View metadata, citation and similar papers at core.ac.uk

EPIGENETICS
2017, VOL. 12, NO. 7, 515-526
https://doi.org/10.1080/15592294.2017.1318235

brought to you by .{ CORE

provided by Diposit Digital de Documents de la UAB

Taylor & Francis
Taylor & Francis Group

REVIEW

‘ '.) Check for updates

3 OPEN ACCESS

Emerging roles of macrosatellite repeats in genome organization and disease

development

Gabrijela Dumbovic?, Sonia-V. Forcales?, and Manuel Perucho®”

Program of Predictive and Personalized Medicine of Cancer (PMPPC), Institut d'Investigacié en Ciencies de la Salut Germans Trias i Pujol (IGTP),
Campus Can Ruti, Badalona, Barcelona, Spain; "Sanford-Burnham-Prebys Medical Discovery Institute (SBP), La Jolla, CA, USA

ABSTRACT

Abundant repetitive DNA sequences are an enigmatic part of the human genome. Despite increasing
evidence on the functionality of DNA repeats, their biologic role is still elusive and under frequent debate.
Macrosatellites are the largest of the tandem DNA repeats, located on one or multiple chromosomes. The
contribution of macrosatellites to genome regulation and human health was demonstrated for the D4Z4
macrosatellite repeat array on chromosome 4q35. Reduced copy number of D4Z4 repeats is associated
with local euchromatinization and the onset of facioscapulohumeral muscular dystrophy. Although the
role other macrosatellite families may play remains rather obscure, their diverse functionalities within the
genome are being gradually revealed. In this review, we will outline structural and functional features of
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coding and noncoding macrosatellite repeats, and highlight recent findings that bring these sequences
into the spotlight of genome organization and disease development.

Introduction

Recently, there has been substantial progress in understanding
genome content and what is considered a functional DNA
sequence, moving away from the classical dogma centered on
protein coding genes. Even though repeats have been tradition-
ally considered as junk DNA because their functionality was
elusive, several repeat families have been recognized as impor-
tant players in genome structure, evolution and diversity."
Nevertheless, DNA repeats still remain one of the most puz-
zling components of the genome. As a constitutive part of the
genome, these sequences are replicated and maintained
through the individual’s successive generations. They fulfill the
concept of double helix “selfish” replicators, having their own
survivability pressure during evolution.>** Leaving aside their
own existence as individual “parasite” replicator entities, the
scope of this review is to describe their structural and func-
tional features in the context of their host human genome and
their impact on disease development.

The human genome contains a large portion of repetitive DNA.
While the current version of RepeatMasker identifies around 56%
of the human genome as repetitive,’ recent studies propose even
higher numbers, with estimates of up to 69%.” The vast majority of
repeats are still poorly investigated due to extensive computational
and experimental limitations. Repeat-rich regions are difficult to
align and assemble, thus they are frequently absent from the refer-
ence genome or not placed in their correct genomic context.® Fur-
thermore, high-throughput genome-wide studies, such as
ChIP-seq and RNA-seq, which became essential tools in molecular
biology research, are limited in analyzing repeat-derived reads as
they present ambiguities in alignment to the reference genome.’

For all these reasons, the study of the genomic implications of
repeat alterations at both DNA and RNA level is a difficult task.
Although these drawbacks have significantly hindered the progress
in understanding the role of repeats in genome stability and disease
development, repeated DNA sequences are gaining attention as
research on the noncoding genome is steadily growing.

Continuous work trying to illuminate the role of repeats in
the genome has put forward new perspectives on the mecha-
nisms by which they impact genome stability. Based on the pat-
tern of their distribution, DNA repeats can be classified as
interspersed repeats or tandem repeats'® (Fig. 1). Interspersed
repeats are dispersed across the genome and include retro
(pseudo)genes, tDNA, transposons, and local repeats. Tandem
repeats are organized in a head-to-tail orientation and include
ribosomal DNA (rDNA) and satellite repeats. Based on the size
of each repeat unit, satellite repeats can be further divided in
microsatellites with units of 1 to 6-10 bp, minisatellites with
repeat units from 10 bp to few hundred bp, and macrosatellites
with repeat units of several kb in length.'®""

It is estimated that satellite repeats cover around 3% of the
human genome,” with microsatellites being the most abundant.
Both, micro- and mini-satellites, display notable instability and
dynamics. Microsatellites are altered with a relative high frequency
both ontogenetically, and especially phylogenetically, during DNA
replication in mitosis due to slippage by strand misalignment.'*

Minisatellites also exhibit extreme polymorphisms in the
form of copy number, length, and sequence composition.
Unlike microsatellites, minisatellites can undergo alterations
during meiosis,">'* which made them suitable for DNA finger-
printing and population studies.>'® However, unlike the larger
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Figure 1. Repetitive DNA in the human genome. The diagram shows various clas-
ses of DNA repeats in the human genome, classified according to their pattern of
occurrence.

minisatellites, microsatellite-containing DNA fragments are
usually small enough to be amplified by PCR, and hence micro-
satellites have almost completely replaced minisatellites as
genetic markers.

Changes in mini- and micro-satellites correlate with various
diseases including cancer, and have been extensively studied.
For instance, microsatellite instability (MSI) is the landmark of
hereditary non-polyposis colorectal cancer (HNPCC), and also
accounts for around 10% of non-hereditary (sporadic) colorec-
tal cancers.'”*° Another example of the involvement of micro-
satellites in pathogenesis are the expansions of triplet repeat
motifs that are recognized as a cause of several neurologic and
neuromuscular diseases.”"** Triplet repeat expansion disorders
include common inherited diseases, such as Huntington’s dis-
ease, myotonic dystrophy, and fragile X syndrome. For exam-
ple, expansion of the cytosine-adenine-guanine (CAG) repeat
is the underlying cause of triplet repeat disorders collectively
known as polyglutamine diseases, one of which is Huntington’s
disease. Extended CAG tracts are translated into a series of
uninterrupted glutamine residues, which are prone to aggrega-
tion, thus causing cellular toxicity.

Accumulating evidence also reveals interesting aspects of
repeats in gene regulation. For instance, changes in the length
of GA and CA microsatellite dinucleotide repeats in gene pro-
moters were associated with differences in gene expression.**>°
Recently, this phenomenon was attributed to dinucleotide
repeat motifs having an effect on enhancer activity.”” Dinucleo-
tide repeat motifs are highly enriched in enhancers, particularly
in those that are broadly active across different cell types. The
importance of these motifs in enhancer function was demon-
strated by inserting these repeat motifs in an inactive sequence
that became a de novo active enhancer. Moreover, repeats were
shown to have a role in the regulation of long noncoding RNA
(IncRNA) expression, protein interactions, and subcellular
location. For instance, the X-inactive specific transcript
IncRNA (Xist), which inactivates the female inactive X chromo-
some, was demonstrated to recruit Polycomb repressive com-
plex 2 (PRC2) through the use of its repeat motifs located at
the 5’ end of Xist RNA, known as Repeat A region.”® Another
repeat motif in the first exon of Xist RNA, known as Repeat C,
was shown to be necessary for Xist RNA loading on the inactive
X chromosome by binding YY1, which bridges the interaction
of Xist RNA to DNA.”” The recently discovered long intergenic

noncoding RNA Firre (Functional Intergenic Repeating RNA
Element) is a strictly nuclear RNA that plays a role in adipo-
genesis by mediating trans-chromosomal interactions.’*’' A
local repeating RNA domain (named RRD) in the lincRNA
Firre was shown to act as a ribonucleic nuclear retention signal,
without which the Firre RNA location shifts from nuclear to
cytoplasmic.”” Other examples demonstrate that transposable
elements can regulate the expression of IncRNAs, dividing
them into cell type-specific classes and possibly regulating their
evolution.”®?* Collectively, these data suggest an important and
unforeseen role of distinct repeat classes as RNA and DNA reg-
ulatory elements.

More recently, macrosatellite repeats (MSRs) are emerging
as unique structures in the human genome. Although MSRs are
sequence-unrelated, they share some features (Table 1). These
include, spanning in tandem over hundreds of kilobases cover-
ing significant portions of the genome, being rich in CpGs,
thus often regulated by DNA methylation, and frequently
expressing noncoding and coding RNAs. Taken together, it is
now well accepted that MSRs have a structural and regulatory
role in the organization of the chromatin in the nucleus.

Coding, noncoding, and architectural roles of
macrosatellite repeats in genome organization and
disease development

MSRs epigenetic and/or genetic alterations are associated with
several human diseases, including cancer. The mechanistic con-
tribution of MSRs to disease development has been analyzed in
detail for some MSRs, such as D4Z4, while for others it is
unclear to which extent they may contribute to disease develop-
ment and genome stability. The number of macrosatellite
repeats in a tandem array is known to vary between different
individuals, from several to hundreds of copies, contributing to
significant copy number variation (CNV) that may be related
to disease.***” The true copy number of many macrosatellites
is probably underestimated.’®

It has been shown that repetition of a sequence in tandem
triggers automatic heterochromatization in cis in a copy num-
ber dependent manner.””™*! In 1998 Garrick et al. demonstrated
that higher copy number of a transgene is associated with its
hypermethylation and adaptation of a repressive local chroma-
tin configuration, resulting in transcriptional silencing of the
transgene.*’ On the contrary, reduction of transgene number to
just a few copies resulted in high transgene expression and
more accessible local chromatin structure. This repeat feature
has been proposed to serve as protection against the conse-
quences of parasitic sequence elements integrated in the
genome in high copy number, namely viruses and transpo-
sons.*” Tt has also been proposed that during evolution this
putative general feature of repeat elements was adapted to regu-
late expression of adjacent genes, mostly to induce silencing.*®

D4Z4 macrosatellite regulates local chromatin structure in
a copy number dependent manner

In somatic cells, many MSRs display features of heterochroma-
tin, with high DNA methylation and repressive histone marks,
such as trimethylation of the lysine 9 residue of histone H3
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Table 1. Main characteristics of some of the best-described macrosatellites in the human genome.

GC Methylation
Repeat Location content changes in Associated Encoded
Name length (kb) CNV (hg38) (%) disease disease product ncRNA Refs.
D4Z4 33 1-150 4935 71% DNA FSHD, ICF syndrome DUX4  Long sense transcript (DBE-T), #3081
hypomethylation long sense and antisense
transcripts originating within
each repeat unit, siRNAs,
miRNAs
DXZ4 3 12-100 Xq23 62% Long sense and antisense 616
transcript and small
antisense RNA
NBL2 14 not determined 21p11.2  62% DNA Ovarian, colorectal, 768186
hypomethylation® breast,
gastrointestinal
and hepatocelular
cancer,
neuroblastoma, ICF
syndrome
RS447 47 20-103 4p16.1  50% USP17  Long antisense transcript 899192
RNU2 6.1 5-82 17q21-  65% U2 snRNA 369899
q22
TAF11-Like 34 10-98 5p15.1  50% Possible role in TAF11 35109
schizophrenia
CT47 48 4-17 Xq24 48% CT47 noam

“Besides their frequent hypomethylation in cancer, in ovarian cancer, and Wilms tumors, NBL2/SST1 repeats were reported to be more frequently hypermethylated at

Hhal site, than hypomethylated at Notl site””.

(H3K9me3) and in some cases trimethylation of lysine 27 of
histone H3 (H3K27me3). Accordingly, it has been shown that
high copy number of some MSRs can have an effect on the
chromatin structure in cis and on the regions immediately
proximal, and thus contribute to genome stability by triggering
gene silencing. D474 is a 3.3 kb repeat located at the subtelo-
meric regions of chromosomes 4q35 and 10q26. It has been a
major research focus due to the link of the D4Z4 array from
chromosome 4q35 with the development of facioscapulohum-
eral muscular dystrophy (FSHD). FSHD is characterized by
progressive wasting of muscles in the face, shoulders, and upper
arms. The most common form of FSHD is FSHD1, accounting
for 95% of cases. FSHDI is an autosomal dominant disease,
with the only detectable genetic defect being the reduction in
the copy number of D474 repeats to less than 11 units within
the 4q35 subtelomeric repeat array, with the presence of at least
1 repeat unit necessary for FSHD1 development.*’ Healthy
individuals carry between 11 to 150 copies of D4Z4 that are
characterized by highly methylated DNA and organized in het-
erochromatic structure with H3K9me3 and H3K27me3. In
FSHD1 patients, reduced copy number of D4Z4 repeats is
accompanied by local loss of repressive marks and overexpres-
sion of surrounding genes.***’

In rare FSHD cases, D4Z4 copy number is not altered and is
within the normal range. However, mutations in proteins
SMCHD1*® and DNMT3B,* which are involved in heterochro-
matin formation at D4Z4 locus, can lead to occurrence of this
disease, further reinforcing the importance of heterochromati-
nization of the tandem repeat. This type of FSHD occurs in
approximately 5% of patients and is referred to as FSHD2.
FSHD?2 is clinically identical to FSHD1 and both are character-
ized by a loss of heterochromatin at D474 locus and thus a de-
repression of the region.

D4Z4 repeats contain an open reading frame (ORF) coding
for a double homeobox 4 gene (DUX4), usually silenced in

normal tissues except for testis. The DUX4 protein has been
shown to be pro-apototic and thus could explain muscle weak-
ness observed in FSHD patients.”®' Aberrant production of
DUX4 protein requires an open chromatin conformation in
addition to specific polymorphisms involved in RNA stabiliza-
tion and processing. Expression of DUX4 in FSHD contributes
to upregulation of germline genes, endogenous retrotranspo-
sons [long-terminal repeat (LTR) elements from MaLR class],
RNA splicing and processing genes, atrophy-ubiquitin ligases,
noncoding RNAs, and skeletal muscle suppressors of differenti-
ation.*>*>>> All together, this DUX4-induced gene expression
signature in FSHD is a major contributor to the disease’s
pathophysiology.>*

There are several models for FSHD1 pathogenesis. D474 is
GC rich and displays features of a CpG island. Hence, it has
been hypothesized that contraction of the array induces
changes in chromatin structure leading to inappropriate tran-
scriptional regulation of several FSHD candidate genes: either
the DUX4 gene in D474 unit, genes adjacent to D474 tandem
array, or genes that might be regulated by D4Z4 region in
trans.> In this context, 3C analysis of this region revealed spe-
cific chromatin contacts between DUX4 and adjacent genes in
normal conditions, whereas in FSHD other interactions take
place, probably as a result of global reorganization of the 4q35
region upon D4Z4 contraction.”® Although there is a disagree-
ment on which of the FSHD candidate genes is causing
FSHDI, it is clear that the presence of D4Z4 contracted alleles
is essential for disease development, indicating an important
role of D474.

Recently, in efforts to explain the mechanism underlying the
epigenetic changes at the contracted D474 array in FSHDI,
Cabianca et al. demonstrated that upon D4Z4 copy number
reduction, the effect of Polycomb silencing is reduced, resulting
in expression of long sense RNAs originating in a distal region
of D4Z4 array and extending through multiple repeats.
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Although D474 repeats contain DUX4 OREFs, these long sense
transcripts were nuclear and associated to the chromatin in cis,
and thus they were considered noncoding and accordingly
named D4Z4 binding element transcript (DBE-T).”” DBE-T
recruits the Tritorax group protein AshlL to D4Z4 repeats in
cis, resulting in H3 lysine 36 dimethylation, and long-range
gene upregulation (Fig. 2). This study was the first to show how
a macrosatellite repeat-derived long noncoding RNA can alter
chromatin composition in cis, an important step in understand-
ing macrosatellite biology and its causative role in disease. In
addition, it demonstrated a clear association of repeat number
reduction and production of a long noncoding RNA.

Upon D4Z4 epigenetic de-repression, long transcripts
through multiple D4Z4 repeat monomers in both sense and
antisense directions have also been detected.”® In contrast to
DBE-T, these transcripts originate at each repeat unit either
near DUX4 promoter (for sense transcription) or at a distal
region of DUX4 ORF (for antisense transcripts). These sense
and antisense transcriptions modulate DUX4 expression,”” and
give rise to siRNA and miRNA which contribute to epigenetic
silencing of the locus, opening new avenues to potential thera-
peutic approaches.®

Considering that many MSRs show significant CNV
between individuals, D474 study encourages further research
toward unveiling whether similar mechanisms may occur with
other MSRs types. Brachmachary et al. provided further evi-
dence for a strong correlation between macrosatellite copy
number and epigenetic modifications, and in several cases with
nearby gene expression,”® supporting the hypothesis of repeat-
induced gene silencing as a mechanism of gene regulation in
humans. Their research included MSat10, a relatively unknown
GC-rich 5.4 kb macrosatellite repeat, located several kb distal
to the ZFP37 gene on chromosome 9q32. Similar to D474, high
copy number of Msatl0 associates with high local DNA

methylation and H3K9me3. On the other hand, reduction in
copy number leads to the loss of heterochromatic features and
de-repression of the adjacent ZFP37 gene, although in this case
generation of a IncRNA was not reported.

DXZ4 macrosatellite regulates higher order nuclear
architecture

DXZ4 is a 3 kb, CpG-rich macrosatellite present between 12
and 100 tandem copies on chromosome Xq23. Gialcone et al.
discovered DXZ4 in 1992 as a novel X-linked variable number
tandem repeat (VNTR) harboring different DNA methylation
levels on the active and inactive X chromosome.®’ In mamma-
lian females, one of the two X chromosomes is subjected to a
process known as X chromosome inactivation to ensure similar
levels of expression of X-linked genes compared to males.*?
Thus, females have one active X chromosome (Xa), and one
inactive X chromosome (Xi). Xi is transcriptionally silenced,
characterized by facultative heterochromatin and organized in
a 3D configuration within the nucleus, known as the Barr
body.*>* Since its discovery, DXZ4 drew attention because it
adopts alternative chromatin states on Xa and Xi chromosome,
which differ from the surrounding chromatin.®> On the Xa in
males and females, DXZ4 is organized in constitutive hetero-
chromatin, characterized by the presence of H3K9me3 and
DNA hypermethylation. On the contrary, DXZ4 harbors oppo-
site chromatin structure on the Xi: DNA hypomethylation,
H3K4me2 and H3K9Ac, hallmarks of euchromatin.®’"** Due to
the lack of active histone marks on the Xi chromosome, DXZ4
can be visualized on the metaphase Xi chromosome by immu-
nofluorescence as an intensive H3K4me?2 signal, surrounded by
heterochromatin.®*®® On Xi, but not on Xa chromosome,
DXZ4 is bound by CTCF,*>**”° a highly conserved multifunc-
tional DNA-binding protein implicated in multiple processes

D4Z4 MSRs regulate chromatin structure in a copy number dependent manner via long non-coding RNA

Healthy

TDNA methylation,
TH3K9me3, tH3K27me3
|transcription
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|H3K9me3, |H3K27me3,
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D4Z4 repeat array 4g35 (1-10 copies)

Figure 2. D4Z4 regulates local chromatin structure and expression of surrounding genes via long noncoding RNA. Healthy individuals carry between 11 and 150 copies of
D474 macrosatellite in the subtelomeric regions of chromosome 4 (4q35). D4Z4 repeats are highly methylated and enriched in H3K9me3. D4Z4 repeats are targets of Pol-
ycomb group proteins (PcG), with a resulting repressive chromatin structure and surrounding genes in transcriptionally silent state. In patients with facioscapulohumeral
dystrophy 1 (FSHD1) there is a reduction of D4Z4 copy number to between 1 and 10 copies. The contracted allele loses heterochromatin features (DNA methylation,
H3K9me3, H3K27me3) and expresses a long noncoding RNA DBE-T, from a promoter distal to the repeat array, that binds and recruits Tritorax group protein Ash1L in cis,
resulting in H3 lysine 36 dimethylation and long-range gene up regulation. In addition, transcription within each repeat unit was reported to occur bidirectionally, indi-
cated by red (sense transcription) and blue (antisense transcription) arrows. Sense and antisense transcripts originate from promoters mapped upstream and downstream
of DUX4 ORF, respectively, and are transcribed through multiple D4Z4 repeat units. Those transcripts are suggested to give rise to small ncRNAs. Model design based on,

ref. 57, 59 and 60.



throughout the genome, including chromatin insulation and
interchromosomal interactions.®”

In 2008 Chadwick demonstrated that the CTCF-binding
region of DXZ4 unidirectionally interferes with promoter-
enhancer communication, supporting the hypothesis that DXZ4
repeat array might act as an insulator.®® On a transcriptional level,
the authors demonstrated that DXZ4 is expressed from a bi-direc-
tional promoter located within each repeat unit. Their analysis
revealed long sense transcripts originating from Xa and Xi arrays,
and a long antisense transcript specific to the Xi. Moreover, small
antisense RNAs originate from four specific regions of DXZ4,
and the site of origin of three of them overlaps precisely with the
H3K9me3 and H3K4me2 peaks. This led them to speculate that
the small RNAs are involved in heterochromatin formation and
maintenance at the DXZ4 locus (Fig. 3).

For a long time it has been hypothesized that DXZ4 might
have a role in X chromosome inactivation and/or chromatin
organization, especially considering it is bound by CTCF on the
Xi chromosome. The first observation that DXZ4 indeed does
participate in higher order structure organization on the Xi chro-
mosome was made by Horakova et al.”® By applying DNA FISH
and 3C analysis, the authors demonstrated Xi-specific long-range
interactions between DXZ4 and two newly described tandem
repeats, named X56 and X130, in a CTCF-dependent manner.
Recent studies using chromosome conformation capture
approaches confirmed those results and revealed that human and
mouse Xi chromosomes are split into two large superdomains
separated by a region containing DXZ4 repeats.”'”> Rao et al.
also reported that Xi chromosome forms very large chromatin
loops called superloops, with some of them anchored at the
DXZ4 macrosatellite.”! Two recent studies provide strong evi-
dence of DXZ4 having an essential role in the regulation of Xi
higher order structure and nuclear organization.”*”> By applying
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genome-wide chromosome conformation capture analysis,
authors found that deletion of DXZ4 from Xi chromosome led to
the loss of bipartite structure of Xi, disrupted superloops
anchored at DXZ4, and induced changes in compartmentaliza-
tion of the nucleus and in chromatin marks.

NBL2 macrosatellite is hypomethylated in many types of
cancer

Some MSRs, such as NBL2, have been shown to be frequently
hypomethylated in various types of cancer. NBL2 is a 1.4 kb
macrosatellite repeat found mostly on the short arm of acro-
centric chromosomes 13, 14, 15 and 217”7 (intriguingly, not
22), and belongs to a family of macrosatellite repeats known as
SST1. NBL2 is CpG-rich and highly methylated in somatic
cells. Thoraval et al. discovered NBL2 in 1996 during genome-
wide screening for DNA methylation differences in neuroblas-
toma tumors compared with normal cells by 2D separations of
human genomic restriction fragments. They digested DNA
from neuroblastoma cells and peripheral blood lymphocytes
with methylation sensitive NotI restriction enzyme and two
additional cutters, and labeled NotI-derived 5" ends with **P.
Among fragments appearing hypomethylated at the NotI site
they found a previously unreported repeat family, which they
named NBL2 and whose sequence was submitted to EMBL
database under accession number U59100.”° By applying the
same approach, in 1999 Nagai et al. independently found the
same sequence hypomethylated in 75% of hepatocellular carci-
nomas, especially in those with hepatitis B virus infection,
which they named NotI repeat (submitted to EMBL database
under the accession number Y10751).”%

The majority of Notl sites of the human genome lie within
CpG islands. Because NBL2 is CpG rich and contains a Notl

DXZ4 MSRs play a role in genome organization |

7>

DXZ4 repeat (Xq23)
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Figure 3. DXZ4 plays a role in genome organization and Xi chromosome higher order structure. DXZ4 harbors opposite chromatin structures on Xa and Xi chromosome,
which differ from the surrounding chromatin. On Xi, DXZ4 displays features of euchromatin (hypomethylated CpGs and H3K4me2) and is bound by CTCF. Arrays on Xa
and Xi chromosome are transcriptionally active; however, on Xa DXZ4 is transcribed in a long sense transcript and four small antisense RNAs, 3 of which overlap
H3K9me3 peaks. On Xi chromosome, DXZ4 is transcribed into long sense and antisense transcripts. DXZ4 on Xi chromosome is necessary for regulating Xi higher order
structures. Black dots represent methylated CpGs, white dots unmethylated CpGs. Model design based on ref. 65.
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site, it was suitable for detection with 2D separations of human
genomic fragments with NotfI restriction enzyme. Thus far, in
addition to neuroblastoma and hepatocellular carcinoma,
NBL2 was found to be hypomethylated at Notl sites in high
risk gastrointestinal tumors,”” bladder cancer,”® immunodefi-
ciency, centromeric instability, and facial abnormalities syn-
drome patients,”’ which have DNMT3B gene mutated.
Additionally, it was also found strongly hypomethylated in
sperm.”® In ovarian cancer and Wilms tumors, NBL2 was
reported to be more frequently hypermethylated at Hhal site
than hypomethylated at Nof site.””

Previous work in our group also identified a prominent
hypomethylated sequence in colon cancers by the methylation
sensitive amplified fragment polymorphism (MS-AFLP) DNA
fingerprinting technique.®*®> The sequence was later on identi-
fied as SST1/NBL2%. In-depth analysis of NBL2 hypomethyla-
tion by bisulfite sequencing of an internal 317 bp region,
containing a NotI site, showed that SST1/NBL2 was hypome-
thylated in 22% of colorectal cancers (CRCs), in 15% of gastric
cancers, in 20% of ovarian cancers, and in 20% of breast
cancers.*

Thus, alterations in NBL2 methylation are characteristic of
many cancer types. Nevertheless, the advancement in under-
standing either the cause or the consequence of this hypome-
thylation has been slowed down, mostly because NBL2 is not
assembled in the reference genome. With the release of genome
version hg38, a group of NBL2 repeats were mapped to chro-
mosome 21p11.2, although some other genomic NBL2 loci still
remain unassembled. Consequently, the genomic context of
NBL2, such as distance to protein coding genes and other

regulatory features, are not known. Despite all these challenges,
we could determine that in CRC, somatic demethylation of
NBL2 was associated with genomic damage assessed by arbi-
trary primed PCR (AP-PCR),* especially in tumors with wild
type TP53%. Furthermore, in CRC cell lines and primary tumor
samples NBL2 hypomethylation is accompanied by local
changes in chromatin structure (Fig. 4). In normal somatic
cells, NBL2 displays features of constitutive heterochromatin,
with high levels of DNA methylation and H3K9me3. However,
upon hypomethylation, H3K9me3 levels are decreased, accom-
panied by a gain in Polycomb repressive mark H3K27me3, typ-
ical for facultative heterochromatin.*® Both chromatin states
observed at NBL2 region are considered to form stable chroma-
tin; however, there are important differences in the plasticity of
both states.

Moreover, a detailed bisulfite analysis revealed two types of
NBL2 hypomethylation: moderate hypomethylation, with 5-
10% average hypomethylation in tumor compared with adja-
cent normal tissue, and severe hypomethylation with equal or
more than 10% of NBL2 average hypomethylation in tumors
compared with adjacent normal tissue. While moderate hypo-
methylation of NBL2 in CRC patients appeared age-dependent,
the severe cases tended to occur in younger patients. Therefore,
in those severe cases, NBL2 hypomethylation could be caused
by mechanisms other than gradual, stochastic erasure of meth-
ylation patterns during aging. The precise mechanism that may
causally link NBL2 somatic demethylation and chromosome
instability remains to be established.

In this context, a chromatin remodeler enzyme, called heli-
case lymphoid specific (HELLS), which is known for its role as
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Figure 4. NBL2 macrosatellites are frequently hypomethylated in colorectal cancer (CRC). In normal colon epithelium, NBL2/SST1 repeats display features of constitutive
heterochromatin, with high levels of DNA methylation and H3K9me3. In CRC, NBL2/SST1 repeats undergo gradual hypomethylation during aging associated with wild
type TP53. Some CRC patients harbor strongly hypomethylated NBL2/SST1 repeats that implicates mechanisms other than aging, and preferentially occurs in mutated
TP53 tumors. Hypomethylation of NBL2 results in reprogramming of NBL2 chromatin state from constitutive heterochromatin to facultative heterochromatin characterized
by a gain in H3K27me3. NBL2 DNA hypomethylation is linked to increased genomic damage in cases with wild-type TP53. Black dots represent methylated CpGs, white

dots unmethylated CpGs. Model design based on ref. 86.



the “epigenetic guardian of repetitive elements”®® was found to

associate with methylated NBL2 in cell lines.®® Furthermore,
downregulation of HELLS resulted in NBL2 hypomethylation.
The mechanism by which HELLS altered function or impaired
recruitment to NBL2 loci could contribute to the somatic
demethylation of NBL2 before and/or during CRC develop-
ment is under investigation.

RS447 macrosatellite codes for ubiquitin-specific protease 17

In addition to their noncoding functions, some macrosatellites
have been shown to encode for functional proteins. RS447 is a
4.7 kb macrosatellite present on chromosome 4p15* and sev-
eral copies on chromosome 8p.”° RS447 repeat units display
promoter activity and contain USP17 (ubiquitin-specific prote-
ase 17) gene, which codes for a functional deubiquitinating
enzyme.””> USP17 removes ubiquitin from target proteins,
and it has been shown to play important roles in tumor pathol-
ogy. Several reports have proved that USP17 acts as a critical
regulator of cell proliferation, migration and survival through
regulating Ras pathway.”” In 2011 de Vega et al. demonstrated
that USP17 depletion blocks chemokine-induced subcellular
relocalization of GTPases Cdc42, Rac and RhoA, which are
GTPases essential for cell motility, thus demonstrating that
USP17 has a critical role in cell migration.”

Okada et al. performed a pedigree analysis of RS447 trans-
mission, and detected that RS447 copy number is highly vari-
able, ranging between 20-103 copies.”” Furthermore, they
showed a high frequency (8.3%) of meiotic instability and
somatic mosaicism. Because USP17 forms a part of RS447
repeats, the difference in the copy number of RS447 could
result in altered USP17 expression levels and thus possibly
affect several cellular processes. However, using cosmid vectors
containing different numbers of RS447 repeat, Saitoh et al.
demonstrated that the level of RS447 sense transcripts and
USP17 protein was independent to the integrated copy number
of RS447, while abundance of a high molecular weight RS447
antisense transcript was proportional.”’ The process of anti-
sense transcripts regulating the expression of their complemen-
tary sense transcripts on a transcriptional or post-
transcriptional level has been recognized as a mechanism of
antisense-mediated gene regulation.”>”” This opens the possi-
bility that the copy number dependent large RS447 antisense
transcript may act as a suppressor of the sense transcripts, thus
buffering the difference in the repeat copy number. Okada et al.
also reported that the RS447 allele can be partially methyl-
ated.” It is probable that a combination of antisense transcripts
and DNA methylation regulate the levels of USP17 protein in a
copy number dependent manner.

RNU2 macrosatellite encodes for a housekeeping small
noncoding RNA

RNU2 is a 6.1 kb macrosatellite present from 5 to 82 tandem
copies on chromosome 17q21-q22.°%°*% Although RNU2
arrays differ in repeat copy number from individual to individ-
ual, the arrays are stably inherited.'” Each RNU2 unit encodes
for a housekeeping noncoding RNA, U2 small nuclear RNA
(U2 snRNA). U2 snRNA is ubiquitously expressed and is an
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essential component of RNA splicing machinery (spliceosome).
Every repeat unit contains snRNA transcriptional control ele-
ments (TATA-less promoter/enhancer and 3’ end formation
signal), 5 Alu, one LTR retrotransposon and a polymorphic
tract of a CT microsatellite, being an example of a microsatellite
repeat embedded within a macrosatellite.

Repeat units within an individual RNU2 tandem array
appear to be identical, except for the CT microsatellite, which
exhibits minor length and sequence polymorphisms. Various
roles for the CT microsatellite were proposed: required in DNA
recombination for the concerted evolution of RNU2 repeats'®';
establishment, and/or maintenance of U2 tandem arrays;'%’
and maintenance of an open chromatin structure.'”> Impor-
tantly, the nearest gene to the RNU2 tandem array is BRCAI,
located 124 kb away.'®* Both loci lie within the same linkage
disequilibrium block, which allowed to calculate RNU2 macro-
satellite mutation rate by tracing BRCAI mutations in different
families. This gives an estimation by maximum likelihood of 5
x 107> mutations per generation, which is close to that of
microsatellites.'” RNU2 macrosatellite is evolutionarily con-
served through speciation in baboon, orangutan, gorilla and
chimpanzee.'°® Mutations in one copy of the U2 snRNAs have
been shown to cause splicing alterations that lead to neurode-
generation in mice; however, whether mutations in human
RNU?2 genes or CNV in this array may contribute to disease is
not known. Importantly, a 3" fragment of U2 small nuclear
RNA, miR-U2-1, could be a marker for non-small cell lung
carcinoma."”’

Due to the difference in copy number, RNU2 genes must be
subjected to some form of dosage compensation, although the
mechanism is still not clear. There is evidence for RNU2
bimodal pattern of methylation: the 1.5 kb region covering the
U2 transcriptional control elements, the U2 snRNA gene
sequence and the CT microsatellite is completely unmethylated,
whereas the rest of the U2 repeat (approximately 4.6 kb) is
heavily methylated.'®® The authors propose that this type of
bimodal methylation may permit both efficient expression of
U2 snRNA and stable maintenance of U2 tandem arrays in
somatic cells.

TAF11-Like macrosatellite codes for a TAF family factor

This tandem array is located in the short arm of human chro-
mosome 5p15.1%”. Each repeat unit is approximately 3.4 kb in
length and contains a short open reading frame of 594 bp
encoding for a predicted TATA binding associated factor 11
like protein, which gives the name to the macrosatellite. The
repeat unit also contains LTR retrotransposon (MLT1E3), a
disrupted DNA transposon (Charlie 2a) and a partial Alu
repeat. Pulsed field gel electrophoresis (PFGE) and Southern
blot analysis with a probe specific to the TAF11-Like macrosa-
tellite revealed that the size of the TAF11-Like array is very
polymorphic in the population, ranging from 34 to 335 kb,
thus indicating that the copy number of TAF11-Like macrosa-
tellite can range between 10 and 98 tandem copies.

The closest genes to TAF11-Like macrosatellite are brain
abundant, membrane attached signal protein (BASPI) at 210 kb
and cadherin 18 type 2 preproprotein (CDHI18) at over 1.8 Mb.
However, whether TAF11-Like macrosatellite length or its
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epigenetic status could influence the expression of these genes or
contribute to disease is not clear. One study showed that alleles
contracted to less than 21 tandem repeats associate to schizo-
phrenia,'® which could support a contributory role to the dis-
ease, perhaps in a regulatory manner similar to what has been
shown for contracted D474 macrosatellites and facioscapulo-
humeral dystrophy. However, other schizophrenia families did
not show contracted TAF11-Like macrosatellite array according
to quantitative PCR (qPCR) analysis, and therefore the results
on TAF11-Like possible contribution to schizophrenia were
inconclusive. Nevertheless, the authors hypothesize that the low
monomer numbers in one 5p15.1 allele may be masked by the
uncontracted allele when analyzed by qPCR, since the average
number of both alleles may be higher than 21 repeats.””'*” These
results highlight that qPCR, which represents the sum of the
repeat number, may not be sensitive enough to measure differ-
ences in allele size of tandemly repeated DNA.

Expression of TAF11-Like RNA has been detected in testes,
brain and fetal tissues from brain, liver and prostate; however,
the biologic significance of TAF11-Like expression remains elu-
sive. Nevertheless, the TAF11-Like ORF sequence is conserved
in primates, revealing a translated 198 aminoacid sequence
with 90.9 to 96% identity in great apes and 86.4% in Macaque
(199 aminoacids).”” Furthermore, several peptides from the
putative protein [accession AGNLC8 in the PRoteomics IDEnti-
fications (PRIDE) database] can be detected by mass spectrom-
etry in different analyses. These data point toward a functional
TAF11-Like protein, but more research is required to fully
understand its functionality.

CT47, a macrosatellite with testis-specific expression

The cancer/testis gene CT47 is located on Xq24, arranged in 4
to 17 tandem repeats of 4.8 kb each."'® CT47 RNA is putatively
coding, 1,286 bp in length [excluding the poly(A) tail] with the
coding region of 867 bp encoding a protein of 288 aminoacids.
Chimpanzee is the only species other than human with a gene
homologous to CT47, which is also located on chromosome X.
The predicted protein is approximately 80% identical in its car-
boxy terminal region between the two species. CT47 is highly
expressed only in testis, and low levels are detectable in pla-
centa and brain, while silenced during early development and
in other normal somatic tissues tested.''® CT47 expression was
detected in 14% of lung cancer, in 15% of esophageal cancer
and in 11% of endometrial cancer specimens, but not in colo-
rectal, breast and bladder tumors tested.'''"" In normal
somatic cells, CT47 is organized in heterochromatin, character-
ized by high levels of H3K9me3, H3K27me3, methylated CpG
sites around CT47 promoter and silenced CT47. Balog et al.
encouraged with the clear correlation between D4Z4 copy
number and local heterochromatin formation, studied whether
reduced CT47 copy number would result in a loss of hetero-
chromatin features, and consequently CT47 expression. Their
results indicate that within the tested copy number range (4 to
17 CT47 copies), CT47 copy number does not correlate with
local H3K9me3 and H3K27me3 levels,''! thus arguing against
a direct link between repeat copy number and heterochromati-
zation. However, since the lowest CT47 copy number analyzed
was four, authors hypothesize that each MSR might have a

minimal number of repeat units that would ensure proper het-
erochromatin formation. Small cell lung cancer (SCLC) cell
lines that express CT47 (albeit at much lower levels than
detected in testis) showed H3K9me3 decrease and demethyla-
tion of CpG sites near the transcription start site, which sug-
gests that loss of heterochromatin features at CT47 array may
result in CT47 expression. However, the causes of CT47 array
heterochromatin loosening were not studied, nor whether
CT47 RNA or protein contributes to SCLC disease.

Conclusion and future perspectives

Macrosatellite repeats, along with many other repeats, remain
poorly investigated and thus are considered the “dark matter”
of the human genome. They span through relatively large
stretches of the genome; however, technical limitations together
with the view that those sequences were functionally irrelevant
(junk or garbage DNA) led to a considerable neglect in analyz-
ing repeats as valuable components of human genetic material.
With massive sequencing technologies, many noncoding
regions of the genome have been discovered to be transcribed
and to play distinct roles in cell biology. These discoveries have
revolutionized the field, and the previous dogma of what is con-
sidered a functional genomic region has changed, leading to the
acceptance of repeats as important architectural DNA building
blocks and functional components of the transcriptome. Never-
theless, we are still largely unaware of many macrosatellite fea-
tures such as their precise location, sequence composition,
epigenetic regulation, copy number variation, transcription,
and function. Substantial efforts are being placed to develop
strategies that would overcome the obstacles in aligning next
generation sequencing data and in de novo genome assembly of
these regions. Longer read-lengths will reduce difficulties
related to repeat alignment and thus fuel a more thorough anal-
ysis of those regions, which may lead to breakthrough
discoveries.

Increasing evidence suggests that macrosatellites are unique
regulatory sequences, each of them with distinct functions.
Macrosatellites encompass coding, noncoding and structural
roles in the genome and seem to undergo frequent epigenetic
and genetic alterations in disease. Sequence complexity and
long repeat nature may allow macrosatellites to play significant
roles in genome architecture, organization and regulation, rep-
resenting an additional layer to fine-tune complex and dynamic
regulatory networks of the genome. Mechanisms by which they
accomplish those roles may be by anchoring chromatin remod-
eling complexes and transcription factors to form loops that
regulate higher order genome architecture, as was demon-
strated with DXZ4 repeats. Other mechanisms include genera-
tion of noncoding RNAs that modulate local transcription and
chromatin formation, as was shown for D4Z4 macrosatellite.
Furthermore, some parallels exist between several macrosatel-
lite families. Those commonalities are most notable between
D474 and DXZ4, since both are well-studied, and include pres-
ence of internal promoters, bidirectional transcription, and
generation of long and short ncRNAs. This poses interesting
questions whether these noncoding transcripts play similar
roles in both macrosatellites or even if those similarities may be
extended to other macrosatellite families.



What appears to be a general rule is that greater num-
bers of repeats associate to heterochromatic features, and
this is also the case for other repeats such as some microsa-
tellites. For instance, CTG triplet repeat expansion found in
myotonic dystrophy 1 results in acquisition of heterochro-
matin. This “heterochromatinization” mechanism involves
CTCF loss, bidirectional transcription and generation of
siRNAs."'? Again, this highlights the fact that noncoding
transcription may contribute to opposite chromatin statuses
that can mediate either silencing (as in CTG microsatellite
expansion) or activation (such as in D4Z4 contraction). All
these facts expose the complexity of DNA repeat regulation
and transcription of noncoding regions.

Todate, D4Z4 remains one of the best described macrosatel-
lite repeats and the only one reported to be transcribed into a
regulatory, chromatin-associated, long noncoding RNA.
Recently, IncRNAs have become a major research focus due to
their versatile functions and key roles in cell physiology. They
can regulate chromatin structure in cis by targeting protein
complexes to a specific chromatin loci, or in trans by anchor-
ing chromosomal interactions. They can also interact with
mRNAs and regulate their metabolism, or interact with pro-
teins and regulate protein complex assembly.'"> Since many
macrosatellite repeats remain poorly investigated, especially at
the transcriptional level, it might be plausible that they contain
a hoard of regulatory ncRNAs or even coding RNAs that have
yet to be discovered. Exciting years of research in the field of
repetitive DNA are ahead of us, which will shed more light on
these still veiled regions of the genome and determine their
possible relevance in genome organization, cellular biology,
and disease pathogenesis.
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