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Abstract

DNA hypomethylation at repetitive elements accounts for the genome-wide DNA
hypomethylation common in cancer, including colorectal cancer (CRC). We identified a
pericentromeric repeat element called SST1 frequently hypomethylated (>5% demethylation
compared with matched normal tissue) in several cancers, including 28 of 128 (22%) CRCs. SST1
somatic demethylation associated with genome damage, especially in tumors with wild-type 7P53.
Seven percent of the 128 CRCs exhibited a higher (“severe”) level of demethylation (=10%) that
co-occurred with 7P53 mutations. SST1 demethylation correlated with distinct histone marks in
CRC cell lines and primary tumors: demethylated SST1 associated with high levels of the
repressive histone 3 lysine 27 trimethylation (H3K27me3) mark and lower levels of histone 3
lysine 9 trimethylation (H3K9me3). Furthermore, induced demethylation of SST1 by 5-aza-dC led
to increased H3K27me3 and reduced H3K9me3. Thus, in some CRCs, SST1 demethylation
reflects an epigenetic reprogramming associated with changes in chromatin structure that may
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affect chromosomal integrity. The chromatin remodeler factor, the helicase lymphoid-specific
(HELLS) enzyme, called the “epigenetic guardian of repetitive elements”, interacted with SST1 as
shown by chromatin immunoprecipitation, and down-regulation of H/ELL S by shRNA resulted in
demethylation of SST1 in vitro. Altogether these results suggest that HELLS contributes to SST1
methylation maintenance. Alterations in HELLS recruitment and function could contribute to the
somatic demethylation of SST1 repeat elements undergone before and/or during CRC
pathogenesis.
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1. Introduction

Somatic epigenetic changes are common hallmarks of cancer. Epigenetic alterations include
global DNA hypomethylation, hypermethylation of CpG islands, chromatin alterations, and
loss of imprinting [1-3]. Global genomic hypomethylation has been found in virtually every
tumor type studied, both benign and malignant [3]. It also has been linked to oncogene-
specific activation, disruption of genomic imprinting, chromosomal alterations, and
increased tumor frequency in mouse models in vitro and in vivo [4-7].

Global DNA hypomethylation observed in cancer primarily reflects somatic demethylation
of DNA repetitive elements, which account for a large fraction (around 40%) of the human
genome [8]. Hypomethylation has been reported to be particularly severe in pericentromeric
heterochromatin [9-11], and is known to result in centromere decondensation, enhancing
chromosome recombination [12,13]. In addition, in normal cells, DNA methylation
stabilizes chromosomes by silencing non-coding DNA and transposable DNA elements [14].
All of these data indicate that DNA hypomethylation of these repeat sequences might alter
proper mitotic processes, and lead to deletions, translocations, and chromosomal
rearrangements [2,5].

Chromosomal abnormalities associated with DNA hypomethylation have also been observed
in other diseases distinct from cancer. For instance, in all tissues analyzed from ICF
syndrome (immunodeficiency, centromeric region instability, facial abnormalities),
hypomethylation of satellite sequences found in a subset of chromosomes is accompanied by
instability at juxtacentromeric heterochromatin in the same chromosomes [8,12,15], further
substantiating the causative link between hypomethylation and chromosome alterations.

Both DNA hypo- and hypermethylation alterations have also been associated with aging, a
well-established risk factor for cancer. Accordingly, a progressive loss of overall methylation
has been found during in vitro culture of fibroblasts [16], in aging animals and humans [17-
19]. Different types of interspersed repetitive sequences appear to be targeted to varying
degrees of age-associated hypomethylation [20], indicating that both age-dependent and
independent mechanisms can contribute to global hypomethylation in cancer.
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We previously found that global hypomethylation increases with patient age and correlates
with genomic damage in colorectal cancer (CRC) [21]. Based on these findings, we
proposed a “wear and tear” model linking aging, epigenetic somatic errors, and cancer. The
model is based on the consideration that during the task of replicating the three billion base
pairs of the human genome, errors in replication of DNA and its methylation patterns
unavoidably accumulate because evolution by natural selection did not provide for DNA
methylation repair mechanisms, as it did for mutations [22]. DNA demethylation can
facilitate mitotic errors when reaching a significant level, especially in pericentromeric
regions [6,23-25].

During our previous studies we observed a particular sequence that exhibited a prominent
demethylation in around 20% of gastrointestinal tumors [21]. This sequence corresponds to
a pericentromeric tandem repeat that belongs to the SST1 family according to RepeatMasker
[26]; it preferentially maps to acrocentric chromosomes and has also been called NBL2
[27,28]. Here, we have investigated if SST1 sequences could serve as markers for
demethylation. We also studied whether SST1 demethylation was linked to changes in
histone post-translational modifications and alterations in chromatin factors that could be
involved in its demethylation.

2. Results

2.1. Demethylation of SST1 Pericentromeric Satellite Repeats in Human Cancers

A previous genome-wide analysis of DNA methylation levels by a DNA fingerprint
technique, methylation sensitive-amplified fragment length polymorphism (MS-AFLP),
identified a frequently hypomethylated sequence (band C-5 in Figure 1, upper left) in
colorectal (CRC) and gastric tumors [21]. Since the locus exhibited the stronger
demethylation signal in the fingerprints, we decided to characterize and study in detail its
features. A BLAST search returned several hits on chromosome 21, each one embedded in
one of 21 tandem repeats, belonging to a SST1 element, a moderately repeated
pericentromeric satellite sequence according to the RepeatMasker database [26] (Figure 1A).
Tumors found demethylated by MS-AFLP displayed clear levels of demethylation as
estimated by bisulfite sequencing(Figure 1B).

SST1 hypomethylation was observed in 22% of CRCs, compared to their corresponding
normal tissue, from a panel of 128 randomly selected CRCs. SST1 methylation levels were
also analyzed in CRC and ovarian cancer cell lines, as well as in breast, ovary and gastric
primary cancers. Table S1 shows that SST1 demethylation also occurred in all of these
cancers.

The average level of global DNA demethylation in human CRC ranges between eight and
ten percent [29], in contrast with the high range variation of demethylation observed in SST1
elements (Figure 1C). We then classified SST1 demethylated tumors as displaying
“moderate” or “severe” demethylation if they exhibited an average methylation level of >5%
<10% (moderate), or =10% (severe), below that observed in their corresponding normal
tissues (Figure 1C). Tumors with demethylation levels lower than 5% were considered
negative for somatic demethylation. The distribution of somatic SST1 methylation changes
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along the informative cases analyzed by bisulfite sequencing is shown in Figure S1. The
results show the vast majority of cases following a normal distribution, with a few cases in
the high end of demethylation deviating from normality. They correspond to the severe
demethylation group.

2.2. SST1 Demethylation as a Marker of Global Hypomethylation

Demethylation of long interspersed nuclear element-1 (LINE-1) accounts for most of the
global DNA hypomethylation observed in cancer [8] and is a commonly-used marker of
global hypomethylation [30,31]. The methylation status of LINE-1 was analyzed by bisulfite
sequencing in a subset of CRCs previously analyzed for SST1 methylation. LINE-1
demethylation correlated with SST1 demethylation (/2 = 0.473, p= 0.0008) (Figure S2A),
showing that SST1 and LINE-1 demethylation overlap.

To determine whether demethylation of SST1 sequences was restricted to chromosome 21
we designed specific primers unique to chromosomes 7 and 9, and analyzed methylation
levels by bisulfite sequencing. SST1 also displayed demethylation at these chromosomes
(Figure S2B). These results show that SST1 demethylation is not a local event specific to
chromosome 21, but affects other chromosomes as well.

2.3. Association of SST1 Demethylation with Genomic Damage

In gastrointestinal cancers, DNA hypomethylation associates with DNA copy number
alterations [21]. Therefore, we further investigated whether SST1 demethylation correlated
with increased levels of genomic damage, expressed as genomic damage fraction (GDF).
GDF had been estimated in many of these CRC samples in a previous study in which DNA
copy number changes were analyzed by arbitrarily primed PCR (AP-PCR) [21], a DNA
fingerprinting technique that estimates global genomic alterations [32,33]. While 7P53wild-
type (WT) tumors with SST1 hypomethylation had similar level of GDF than 7P53 mutant
(MUT) tumors (with or without hypomethylation), within 7P53WT tumors there was a
significantly higher GDF in SST1 hypomethylated tumors (Figure 2).

2.4. SST1 Demethylation and Genotype/Phenotype of CRC

To evaluate the impact of SST1 hypomethylation in CRC genotype and phenotype, we
analyzed its association with clinicopathological and molecular parameters in the same panel
of 128 CRCs. We compared three groups of tumors as negative for demethylation (<5%),
moderate (=5% <10%), and severe (=10%) SST1 demethylation (Table S2). The fluctuation
in pvalues in the comparison between clinicopathological and molecular variables in CRC
according to the SST1 somatic demethylation cutoff employed for the classification is shown
in Figure 3.

No significant differences were found between tumors with and without overall SST1
hypomethylation (NC vs. rest) and any of the clinicopathological and molecular parameters
studied (Table S2). However, comparison of severe demethylation with other groups showed
several asymmetries. Moderate SST1 demethylation appeared more frequent in older (=65)
females, while severe demethylation in younger (<64) males. Moderate demethylation
tended to be more frequent in proximal tumors while severe demethylation in distal tumors
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(Figure 3, Table S2). Regarding genotype, severe SST1 demethylation was significantly
more common in patients with mutated 7P53, (Figure 3, Table S2). The significance
remained across several cutoff values around the 10% zone that is coincident with the
change in slope of the methylation distribution reflecting a deviation of normality (Figure
S1). In tumors with severe SST1 hypomethylation, 7P53and KRAS mutations seemed to be
mutually exclusive (8 MUT and 1 WT for 7P53vs. 1 MUT and 8 WT for KRAS, p=
0.003).

2.5. SST1 Hypomethylation Associates with Histone H3 Lysine 27 Trimethylation in Vitro

and in Vivo

Hypomethylation of heterochromatin at pericentromeric satellite sequences results in
centromeric decondensation [12,13]. Histone post-translational modifications also play a
crucial role in chromatin regulation and organization [34]. The association between SST1
demethylation and increased levels of genomic damage suggested that demethylation of
SST1 satellites could affect chromatin architecture. Therefore, we explored whether changes
in SST1 methylation associated differentially with specific histone marks. Colorectal and
ovarian cancer cell lines with variable levels of SST1 methylation (Figure 4A, Figure S3A)
were analyzed by chromatin immunoprecipitation (ChIP) to monitor the presence of several
histone H3 marks in the SST1 region (Figure 4B, Figure S3B).

Colon and ovarian cancer cell lines characterized by highly methylated SST1 elements
(Caco-2 and A2780ADR, Figure 4A, and Figure S3A) showed high levels of histone 3
lysine 9 trimethylation (H3K9me3) mark and low levels of histone 3 lysine 27 trimethylation
(H3K27me3) in SST1 repeats (Figure 4B, Figure S3B). The same behavior was found in
another satellite repeat, SATa (Figure 4A,B). In contrast, cell lines with SST1
demethylation (LS174T and OV90), exhibited enrichment of H3K27me3, but lower levels of
H3K9me3. This epigenetic profile was specific for SST1 elements since SATa did not show
increase in H3K27me3 (Figure 4B).

To test if the epigenetic profile observed in vitro was also found in vivo, we performed ChIP
in formalin-fixed paraffin-embedded (FFPE) samples. Two informative cases are shown in
Figure 4C. FFPE-ChIP validated the observed shift from high levels of DNA methylation
and H3K9me3 at SST1 in normal tissues to a reduction of H3K9me3 and enrichment of
H3K27me3 in tumors exhibiting SST1 demethylation (cases 709 and 726, see Figure 1).
Thus, a highly stable repressive state (high levels of DNA methylation and H3K9me3) is
replaced by a more plastic state (low levels of DNA methylation and high levels of
H3K27me3) also in primary CRC.

To further analyze the association between SST1 hypomethylation and H3K27me3
enrichment, as well as to clarify whether the two events truly coincide at the same loci,
chromatin from LS174T was immunoprecipitated with anti-H3K27me3 and the eluted DNA
was bisulfite sequenced. SST1 sequences interacting with H3K27me3 showed reduced
levels of methylation compared to their inputs (Figure 4D).
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2.6. Induced SST1 Demethylation Leads to Increased H3K27me3 Levels

We have shown a co-occurrence of increased levels of H3K27me3 with reduced levels of
SST1 DNA methylation. To investigate whether these epigenetic events are mechanistically
linked and to get insight into the order of events, we treated a highly methylated CRC cell
line, HCT116, with a specific DNA methyltransferase inhibitor 5-aza-2-deoxycitidine (5-
aza-dC) to induce global DNA demethylation. Bisulfite sequencing of 5-aza-dC-treated cells
confirmed an induced heterogeneous hypomethylation of SST1 (Figure 5A). A subsequent
ChIP analysis of 5-aza-dC-treated HCT116 cells revealed that coincident with reduced levels
of DNA methylation there was a decrease in H3K9me3 and an increase in H3K27me3
(Figure 5B).

2.7. A Chromatin Remodeling Factor, HELLS, Maintains the Methylated SST1 Region

As mentioned earlier, the severe SST1 demethylation was observed in relatively younger
patients, thus not fitting our “wear and tear” model. To gain insight into an alternative
mechanism contributing to SST1 demethylation, we studied by ChlIP the recruitment of two
factors known to influence DNA methylation at repetitive elements, such as HELLS (also
known as PASG for proliferation associated SNF2-like gene) and the DNA
methyltransferase 3B (DNMT3B).HELLS is a SWI/SNF helicase related to the SNF2 family
of chromatin-remodeling ATPases that has been shown to play a fundamental role in glob ai
DNA methylation, especially at pericentromeric regions and repetitive elements [35-38], for
which it is called the “epigenetic guardian of repetitive elements” [39]. ChIP in HCT116,
which contains a highly methylated SST1, shows recruitment of HELLS, but not of
DNMT3B (Figure 6A left). Furthermore, HELLS recruitment was different in two CRC cell
lines exhibiting variable levels of SST1 methylation; HELLS was recruited more to highly-
methylated SST1 elements (Caco-2) than to de methylated SST1 elements (LS174T) (Figure
6A right). Immunofluorescence analysis showed a nuclear localization of HELLS with no
specific distribution pattern except: in mitotic nuclei where it seemed to show a preferential
localization to centrosomic regions (Figure 6B) Immunostaining with anti-a-tubulin
antibody showed co-localization of HELLS and the mitofic spindle (Figure 6C).

HELLS expression by RT-PCR correlated negatively with SST1 demethylation (Figure S4).
HEL L Sexpression levels were relatively low in primary tumors exhibiting severe SST1
demethylation such as CRCs 33, 55, 547, and 553 (Figure S4A). Moreover, colorectal and
ovarian cancer cell lines exhibiting low levels of PST1 methylation (LS174T and OV90 in
Figure 4A and Figure S3), also displayed low HELLSRNA levels (Figure S4B). This
correlation was significant for the CRC cell lines analyzed (Figure S4C,D).

To validate HELLS involvement in maintaining SST1 methylation, we used a small hairpin
RNA (shRNA)-mediated approach to stably downregulate #ELLS expression and
determined the subsequent effect on SST1 methylation levels. Two CRC cell lines (Caco-2
and HCT116, with high levels of HELLS expression and SST1 methylation) were infected
with shRNA-containing lentiviral vectors and puromycin-resistant polyclones were selected
from a control scrambled shRNA sequence (shControl) and from a ShRNA against HELLS
(ShHELLS). HEL LS downregulation was verified by RT-qPCR (not shown) and by Western
blots in nuclear extracts (Figure 6D). After downregulation of HELLS expression was
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confirmed, SST1 methylation levels were monitored by bisulfite sequencing in HCT116
shControl and shHELLS cells. Cells with reduced levels of HELLS exhibited significantly
lower levels of SST1 methylation (70.3% average SST1 methylation compared to control
80.3% average SST1 méthylation, p= 0.014) (Figure 6E). These results show that HELLS
contributes to the maintenance of SST1 methylation.

3. Discussion

We have shown that demethylation of SST1 elements occurs in CRC, gastric, ovarian, and
breast cancers. Other groups have also shown that demethylation of this same repetitive
sequence, which is also called NBL2 [27], is present in neuroblastomas [26], hepatocellular
carcinomas [40], and gastric tumors [41]. We also found that tumors with SST1
hypomethylation seemed to present higher genomic damage than tumors without. Although
borderline, this tendency became more evident if only tumors without 7253 mutations were
considered (Figure 2).

The negative association between demethylation and 7253 mutations was reversed in a
minority (~7%) of tumors showing a more “severe” demethylation (Table S2). Despite the
small number of cases, the association of “severe” SST1 demethylated tumors with 7P53
mutations held after applying different cutoffs for the distinction of severe vs. moderate
demethylation (Figure 3). Thus, our data suggests that DNA demethylation may play a role
in facilitating genomic instability through two different mechanisms. One may involve
“moderate” SST1 demethylation without association with 7253 mutations that fits the “wear
and tear” model [21]. Another mechanism may occur in a minority of tumors with 7P53
mutations that accumulate “severe” SST1 DNA hypomethylation in an age-independent
manner.

We also show the specific epigenetic reprogramming of SST1 repetitive elements, where
DNA demethylation is accompanied by accumulation of H3K27me3, a polycomb complex 2
(PRC2)-catalyzed modification. Antagonism between DNA methylation and H3K27me3,
two repressive marks, can appear contradictory at first. While other groups have also shown
a mutually exclusive relationship between H3K27me3 and DNA methylation [42-47],
several reports support a functional interdependence between DNA methylation and
H3K27me3. For instance, polycomb directs de novo DNA methylation in cancer cells with
enhancer of zeste homolog 2 (EZH2) serving as a recruitment platform for DNA
methyltransferases as a possible mechanism [43,47,48]. In some cancers, an aberrant
methylation of genes originally silenced by the PRC mark H3K27me3 has been called an
epigenetic switching [43]. Instead, we observed an opposite event, a sort of “reverse
switching”, an epigenetic reprogramming whereby DNA methylation is replaced by
H3K27me3 upon its demethylation.

Our findings are in agreement with the observation that DNA methylation is incompatible
with PRC2 occupancy [45,49] and that H3K27me3-associated CG-dense regions are highly
demethylated in CRC cells and in embryonic stem (ES) cells [50] Furthermore, our results
not only show an antagonistic correlation between H3K27me3 and DNA methylation at
SST1 elements, but SST1 demethylation induced by 5-aza-dC treatment also resulted in
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H3K27me3 increase at SST1 loci. This temporal mechanistic interrelationship has also been
reported in DNMT triple knockout ES cells which show global loss of CpG methylation
associated with the formation of broad local enrichments for H3K27me3 [50]. This suggests
that DNA methylation restricts H3K27me3 deposition and that, somehow, absence of DNA
methylation allows the polycomb mark to spread. This is also in accordance with other
reports showing that drug-induced demethylation at selected loci was accompanied by a
partial loss of chromatin domain boundaries and the spreading of inactive H3K27me3 mark
[51].

Since SST1 is a pericentromeric repetitive element and the maintenance of heavy
methylation in these sequences has been shown to be critical for correct chromosomal
replication [52,53], to maintain SST1 repressed at all times may be advantageous for cell
viability. One can hypothesize that following the loss of DNA methylation in these
pericentromeric repeats before and/or during the tumorigenic process, the epigenetic
machinery deposits, by a yet unclear mechanism, the H3K27me3 polycomb repressive mark
as a means to maintain the silenced region.

SST1 is a repetitive element, part of constitutive heterochromatin. In this regard, a
mechanistic tie between H3K9me3 and DNA methylation has been observed at constitutive
heterochromatin regions. For instance, centromeres and telomeres show high levels of DNA
methylation and H3K9me3 [54,55]. This association between DNA methylation and
H3K9me3 is also present in pericentric satellite repeats in mouse ES cells where DNMT3B-
dependent DNA methylation is directed by H3K9me3 [56].

Altogether, our data suggests that SST1 elements lose heterochromatin features (DNA
methylation and H3K9me3) and are reprogrammed to a facultative chromatin acquiring a
more relaxed architecture (gain of H3K27me3). The mechanism underlying these epigenetic
changes during CRC development is unclear, but presumably entails changes in expression,
chromatin recruitment, or activity of enzymes involved directly or indirectly in DNA
methylation. Supporting this hypothesis, we describe how HELLS, a chromatin-associated
factor, appears to contribute to SST1 DNA methylation maintenance.

Although a HELLS splicing variant has been described in non-small cell lung cancer [57],
The Cancer Genome Atlas (TCGA) [58] data shows a very low frequency for HELLS
mutations in CRC. However, SST1 methylation correlates with HEL LS expression in CRC
tumors and cell lines. Functional assays also show that #ELL S downregulation decreases
SST1 methylation. Altogether these results support the idea that if an aberrantly low level of
recruitment happens in vivo before and/or during tumorigenesis, it could contribute to SST1
demethylation.

Other groups have recently shown that HELLS is required to maintain methylated long
terminal repeats (LTRs) and several families of satellite repeats and LINES during mouse
embryonic development [59]. HELLS-mediated methylation of satellites and
retrotransposons is DNMT3B-independent and, along with other experimental data, supports
a de novo methylation role for HELLS in a specific time frame during embryogenesis.
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Whether in human cells HELLS follows a similar mechanism is not known, but the absence
of DNMT3B at SST1 repeats suggests it could be similar.

Very little is still known about the genomics and epigenomics of repetitive elements and how
these could have an impact on diverse functions and ultimately on cell behavior [60].
Difficulty in sequencing and, therefore, analyzing repetitive regions, along with the classical
idea that repetitive DNA is “junk”, has discouraged research on this field. However, new
technologies, such as single molecule real-time sequencing (SMRT), that allow obtaining
longer reads, may help to overcome these limitations and to fill the gap in our knowledge on
repetitive sequences and their roles [61,62].

In summary, our data suggest that the epigenetic reprogramming at SST1 regions may
contribute to genomic instability by facilitating aberrant mitosis and chromosome
segregation defects. Because both DNA hypermethylation and hypomethylation seem to
precede the somatic genetic alterations in cancer [21,63], the possible use of SST1
methylation as an early detection marker deserves further investigation. The asymmetric
association of SST1 demethylation with 7P53 mutations is intriguing. Moderate
demethylation may contribute to tumorigenesis in a TP53-independent manner, whereas the
association of the age-independent severe demethylation with 7253 mutations points more
to a mechanism other than failure to preserve DNA methylation during replication. Whether
“severe” demethylation influences the appearance of 7P53 mutations or is a consequence of
the TP53 mutated state is an interesting issue that remains to be studied and characterized.

4. Materials and Methods

4.1. Tissue Specimens and Samples

Surgically-removed frozen tissues of unselected CRC, gastric, and breast cancers, and paired
adjacent non-cancerous tissues were obtained from the Cooperative Human Tissue Network
(CHTN, a National Cancer Institute supported resource). None of the patients were treated
with chemotherapy prior to surgery. Institutional Review Board approval was obtained to
procure and analyze tissues. We selected a random subset of 129 cases for this study, mostly
previously analyzed for global DNA methylation changes by MS-AFLP [64]. Microsatellite
instability (MSI) was determined in all samples as previously described [21]. Frozen tissues
from patients with ovarian carcinoma were provided by the Bellvitge Hospital in Barcelona,
Spain. Genomic DNA from freshly frozen tissues was prepared by standard phenol-
chloroform extraction and ethanol precipitation. RNA from frozen tissue was extracted
either by standard phenol-chloroform extraction or QIAGEN RNeasy RNA extraction kit
(Qiagen, Dusseldorf, Germany).

4.2. Genome Damage Fraction

Avrbitrarily primed PCR (AP-PCR) is a comparative analysis of paired normal and tumor
tissue DNA fingerprints used to measure DNA copy number alterations, i.e., gains and losses
of chromosomes and chromosomal regions (see Figure 2). The total number of alterations,
scored as increases and decreases of band intensities, is used as estimation of the GDF. The
GDF values used in this study were previously determined in the laboratory [21]. Genomic
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DNA (50-100 ng) was subjected to AP-PCR amplification in 25 pL of reaction mix: 1 unit
of Tag DNA polymerase (Takara, Madison, WI, USA), 10 mM Tris HCI (pH 8.3), 50 mM
KCI, 5 mM MgCly, and 1 mM primer. The reaction was performed using primers BLUE and
MCG1 and proceeded to the first five-cycle incubation under conditions of low stringency
(94 °C for 30 s, 50 °C for 1 min, and 72 °C for 1.5 min), followed by a 25-cycle incubation
under conditions of high stringency (94 °C for 15 s, 60 °C for 15 s, and 72 °C for 1 min),
and finally an extension step (72 °C for 7 min). To separate the PCR products, the samples
were electrophoresed in 5.5% polyacrylamide gels containing 7 M urea at 55 W for 5-6 h.
After electrophoresis, the gels were dried and exposed to X-ray films overnight to visualize
the fingerprint bands. Primer sequences and annealing temperatures are shown in Table S3.

4.3. Cancer Cell Lines and 5-aza-2’-Deoxycytidine Treatment

Cancer cell lines (Caco-2, LS174T, OV90, A2780) were obtained from the American Type
Culture Collection (ATCC, Manassas, VA, USA) and maintained under recommended
culture conditions. Other ovarian cancer cell lines were obtained from European Collection
of Cell Cultures (ECACC). Cultures were supplemented with fetal bovine serum (FBS)
(Hyclone, Thermo Fisher Scientific, Waltham, MA, USA) and 1x antimycotic antibiotics
(Omega Scientific, Inc., Tarzana, CA, USA). 5-aza-2’-deoxycytidine (5-aza-dC, Sigma-
Aldrich, San Louis, MO, USA)) treatment at 2.5 uM was performed for four days and media
changed every 24 h with fresh 5-aza-dC.

4.4. Molecular Analyses

MS-AFLP, bisulfite sequencing, RT-PCR, and Western blots were performed as previously
published [64]. In brief, for MS-AFLP, two pairs of oligonucleotides were annealed
overnight at 37 °C to generate Notl (5'-CTCGTAGACTGCGTAGG-3" and 5'-
GGCCCCTACGCAGTCTAC-3") and Msel (5'-GACGATGAGTCCTGAG-3" and 5'-
TACTCAGGACTCAT-3") specific adaptors. Digested DNA was ligated to Notl and Msel
adaptors with T4 DNA ligase (Roche, Basel, Switzerland) overnight at 16 °C. A primer
complementary to the Notl adaptor (Notl primer, see Table S2) was labeled at the 5” end
using 32P-y-ATP (NEN) and T4 polynucleotide kinase (Promega, Madison, WI, USA).
Adaptor-ligated template DNA was PCR amplified using 32P-labeled Notl primer and one of
non-labeled Msel primers (Table S2). PCR samples were heat-denatured and immediately
electrophoresed in denaturing gels (Sequagel-6, National Diagnostics, Atlanta, GA, USA).
Gels were dried and exposed to X-ray films.

For bisulfite genomic sequencing, 1 pg of genomic DNA was treated with sodium bisulfite
using EZ DNA Methylation Kit (Zymo Research, Irvine, CA, USA). PCR was performed
following manufacturer indications. Primer sequences and annealing temperatures are shown
in Table S2. PCR products were electrophoresed in 2% agarose gels and purified using
Qiaquick Gel Extraction Kit (Qiagen) and, thereafter, cloned into pCR®2.1-TOPO® (TOPO-
TA Cloning Kit, Invitrogen, Carlsbad, CA, USA), transformed into Escherichia coli DH10B.
Individual positive clones were amplified, and plasmids containing correct-size inserts were
subsequently sequenced using M13 reverse primer.
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For RT-PCR, total cellular RNA was extracted using TRIzol Reagent (Invitrogen).
Retrotranscription with Superscript 11 enzyme was followed (Invitrogen) and cDNA was
amplified using HELL S specific primers (for oligonucleotide sequences and annealing
temperatures see Table S3).

For Western blots, nuclear and cytoplasmic extracts were obtained by lysing the cell
membrane with hypotonic buffer plus fresh protease inhibitors (Complete, Roche) and
phosphatase inhibitors (PhosSTOP, Roche). Pelleted nuclei were then lysed with hypertonic
buffer (plus inhibitors as before). Protein extracts were resolved in sodium dodecyl sulfate
(SDS)-polyacrylamide gels and transferred to PVDF membranes with the iBlot system
(Invitrogen). HELLS antibody (sc-28202, Santa Cruz Biotechnology, Santa Cruz, CA, USA)
diluted 1/1000 and B-tubulin antibody (sc-9104, Santa Cruz) were incubated after blocking
with 5% non-fat milk for 1 h at room temperature. A secondary anti-rabbit antibody
conjugated to horseradish peroxidase was used 1: 4000 (DAKO, Agilent technologies, Santa
Clara, CA, USA) and membranes were incubated with enhanced chemiluminescence (ECL)
system (Amersham, GE lifesciences, Chicago, IL, USA). Films were exposed and developed
at different time points.

4.5. Chromatin Immunoprecipitation

Nuclei were isolated by hypotonic lysis. Sonication to obtain chromatin fragments of around
500 bp was performed using a Covaris S2 sonicator, (Woburn, MA, USA). Each sample with
an equal final concentration of 100 pg chromatin was incubated overnight with 3 g of
H3K9me3 (17-625), H3K27me3 (07-449), antibodies from Millipore (Billerica, MA,
USA); HELLS (AB3851) and control 1gG (AB46540) from Abcam, Cambridge, UK. DNA-
antibody complexes were recovered by adding protein A/G magnetic beads (Millipore).
After extensive washing, bound DNA fragments were eluted (1% w/v SDS, 0.1 M Na-
HCO3) and analyzed by quantitative PCR using SYBR Green Master Mix (Applied
Biosystems, Thermo Fisher Scientific). ChIP in FFPE tissue was performed with ChIP-IT®
FFPE Active Motif kit (Carlsbad, CA, USA) following the manufacturer’s instructions.
Precipitated DNA was analyzed by quantitative PCR as explained above for classical ChIP.

4.6. Immunofluorescence

Cells were fixed with 4% paraformaldehyde for 10 minutes, permeabilized with 0.25%
Triton-X and blocked with 4% bovine serum albumin in phosphate-buffered saline 1 h at
room temperature. Immunostaining with anti-HELLS antibody (Santa Cruz Biotechnology)
was performed overnight at 4 °C followed by immunostaining with anti a-tubulin
conjugated with Alexa Fluor 488 (Invitrogen). Alexa 555-conjugated secondary antibody
was used (Invitrogen). ProLong gold anti-fade reagent (Invitrogen) was used to counterstain
nuclei (DAPI) and mount the slides.

4.7. Statistical Analyses

Statistical analyses were performed using GraphPad Prism 5.0 (GraphPad Software, La
Jolla, CA, USA). All values were expressed as mean + standard deviation. Statistical
differences between variables were analyzed with Student’s ¢tests (paired or unpaired),
Mann-Whitney U'test, or analysis of variance (ANOVA), as appropriate. All pvalues were
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Iculated from two-sided statistical tests, and p < 0.05 was considered statistically

significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledg

Th
He

ments:

is work was supported by the National Institutes of Health Grant R37CA63585, and by the Spanish Ministry of
alth Plan Nacional de 1+D+I, FEDER, FIS P109/02444 and Plan Estatal de I+D+1, ISCIII, FEDER, FIS

P112/00511 and ISCIII, FEDER, FIS P115/01763. We thank Marcus Buschbeck for helpful discussions and
suggestions and Concepci6 Soler for her help with fluorescence microscopy.

References
1.

Baylin SB; Ohm JE Epigenetic gene silencing in cancer—A mechanism for early oncogenic
pathway addiction? Nat. Rev. Cancer 2006, 6, 107-116. [PubMed: 16491070]

. Esteller M Epigenetics in cancer. N. Engl. J. Med. 2008, 358, 1148-1159. [PubMed: 18337604]

3. Feinberg AP; Tycko B The history of cancer epigenetics. Nat. Rev. Cancer 2004, 4, 143-153.

10

11.

12.

13.

14.

15.

[PubMed: 14732866]

. Feinberg AP; Ohlsson R; Henikoff S The epigenetic progenitor origin of human cancer. Nat. Rev.

Cancer 2006, 7, 21-33.

. Eden A; Gaudet F; Waghmare A; Jaenisch R Chromosomal instability and tumors promoted by

DNA hypomethylation. Science 2003, 300, 455. [PubMed: 12702868]

. Gaudet F; Hodgson JG; Eden A; Jackson-Grusby L; Dausman J; Gray JW; Leonhardt H; Jaenisch R

Induction of tumors in mice by genomic hypomethylation. Science 2003, 300, 489-492. [PubMed:
12702876]

. Cui H; Cruz-Correa M; Giardiello FM; Hutcheon DF; Kafonek DR; Brandenburg S; Wu Y; He X;

Powe NR; Feinberg AP Loss of IGF2 imprinting: A new potential marker of colorectal cancer risk.
Science 2003, 299, 1753-1755. [PubMed: 12637750]

. Hoffmann MJ; Schulz WA Causes and consequences of DNA hypomethylation in human cancer.

Biochem. Cell Biol. 2005, 83, 296-321. [PubMed: 15959557]

. Qu G; Dubeau L; Narayan A; Yu MC; Ehrlich M Satellite DNA hypomethylation vs. Overall

genomic hypomethylation in ovarian epithelial tumors of different malignant potential. Mutat. Res.
1999, 423, 91-101. [PubMed: 10029684]

. Wong N; Lam WC; Lai PB; Pang E; Lau WY; Johnson PJ. Hypomethylation of chromosome 1
heterochromatin DNA correlates with g-arm copy gain in human hepatocellular carcinoma. Am. J.
Pathol. 2001,159, 465-471. [PubMed: 11485905]

Widschwendter M; Jiang G; Woods C; Miiller HM; Fiegl H; Goebel G; Marth C; Muller-Holzner
E; Zeimet AG; Laird PW; et al. DNA hypomethylation and ovarian cancer biology. Cancer Res.
2004, 64, 4472-4480. [PubMed: 15231656]

Jeanpierre M; Turleau C; Aurias A; Prieur M; Ledeist F; Fischer A; Viegas-Pequignot E An
embryonic-like methylation pattern of classical satellite DNA is observed in ICF syndrome. Hum.
Mol. Genet. 1993, 2, 731-735. [PubMed: 8102570]

Kokalj-Vokac N; Almeida A; Viegas-Pequignot E; Jeanpierre M; Malfoy B; Dutrillaux B Specific
induction of uncoiling and recombination by azacytidine in classical satellite-containing
constitutive heterochromatin. Cytogenet. Cell Genet. 1993, 63, 11-15. [PubMed: 7680606]

Walsh CP; Chaillet JR; Bestor TH Transcription of AP endogenous retroviruses is constrained by
cytosine methylation. Nat. Genet. 1998, 20, 116-117. [PubMed: 9771701]

Miniou P; Jeanpierre M; Blanquet V; Sibella V; Bonneau D; Herbelin C; Fischer A; Niveleau A;
Viegas-Pequignot ET Abnormal methylation pattern in constitutive and facultative (X inactive

Epigenomes. Author manuscript; available in PMC 2019 December 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Samuelsson et al.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

Page 13

chromosome) heterochromatin of ICF patients. Hum. Mol. Genet. 1994, 3, 2093-2102. [PubMed:
7881405]

Wilson VL; Jones PA DNA methylation decreases in aging but not in immortal cells. Science 1983,
220, 1055-1057. [PubMed: 6844925]

Mays-Hoopes LL; Brown A; Huang RC Methylation and rearrangement of mouse intracisternal A
particle genes in development, aging, and myeloma. Mol. Cell Biol. 1983, 3, 1371-1380.
[PubMed: 6621530]

Wilson VL; Smith RA; Ma S; Cutler RG Genomic 5-methyldeoxycytidine decreases with age. J.
Biol. Chem. 1987, 262, 9948-9951. [PubMed: 3611071]

Fraga MF; Ballestar E; Paz MF; Ropero S; Setien F; Ballestar ML; Heine-Sufier D; Cigudosa JC;
Urioste M; Benitez J; et al. Epigenetic differences arise during the lifetime of monozygotic twins.
Proc. Natl. Acad. Sci. USA 2005, 102, 10604-10609.

Jintaridth P; Mutirangura A Distinctive patterns of age-dependent hypomethylation in interspersed
repetitive sequences. Physiol. Genom. 2010, 41, 194-200.

Suzuki K; Suzuki I; Leodolter A; Alonso S; Horiuchi S; Yamashita K; Perucho M Global DNA
demethylation in gastrointestinal cancer is age dependent and precedes genomic damage. Cancer
Cell 2006, 9, 199-207. [PubMed: 16530704]

Modrich P; Lahue R Mismatch repair in replication fidelity, genetic recombination, and cancer
biology. Annu. Rev. Biochem. 1996, 65, 101-133. [PubMed: 8811176]

Ehrlich M DNA methylation in cancer: Too much, but also too little. Oncogene 2002, 21, 5400-
5413. [PubMed: 12154403]

Qu GZ; Grundy PE; Narayan A; Ehrlich M Frequent hypomethylation in Wilms tumors of
pericentromeric DNA in chromosomes 1 and 16. Cancer Genet. Cytogenet. 1999,109, 34-39.
[PubMed: 9973957]

Xu GL; Bestor TH; Bourc’his D; Hsieh CL; Tommerup N; Bugge M; Hulten M; Qu X; Russo JJ;
Viegas-Péquignot E Chromosome instability and immunodeficiency syndrome caused by
mutations in a DNA methyltransferase gene. Nature 1999, 402, 187-191. [PubMed: 10647011]
Smit AFA; Hubley R; Green P RepeatMasker Open-3.0. 1996-2010 Available online: http://
www.repeatmasker.org (accessed on 19 April 2012).

Thoraval D; Asakawa J; Wimmer K; Kuick R; Lamb B; Richardson B; Ambros P; Glover T;
Hanash S Demethylation of repetitive DNA sequences in neuroblastoma. Genes Chromosomes
Cancer 1996, 17, 234-244. [PubMed: 8946205]

Nishiyama R; Qi L; Tsumagari K; Weissbecker K; Dubeau L; Champagne M; Sikka S; Nagai H;
Ehrlich M A DNA repeat, NBL2, is hypermethylated in some cancers but hypomethylated in
others. Cancer Biol. Ther. 2005, 4, 440-448. [PubMed: 15846090]

Feinberg AP; Gehrke C; Kuo KC; Ehrlich M Reduced genomic 5-methylcytosine content in human
colonic neoplasia. Cancer Res. 1988, 48, 1159-1161. [PubMed: 3342396]

Kazazian HH Jr. L1 retrotransposons shape the mammalian genome. Science 2000, 289, 1152—
1153. [PubMed: 10970230]

Yang AS; Estécio MR; Doshi K; Kondo Y; Tajara EH; Issa JP A simple method for estimating
global DNA methylation using bisulfite PCR of repetitive DNA elements. Nucleic Acids Res.
2004, 32, 38.

Peinado MA; Malkhosyan S; Velazquez A; Perucho M lIsolation and characterization of allelic
losses and gains in colorectal tumors by arbitrarily primed polymerase chain reaction. Proc. Natl.
Acad. Sci. USA 1992, 89, 100065-100069.

Suzuki K; Ohnami S; Tanabe C; Sasaki H; Yasuda J; Katai H; Yoshimura K; Terada M; Perucho
M; Yoshida T The genomic damage estimated by arbitrarily primed PCR DNA fingerprinting is
useful for the prognosis of gastric cancer. Gastroenterology 2003, 125, 1330-1340. [PubMed:
14598249]

Kouzarides T Chromatin modifications and their function. Cell 2007, 128, 693-705. [PubMed:
17320507]

Dennis K; Fan T; Geiman T; Yan Q; Muegge K Lsh, a member of the SNF2 family, is required for
genome-wide methylation. Genes Dev. 2001, 15, 2940-2944. [PubMed: 11711429]

Epigenomes. Author manuscript; available in PMC 2019 December 20.


http://www.repeatmasker.org
http://www.repeatmasker.org

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Samuelsson et al.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

5L

52.

Page 14

Zhu H; Geiman TM; Xi S; Jiang Q; Schmidtmann A; Chen T; Li E; Muegge K Lsh is involved in
de novo methylation of DNA. EMBO J. 2006, 25, 335-345. [PubMed: 16395332]

Tao Y; Xi S; Shan J; Maunakea A; Che A; Briones V; Lee EY; Geiman T; Huang J; Stephens R; et
al. Lsh, chromatin remodeling family member, modulates genome-wide cytosine methylation
patterns at nonrepeat sequences. Proc. Natl. Acad. Sci. USA 2011, 108, 5626-5631. [PubMed:
21427231]

De La Fuente R; Baumann C; Fan T; Schmidtmann A; Dobrinski I; Muegge K Lsh is required for
meiotic chromosome synapsis and retrotransposon silencing in female germ cells. Nat. Cell Biol.
2006, 8, 1448-1454. [PubMed: 17115026]

Huang J; Fan T; Yan Q; Zhu H; Fox S; Issaq HJ; Best L; Gangi L; Munroe D; Muegge K Lsh, an
epigenetic guardian of repetitive elements. Nucleic Acids Res. 2004, 32, 5019-5028. [PubMed:
15448183]

Nagai H; Kim YS; Yasuda T; Ohmachi Y; Yokouchi H; Monden M; Emi M; Konishi N; Nogami
M; Okumura K; et al. A novel sperm-specific hypomethylation sequence is a demethylation
hotspot in human hepatocellular carcinomas. Gene 1999, 237, 15-20. [PubMed: 10524231]
Igarashi S; Suzuki H; Niinuma T; Shimizu H; Nojima M; lwaki H; Nobuoka T; Nishida T;
Miyazaki Y; Takamaru H; et al. A novel correlation between line-1 hypomethylation and the
malignancy of gastrointestinal stromal tumors. Clin. Cancer Res. 2010, 16, 5114-5123. [PubMed:
20978145]

Bartke T; Vermeulen M; Xhemalce B; Robson SC; Mann M; Kouzarides T Nucleosome-interacting
proteins regulated by DNA and histone methylation. Cell 2010, 143, 470-484. [PubMed:
21029866]

Gal-Yam EN; Egger G; Iniguez L; Holster H; Einarsson S; Zhang X; Lin JC; Liang G; Jones PA;
Tanay A Frequent switching of polycomb repressive marks and DNA hypermethylation in the PC3
prostate cancer cell line. Proc. Natl. Acad. Sci. USA 2008, 105, 12979-12984.

Kondo Y; Shen L; Cheng AS; Ahmed S; Boumber Y; Charo C; Yamochi T; Urano T; Furukawa K;
Kwabi-Addo B; et al. Gene silencing in cancer by histone H3 lysine 27 trimethylation independent
of promoter DNA methylation. Nat. Genet. 2008, 40, 741-750. [PubMed: 18488029]

Lindroth AM; Park YJ; Mclean CM; Dokshin GA,; Persson JM; Herman H; Pasini D; Miré X;
Donohoe ME; Lee JT; et al. Antagonism between DNA and H3K27 methylation at the imprinted
Rasgrfl locus. PLoS Genet. 2008, 4, e1000145.

Mohn F; Weber M; Rebhan M; Roloff TC; Richter J; Stadler MB; Bibel M; Schiibeler D Lineage-
specific polycomb targets and de novo DNA methylation define restriction and potential of
neuronal progenitors. Mol. Cell 2008, 30, 755-766. [PubMed: 18514006]

Schlesinger Y; Straussman R; Keshet I; Farkash S; Hecht M; Zimmerman J; Eden E; Yakhini Z;
Ben-Shushan E; Reubinoff BE; et al. Polycomb-mediated methylation on Lys27 of histone H3 pre-
marks genes for de novo methylation in cancer. Nat. Genet. 2007, 39, 232-236. [PubMed:
17200670]

Viré E; Brenner C; Deplus R; Blanchon L; Fraga M; Didelot C; Morey L; Van Eynde A; Bernard
D; Vanderwinden J-M; et al. The Polycomb group protein EZH2 directly controls DNA
methylation. Nature 2005, 439, 871-874. [PubMed: 16357870]

Hagarman JA; Motley MP; Kristjansdottir K; Soloway PD Coordinate regulation of DNA
methylation and H3K27me3 in mouse embryonic stem cells. PLoS ONE 2013, 8, e53880.
Brinkman AB; Gu H; Bartels SJJ; Zhang Y; Matarese F; Simmer F; Marks H; Bock C; Gnirke A;
Meissner A; et al. Sequential chip-bisulfite sequencing enables direct genome-scale investigation
of chromatin and DNA methylation cross-talk. Genome Res. 2012, 22,1128-1138. [PubMed:
22466170]

Rodriguez J; Mufioz M; Vives L; Frangou CG; Groudine M; Peinado MA Bivalent domains
enforce transcriptional memory of DNA methylated genes in cancer cells. Proc. Natl. Acad. Sci.
USA 2008, 105, 19809-19814.

Nakagawa T; Kanai Y; Ushijima S; Kitamura T; Kakizoe T; Hirohashi S DNA hypomethylation on
pericentromeric satellite regions significantly correlates with loss of heterozygosity on
chromosome 9 in urothelial carcinomas. J. Urol. 2005,173, 243-246. [PubMed: 15592089]

Epigenomes. Author manuscript; available in PMC 2019 December 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Samuelsson et al.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Page 15

Gisselsson D; Shao C; Tuck-Muller CM; Sogorovic S; Palsson E; Smeets D; Ehrlich M Interphase
chromosomal abnormalities and mitotic missegregation of hypomethylated sequences in ICF
syndrome cells. Chromosoma 2005, 114, 118-126. [PubMed: 15856360]

Schotta G; Lachner M; Sarma K; Ebert A; Sengupta R; Reuter G; Reinberg D; Jenuwein T A
silencing pathway to induce H3-K9 and H4-K20 trimethylation at constitutive heterochromatin.
Genes Dev. 2004, 18, 1251-1262. [PubMed: 15145825]

Volkel P; Angrand P-O The control of histone lysine methylation in epigenetic regulation.
Biochimie 2007, 89, 1-20. [PubMed: 16919862]

Lehnertz B; Ueda Y; Derijck AA; Braunschweig U; Perez-Burgos L; Kubicek S; Chen T; Li E;
Jenuwein T; Peters AH Suv39h-mediated histone H3 lysine 9 methylation directs DNA
methylation to major satellite repeats at pericentric heterochromatin. Curr. Biol. 2003, 13, 1192-
1200. [PubMed: 12867029]

Yano M; Ouchida M; Shigematsu H; Tanaka N; Ichimura K; Kobayashi K; Inaki Y; Toyooka S;
Tsukuda K; Shimizu N; et al. Tumor-specific exon creation of the HELLS/SMARCAG gene in
non-small cell lung cancer. Int. J. Cancer 2004, 112, 8-13. [PubMed: 15305370]

The Cancer Genome Atlas Research Network TCGA. Available online: http://
cancergenome.nih.gov/ (accessed on 20 September 2016).

Dunican DS; Cruickshanks HA; Suzuki M; Semple CA; Davey T; Arceci RJ; Greally J; Adams IR;
Meehan RR Lsh regulates LTR retrotransposon repression independently of Dnmt3b function.
Genome Biol. 2013, 14, 1-23.

Déjardin J Switching between epigenetic states at pericentromeric heterochromatin. Trends Genet.
2015, 31, 661-672. [PubMed: 26431676]

Huddleston J; Ranade S; Malig M; Antonacci F; Chaisson M; Hon L; Sudmant PH.; Graves TA;
Alkan C; Dennis MY; et al. Reconstructing complex regions of genomes using long-read
sequencing technology. Genome Res. 2014, 24, 688-696. [PubMed: 24418700]

Melters DP; Bradnam KR; Young HA; Telis N; May MR; Ruby JG; Sebra R; Peluso P; Eid J; Rank
D; et al. Comparative analysis of tandem repeats from hundreds of species reveals unique insights
into centromere evolution. Genome Biol. 2013, 14, R10. [PubMed: 23363705]

Yamashita K; Dai T; Dai Y; Yamamoto F; Perucho M Genetics supersedes epigenetics in colon
cancer phenotype. Cancer Cell 2003, 4, 121-131. [PubMed: 12957287]

Yamamoto F; Yamamoto M; Soto JL; Kojima E; Wang EN; Perucho M; Sekiya T; Yamanaka H
Notl-Msell methylation-sensitive amplied fragment length polymorhism for DNA methylation
analysis of human cancers. Electrophoresis 2001, 22, 1946-1956. [PubMed: 11465493]

Epigenomes. Author manuscript; available in PMC 2019 December 20.


http://cancergenome.nih.gov/
http://cancergenome.nih.gov/

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Samuelsson et al.

Page 16

A MS-AFLP
129 153* Chr21:9,809,222 - 9,852,613 5
NTNTNTNT &
o N — e g
C5 Band C-5 BLAST hits ™~
LT [ Noltl sitles (TR R T \l ~~~~ NT_IBEe1 ]
% L] N a— L} 1 L Ll L L ] . ] 1] ] L ] - Ll ] L]
MIRc 40.000 50.000 .- 13kb ===mmmee____ 60.000 70.000
ammme T Notl T ;
(CAN SST1 monomer (GAn
Band C-5
_________________________ 37 bp ==
{mmmmmmmmmmmm e Notl TR .
[l 1 !
B | | [l | [NLLLIAL L ' 1 |
CpG sites
153N o 50 100 s 150 200 250 280
> 4 : X3
> 4 b4aee
$ S22 i — ¢
183 T "
3 3 :
: ~§ —
2% S —0 3
— 4 2
S == :
- S S o—
S == % =
C — O O
Severe hypomethylation Moderate hypometh. No Change
10 P [ (o] - [eo]) ‘e -A-V-A-.--oog--«g-mo-o ; oo .- o -: o0 CO | e TD | 00 &)
® O = ‘ — e o O | e— —
_ ifg‘?é’ao"o nefEss R Bl 5o | &% S5|8% go|*e 88 1§ oo
90.8. 568 |e B 88| w o™ o CO)B; . oo e oo J o
o o| e & 88 B o o o S
c 06 O 3 < o %
il oo ® oo
"a o0 o 8 [e) fes3e)
= 04 oo o
e o]
E o
S 02 & ° °
[0]
0.0} &
153 33 547 553 709 199 463 726 727 706 719 528
Figurel.

SST1 elements are demethylated in colorectal cancer. (A) DNA fingerprinting by
methylation sensitive-amplified fragment length polymorphism (MS-AFLP) identified a
hypomethylated region in 22% of colorectal cancer (CRC) tumors (band C-5). The insert
depicts the region of the fingerprint of two CRC cases, showing the intense bandC-5 in
tumor 153, indicating demethylation of the Notl site. Band C-5 correspond (bed to a
pericentromeric region on chromosome 21, which contains 21 SST1 satellite tandem repeats.
Most of these SST1 elements contain a Notl site; that can be detected by MS-AFLP. Each
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repeat of approximately 1.3 kb (grey rectangles) is flanked by CA- and GA-rich regions. On
each side of the21 repeat region, families of retrotransposons are present (MIRC and LIM2).
N and T: normal and tumor tissue DNA,; (B) A region of 317 bp comprising 28 CpG sites
and the Notl site was analyzed by bisulfite sequencing in several CRCs. Analysis of case
153 is represented, where black and white circles represent methylated and unmethylated
CpG sites, respectively. Small black dots indicate polymorphisms including TpA sequences
possibly resulting from spontaneous deamination of methylated CpGs on the opposite DNA
strand. Each row represents the sequence of an individual plasmid clone; and (C)
methylation status of SST1 satellites from chromosome 21 in 12 CRCs cases. SST1
methylation levels indicate the methylation average of the 28 CpGs analyzed by bisulfite
sequencing from individual PCR clones (rows in (B)) in colon normal samples (black) and
tumor samples (white). Severe demethylated cases show a methylation average difference
between normal and tumor equal or higher than 10%, whereas moderate demethylation cases
show a difference between 5% and 10%.
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Figure2.

Demethylation of SST1s is associated with genomic damage in CRCs with wild-type (WT)
7P53, but not with mutant (MUT) 7P53. pvalues were calculated by #test. Genomic
damage fraction (GDF) was estimated by AP-PCR DNA fingerprinting as previously
described [21]. GDF indicates average number of copy number changes (losses and gains) in
tumor relative to normal tissue. NC: no change in DNA methylation; HYPO: DNA

hypomethylation.
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Figure 3.
SST1 methylation and clinicopathological features of CRC. CRC cases with quantitative

information of SST1 somatic demethylation (n7 = 80) were classified into two groups, i.e.,
below (green lines) and above (blue lines) increasing SST1 demethylation cutoff values. We
explored the effect of the different cutoffs between —5% and 22%, with a 0.1% increment.
The information of every clinicopathological and mutational factor is represented in a
stacked pair of graphs. The upper graph of every pair shows, in a negative logarithmic scale
(yaxis), the pvalue of the comparison between tumors below and tumors above the SST1
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demethylation cutoff employed for the classification (xaxis). In pink, pvalues < 0.05. In
red, pvalues < 0.01. The lower graph of every pair shows the values of the parameters (y
axis) for the group of tumors below (green) or above the cutoff (blue). The SST1
demethylation regions where the applied cutoff yielded statistical significance are also
indicated in pink (p< 0.05) and red (p < 0.01). Age was compared by Student’s Ztest.
Gender, KRAS mutations and 7P53 mutations were analyzed by Fisher’s exact test. Shaded
in light blue, the region around the 10% demethylation cutoff.
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SST1, but not SATa methylation, correlates positively with histone 3 lysine 9 trimethylation
(H3K9me3) levels and negatively with histone 3 lysine 27 trimethylation (H3K27me3). (A)
SST1 and SATa methylation levels of individual clones analyzed by bisufite sequencing in
CIRC cell lines Caco-2 and LS174. As in Figure 1C, each dot corresponds to average

methylation level present in one PCR clone sequence; (B) chromatin immunoprecipitation

analysis (ChIP) of histone modifications on SST1 element. Demethylation of SST1
associates with increased H3K27me3 and reduction of H3K9me3 in SST1 chromatin.
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Demethylation of SATa element associates with decrease of H3K9me3 but not with
H3K27me3 increase. Fold change was calculated relative to the input (comparative Ct
method). 1gG indicate immunoprecipitation background levels; (C) ChIP analysis of histone
modifications associated with SST1 repetitive elements in two representative cases of colon
cancer formalin-fixed paraffin-embedded (FFPE) primary tissue. Both tumors (709 and 726)
displaying severe and moderate SST1 demethylation, respectively (Figure 1C), showed a
shift from high levels of SST1 methylation and H3K9me3 enrichment in normal tissue
(black bars) to SST1 demethylation accompanied with H3K9me3 reduction and H3K27me3
increase in the tumor (white bars); and (D) demethylated SST1 DNA associates with
H3K27me3 by ChlIP analysis in CRC cell line LS174T. The immunoprecipitated genomic
DNA regions were bisulfite sequenced to monitor SST1 (ChIP-BS-seq). Input DNA:
bisulfite treated input DNA purified after sonication. H3K27me3 DNA: bisulfite-treated
DNA after H3K27me3 immunoprecipitation. SST1 elements associated with H3K27me3
show significantly higher demethylation compared to the input. p value was calculated by ¢
test.
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SST1 demethylation changes histone modifications in CRC] cell line HCT116. (A) SST1
methylation levels of individual clones estimated by bisulfite sequencing. Untreated (Unt) or
treated with 5-aza-dC at 2.5 pM (AZA); and (B) SST1 demethylation, induced by 5-aza-dC
(AZA) treatment (2.5 mM), is followed by an increase in H3K27me3 levels as shown by
chromatin immunoprecipitation. H3K9me3 and H3K27me3 levels shown as fold enrichment
relative to the input. 1gG indicate immunoprecipitation background levels.
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Figure 6.

HELLS is recruited to SST1 regions, localizes in the centrosome and the mitotic spindle,
and HELLS knockdown results in SST1 demethylation. (A) ChIP analysis of HELLS and
DNA methyltransferase 3B (DNMT3B) recruitment to SST1 repetitive elements in CRC cell
line HCT116 (left graph). The right graph shows HELLS recruitment to SST1 monitored by
ChlIP in Caco-2 (SST1 methylated) and LS174 (SST1 demethylated). Relative recruitment
was calculated by the comparative Ct method and the input values were used as normalizers.
1gG shows art immunoprecipiation background; (B) HELLS expression by confocal
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immunofluorescence. Caco-2 cells stained with primary antibody against HELLS (red) and
counterstained with 4 ,6-diamidino-2-phanylindole (DAPI) (blue). Image analysis by
Slidebook software v4 (Intelligent Imaging Innovations, Denver, CO, USA) shows increased
protein levels of HELLS around what seems to be the centrosome regions of mitotic cells;
(C) Co-immunofluorescence of HELLS with a-tubulin, a marker of the mitotic spindle, in
HCT116 cells; (D) Western blot on nuclear extracts from HCT116 polyclones obtained after
lentiviral infection of small hairpin RNAs (ShRNA) of a scrambled control sequence (shCtrl)
or targeting HELLS (shHELLS); and (E) SST1 methylation levels of individual clones
analyzed by bisulfite sequencing in colon cancer cell line HCT116 with scrambled sShRNA
(shCtrl) or shRNAs for HELLS (shHELLS). This analysis was performed three weeks post-
infection. p value was calculated by Mann Whitney test.
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