatin.

Opverall, these data show a relationship between the cellular
state and global levels of heterochromatin transcripts. As indi-
cated above, other results indicate the biological relevance of this
regulation—for example, disruption of heterochromatin regula-
tion in early mouse development induces 2-cell stage arrest”*—
thus highlighting the functional relevance of these transcripts.
Indeed, we have recently shown that major satellite regulation
plays a critical role during the epithelial-mesenchymal transition
(EMT). Below, we further examine this phenomenon to exem-
plify how heterochromatin regulation helps control an important
cellular transition.

The Epithelial-Mesenchymal Transition

The EMT program describes a series of events that affect epi-
thelial cells, causing them to lose many of their epithelial charac-
teristics and acquire mesenchymal properties. In physiological
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treatment with TGFB to acquire mesenchymal properties. During this process EMT-transcription factors (EMT-TFs) are
upregulated and transcriptional and heterochromatin changes take place.

vides tumor cells with
some cancer stem cell (CSC) traits.

The EMT process displays a high degree of plasticity, and can
be reversed through its conversion to the mesenchymal—epithelial
transition (MET).%? It has been proposed that MET is essential
for metastasis development in distal organs because secondary
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tumors typically show a similar morphology to that of primary
tumors. Moreover, EMT is not always completed, such that in
many tumors the epithelial cells only undergo a partial conver-
sion to the mesenchymal state and present a metastable pheno-
type characterized by co-expression of mesenchymal and
epithelial markers.*?

The EMT process is driven by a set of specific transcription
factors (including SNAIL1, ZEB1/2, and TWIST)** and
involves very extensive epigenetic reprogramming, similar to
processes that occur during other cellular changes such as stem
cell differentiation.” EMT inducers promote general chromatin
reorganization by recruiting chromatin remodelers, and this
reorganization is required to convert the epithelial cell to a final
mesenchymal state. Accordingly, it has recently been reported
that SNAIL1 triggers sustained but reversible epigenetic
changes.*® Several authors have demonstrated that SNAILI
binds transiently to its repressed target promoters, concomitant
with loss of histone activation marks and a gain of chromatin
repressive marks.*

Distinct pieces of evidence now suggest that regulation and
reprogramming of heterochromatin transcription are key events
in the EMT process. When non-transformed mouse epithelial
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mammary gland (NMuMG) cells are treated with TGFB to
induce EMT, they exhibit a downregulation in major satellite
expression at the same time that SNAIL1 is induced. Chromatin
immunoprecipitation (ChIP) experiments show that SNAILI
binds to major satellite DNA sequences at the start of EMT,
correlating with a block in major satellite transcription. This
effect on major satellite transcription promotes the release of
HP1 from chromocenters. Importantly, this regulation is essen-
tial for the EMT process, since NMuMG cells that are unable
to downregulate major satellites show impaired EMT.? This
model suggests that impairing heterochromatin transcription
compromises the EMT program, leading to cells that are less
able to migrate, less invasive, and with altered expression of
mesenchymal genes47 (Fig. 1). Along the same lines, McDonald
et al. have demonstrated that the nontransformed hepatocyte
cell line AML12 also undergoes EMT after treatment with
TGEFB, and that this occurs with global loss of electron-dense
heterochromatin areas, suggesting global epigenetic changes dur-
ing this process.*® Although the authors did not analyze consti-
tutive heterochromatin transcription, they detected a decrease in
the global levels of H3K9me2, specifically in large nonrepetitive
heterochromatin domains enriched in H3K9m2 (LOCKs)
(Fig. 1). They also observed that, although these domains are
not actively transcribed, they present increased H3K4me3 levels,
leading to the suggestion that such domains are in a “poised”
state.”® These changes in the global levels of H3K9me2 and
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H3K4me3 seem to be governed by the histone demethylase
LSD1; siRNA against LSD1 blocks this reprogramming and
also impairs the EMT,*® suggesting that this histone mark reor-
ganization is an essential prerequisite for EMT. Interestingly,
LSD1 interacts with SNAIL1 and is required for repression of
SNAILLI target genes such as CDH1 4

Heterochromatin Regulators

Transcription factors and histone modifications

Although it is now clear that the transcription of non-coding
heterochromatin RNAs has to be regulated, little is known about
the sequences and specific transcription factors involved in its
control. Some data suggest a partial dependence on several zinc
finger transcription factors. For example, the transcription factors
YY1 and Ikaros directly bind to the major satellite (y-satellite).”®
Pax3 and Pax9 repress pericentric repeats in MEFs and ES cells,
and depletion of these transcription factors results in an increase
of major satellite transcripts that leads to an impairment of the
heterochromatin  structure and defects in chromosome
segregation.”’

The tumor suppressor gene BRCAI is also involved in the reg-
ulation of heterochromatin transcription. Knockout mice for
BRCAI present disorganized heterochromatin that is associated
with upregulation of major satellite transcripts.”> The BRCA1
protein contains a RING finger domain with ubiquitin ligase E3
activity that (mono) ubiquitinylates histone H2A in major and
minor satellite regions to repress transcription. In the absence of
BRCAL the presence of ubiquityl-H2A in these sequences is
abolished.”?

Likewise, the phosphatase WIP1 is implicated in regulating
heterochromatin-associated sequences. Knockdown of WIP1 in
the cancer cell lines HCT116 and MCF7 leads to downregula-
tion of the L1 LINEs and HERV-H sequences.’” In the absence
of WIPI, levels of the repressive marks H3K9me3 and
H3K20me3, as well as 5-methyl-cytosine, are increased, while
those of H3K9ac are significantly reduced. This increase in
H3K9me3 correlates with enrichment in BRCA1, HP1vy, and
DNMT3B, although no ubiquityl-H2A was detected in these
heterochromatin regions. The authors also found a role for ATM
beyond its function at double-strand breaks. In L1 LINEs and
HERV-H sequences, ATM is both necessary and sufficient to
establish global DNA methylation; activation of ATM results in
enhanced BRCA1 binding to HPly, which correlates with
H3K9 methylation and transcriptional repression.””

H3K9me3 governs pericentromeric heterochromatin and is
required for genome stability.”* Double knockout of the histone
methyltransferases SUV39 1 and 2, which are required for H3K9
methylation, in ES cells leads to upregulation of pericentromeric
transcription. In this system, SUV39 also mediates DNA methyl-
ation of major satellite regions through the action of DNMT3.>

Transcription factors and histone modifications in EMT

SNAILI, the main inducer of the EMT program, also binds
major satellite sequences in mouse embryonic fibroblasts
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(MEFs).? Snaill knockout cells show an increase in major satel-
lite transcription and an altered heterochromatin structure.
Moreover, in NMuMG cells, entry into EMT after treatment
with TGFB induces the expression of SNAILI1, which then
represses major satellite transcription; this step is necessary for
the cells to fully acquire mesenchymal properties.*” The repres-
sive function of SNAILI requires the histone-modifying enzyme
LOXL2,’® which oxidizes H3K4 in heterochromatin major satel-
lite regions, a modification associated with the repression of
major satellite transcription during EMT.* Interestingly, Zeb1,
another zinc finger transcription factor and EMT inducer, has
also been shown to bind to major satellite regions.51

AMLI12 cells that are treated with TFGB to induce EMT
show a reduced global level of H3K9me2 and increased levels of
the active marks H3K4me3/K36me3 with no variation in the
DNA methylation pattern, correlating with a general increase in
transcription.48 This increase in global transcription fits well
with the acquisition of a “stem-like” phenotype by cells that are
undergoing the EMT program. The authors show a global
reprogramming in terms of histone marks associated specifically
with large heterochromatin domains (LOCKs) that is LSD1-
dependent. The levels of H3K36me2 increase in gene-rich
regions between LOCKs and the gene ontology of the corre-
sponding genes indicates that they have EMT-related functions.
The authors also demonstrated that the increase in H3K4me3 is
located in 190 LOCKs but is not associated with an increase in
gene transcription.48

The histone-modifying enzyme implicated in this process is
LSD1. Considering that LSD1 can demethylate H3K9 and
H3K4, the fact that it interacts with a distinct set of proteins at
the onset of EMT presents the intriguing possibility that LSD1
has distinct functions in cells undergoing EMT and in differenti-
ated cells. Indeed, H3K9me2 LOCKs are absent in ES cells and
are acquired during differentiation, contributing to a stable cell
phenotype. As mentioned above, LOCK reprogramming that is
acquired during EMT resembles that existing in ES cells, with
higher levels of H3K4m3 than H3K9me2.

Concluding Remarks

We still have only a poor understanding of the function of the
majority of IncRNAs, in particular those arising from pericentro-
meric regions. Some of these IncRNAs, transcribed mostly from
LINE sequences, seem to have the potential to form intermolecular
structures such as CoT-1 RNA.” When sumoylated, HP1a binds
forward major satellite transcripts at the periphery of pericentro-
meric regions, an interaction that guides HP1at to these domains.”®
Moreover, these pericentromeric transcripts are essential for both
nuclear reorganization and developmental progression.”® Further
possibilities to be investigated are that these transcripts require
processing analogous to RNAi-mediated degradation or, alterna-
tively, that heterochromatin transcripts function in cis or in #rans
on homologous target sequences. Future studies will clarify the role
of these RNA-based structures in genome packaging, gene regula-
tion and, uldmately, overall genome functon.
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cell behavior, shape, and responses, such as the EMT, should be

It is obvious that a process that instigates important changes in

linked to not only modifications in gene expression but also to

heterochromatin transcription regulation and global epigenetic
changes. Recent evidence suggests that this link could involve rear-

rangements of local 3-dimensional chromatin architecture. Epithe-
lial cells treated with TGF showed an increase in the number of
HPla foci strongly suggestive of chromatin rearrangement.”” We
have to keep in mind that this transition requires a massive and
finely-tuned regulation of heterochromatin and gene transcrip-
tion.*” Tt is clear that a true understanding of genome function
requires us to integrate what we have learned about the genome
sequence with what are still discovering about heterochromatin
transcription and the function of these noncoding RNAs.
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