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ABSTRACT
Alu repeats constitute a major fraction of human genome and for a small subset of them a role in
gene regulation has been described. The number of studies focused on the functional character-
ization of particular Alu elements is very limited. Most Alu elements are DNA methylated and then
assumed to lie in repressed chromatin domains. We hypothesize that Alu elements with low or
variable DNA methylation are candidates for a functional role. In a genome-wide study in normal
and cancer tissues, we pinpointed an Alu repeat (AluSq2) with differential methylation located
upstream of the promoter region of the DIEXF gene. DIEXF encodes a highly conserved factor
essential for the development of zebrafish digestive tract. To characterize the contribution of the
Alu element to the regulation of DIEXF we analysed the epigenetic landscapes of the gene
promoter and flanking regions in different cell types and cancers. Alternate epigenetic profiles
(DNA methylation and histone modifications) of the AluSq2 element were associated with DIEXF
transcript diversity as well as protein levels, while the epigenetic profile of the CpG island
associated with the DIEXF promoter remained unchanged. These results suggest that AluSq2
might directly contribute to the regulation of DIEXF transcription and protein expression.
Moreover, AluSq2 was DNA hypomethylated in different cancer types, pointing out its putative
contribution to DIEXF alteration in cancer and its potential as tumoural biomarker.

ARTICLE HISTORY
Received 7 November 2019
Revised 9 January 2020
Accepted 20 January 2020

KEYWORDS
Alu repeat; DNA
methylation; DIEXF (UTP25);
alternative transcription
start sites (TSSs); histone
marks; multiple 3ʹUTRs;
alternative polyadenylation
sites; cancer

Introduction

About half of the human genome is made of
transposable elements (TEs), which include short
interspersed elements (SINEs), long interspersed
elements (LINEs) and long terminal repeat (LTR)
elements [1,2]. TEs were originally regarded as
‘junk’ DNA. However, numerous studies have
demonstrated that some of them have evolved
from parasitic sequences into functional genomic
elements [3–6]. Among TEs, Alu elements, which
are restricted to primates, constitute the most suc-
cessful SINE family with more than one million
copies per haploid human genome [7].
Interestingly, their distribution throughout the
genome is non-random as they tend to accumulate
in gene-rich regions [1,2]. In recent years, an
increasing body of evidence have pointed out the
potential of Alu elements to function as regulators
of gene expression [3–6]. The influence of Alu

elements in gene expression and chromatin struc-
ture can be exerted through different mechanisms,
including the presence of transcription factor
binding sites (TFBSs) [8] and enhancer-like his-
tone modifications [9]. Moreover, the high density
of methylated CpG in Alu elements appears to
favour nucleosome occupancy, having a direct
impact in the positioning of neighbouring nucleo-
somes [10,11]. Most Alu elements are highly
DNA-methylated [12–14] and associated with
repressive histone modifications [15], which prob-
ably confines their overall potential contribution
to gene regulation.

Alterations in DNA methylation are a hallmark
of cancer and include both hyper- and hypo-
methylations. Whereas hypermethylations are
mostly focal and associated with CpG islands,
hypomethylation often involves extensive blocks
of the genome largely affecting repetitive elements
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[16–19]. The correlation between global loss of
DNA methylation and chromosomal alterations
in different cancer types has been well established
[20–24]. Although some studies have clearly
pointed out DNA hypomethylation as an inductor
of genomic instability [20–22], the mechanisms
and the local impact of Alu DNA hypomethylation
to cancer cell’s phenotype and behaviour have not
been elucidated.

The application of AUMA (Amplification of
Unmethylated Alu’s) to a series of matched
normal and tumour colon samples, identified
a large number of hypomethylated Alu elements
associated with cancer [25]. One of the hypo-
methylated Alu elements consisted of an AluSq2
located within the promoter region of digestive
organ expansion factor homolog (DIEXF) gene.
DIEXF (current HGNC symbol: UTP25) is
a highly conserved nucleolar protein component
of the small ribosomal subunit and participates
in the processing of pre-rRNA [26,27]. DIEXF
plays an essential role in the development of the
digestive organs in zebrafish [28] and mouse
[29] and some of its reported functions include
regulation of TP53 expression [28,30,31] and
TGF beta signalling [32]. More recently, it has
been shown that DIEXF is overexpressed in
human neuroblastoma and possibly involved in
apoptosis evasion [33]. In summary, although
there are compelling results supporting
a crucial role of DIEXF in development as well
as a possible implication in cancer, the mechan-
isms of action of this protein and its regulation
remain to be elucidated.

Here, we report that an Alu repeat element
(AluSq2) located within the promoter region of
DIEXF displays a tissue/cell type-specific DNA
methylation pattern which is consistent with the
transcriptional and protein profiles of DIEXF in
different cell types. Furthermore, the results sug-
gest that AluSq2 methylation might play an
important role in DIEXF expression by regulat-
ing the chromatin landscape and determining
the transcription start site (TSS). In addition,
we have found recurrent DNA hypomethylation
of the AluSq2 element in different cancer types,

pointing out its potential contribution to DIEXF
deregulation in cancer.

Results

The AluSq2 element within the promoter region
of DIEXF gene displays tissue/cell type-dependent
DNA methylation

Unmethylated Alu sequences can be identified by
application of the AUMA technique [25]. One of
the recurrently hypomethylated Alu we found in
colorectal cancer (Aj2c1) corresponded to
a member of the AluSq2 subfamily and was
located upstream of the DIEXF gene promoter.
Bisulphite sequencing of the complete AluSq2 ele-
ment in a subset of colorectal normal and tumour
tissues confirmed the differential DNA methyla-
tion of the SmaI site reported by AUMA (Figure 1
(a)), and also revealed a polarized DNA methyla-
tion profile, with lower methylation levels in the
side proximal to the neighbouring DIEXF gene
promoter (p-AluSq2). In colorectal tumours,
there was a loss of methylation that reached the
SmaI site and in some cases spanned the whole
Alu element (Figure 1(a)). Interestingly, different
normal tissues exhibited alternative boundaries in
the DNA methylation profile (Figure 1(b)).

Next, we analysed the DNA methylation of the
AluSq2 element and flanking sequences in a set of
cell lines from different tissues (Figure 1(c)).
Interestingly, in all the samples, the neighbouring
region encompassing the CpG island appeared
fully unmethylated and this status also embraced
the closest downstream AluSx element located in
the first intron of the DIEXF gene. The rest of the
region was heavily methylated. The DNA methyla-
tion of the region was analysed in other normal
and cancer tissues using data from ENCODE
(Infinium HumanMethylation450 BeadChip)
(ENCODE Project Consortium 2012) and the
Epigenomics Roadmap (http://www.roadmapepige
nomics.org/) (Figure S1), confirming the reported
profiles. In summary, the DIEXF promoter is
invariably unmethylated, but it displays a tissue
and cancer-related upstream boundary located
inside the AluSq2 element. Based on the well-
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stablished role of DNA methylation in gene reg-
ulation [34–37], we hypothesize that the mobile
DNA methylation boundary observed inside this
element in different tissues and cancer cells reflects

differential regulation of the associated gene.
A direct implication of this association is the puta-
tive contribution of the AluSq2 element in the
regulation of the DIEXF gene expression.

Figure 1. Genomic landscape and DNA methylation profile of the DIEXF gene promoter. (a) DNA methylation profile of the
AluSq2 element in normal colon and colon cancer samples. Each dot along the line represents an unmethylated (empty),
methylated (full black), or partially methylated (grey) CpG dinucleotide (DNA methylation ranges are indicated). Arrowhead
indicates the location of the SmaI site reported by AUMA. The Alu side proximal to DIEXF gene (p-AluSq2, coinciding with
the free left Alu monomer -FLAM) and the Alu side distal to DIEXF gene (d-AluSq2, coinciding with the free right Alu
monomer -FRAM) are indicated. (b) DNA methylation profile of the AluSq2 element in different normal tissues. (c) UCSC
genome browser view of the DIEXF gene promoter region. Annotated CpG islands and repetitive elements are indicated.
Bisulphite sequencing of the annotated genomic elements in seven normal (embryonic stem cells, induced pluripotent stem
cells, fibroblasts and keratinocytes) and colon cancer cell lines. DNA methylation representation was generated using the
Methylation plotter application [76].
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Association of AluSq2 DNA methylation with
DIEXF transcriptional and protein profiles

To test the hypothesis that the variable DNA
methylation of the AluSq2 element was associated
with DIEXF gene expression we first analysed the
DIEXF transcripts, that included three main iso-
forms according to gene annotation databases
(Figure 2(a)). Two transcripts comprise the com-
plete coding region including the 12 exons, but
differ in the untranslated regions (UTRs), espe-
cially the 3ʹUTR that spans either 766 bp or 6118
bp and results in mRNAs of 3.1 kb and 8.5 kb,
respectively. The third transcript comprises exons
7–9 and includes a non-overlapping 3ʹUTR of
2149 bp what makes a total length of 2.9 kb
(Figure 2(a)).

To characterize the DIEXF expression we per-
formed northern blots of SW480 colon cancer cell
line with probes reporting different transcripts or
combinations of transcripts (Figure 2(b)). Results
showed no expression of transcript 2.9 kb, as
revealed by probe G (3ʹUTRb) (Figure 2(c)).
Alternatively, an unexpected novel transcript
revealed by probes A (exons 3–6), B (exons 7–9),
C (exons 9–12) and D (short 3ʹUTR in exon 12)
and with a size of about 2.6 kb was found. E and
F probes (spanning the long 3ʹUTR) identified the
expected transcript 8.5 kb (Figure 2(c)).

Interestingly, northern blot of different cell lines
revealed an association between the p-AluSq2
methylation and the expression of the 8.5-kb tran-
script. This is, cells with low DNA methylation of
p-AluSq2 expressed high levels of the long tran-
script (HCT116, DKO, SW480, K1), while those
cells with full methylation of the p-AluSq2 showed
low or null levels (hES4, KiPS4F8, KiPS4F1, and
HFF) (Figure 2(d)). Conversely, the shorter tran-
scripts were expressed in all samples indepen-
dently of p-AluSq2 methylation. These results
were confirmed by RT-qPCR using different pri-
mer sets (Figure 2e and Figure S2). Altogether
these findings pointed out an association between
low DNA methylation of the p-AluSq2 element
and expression of the DIEXF 8.5-kb transcript.

Next, we wondered whether differences in the
AluSq2 DNA methylation were associated with

changes in the DIEXF protein content. Western
blot of cell fractions confirmed the nuclear localiza-
tion of DIEXF (Figure 3(a)), as previously described
[30]. Interestingly, only colon cancer cell lines
expressing the long 8.5-kb transcript and with low
or null DNA methylation in the p-AluSq2 showed
high levels of DIEXF protein, while normal fibro-
blasts and human embryonic stem cells with full
DNA methylation of the p-AluSq2 did not express
DIEXF protein (Figure 3(b)).

To further determine the contribution of the
long 3ʹUTR to the presence of DIEXF protein, we
treated HCT116, SW480 and HCT116-DKO cell
lines with three different siRNAs targeting either
the coding region shared by all transcripts
(siDIEXF #1 and #2) and the 3ʹUTR of the long
8.5-kb transcript (siDIEXF #3) (Figure 3(c)). All
siRNAs induced reduction of both DIEXF mRNA
and protein levels (Figure 3(d,e) and Figure S3),
which confirms the critical involvement of the
long 3ʹUTR to produce the protein and supports
the hypothesis that the long 8.5-kb transcript is the
main one encoding for the protein.

Fine characterization of DIEXF UTRs

To better understand the transcriptional profile of
DIEXF we applied the 5ʹ and 3ʹ-rapid amplification
of cDNA ends method (5ʹ/3ʹ RACE) to characterize
the 5ʹ and 3ʹ UTRs (Figure 4(a)) in cell lines with
different DNA methylation profiles of the AluSq2
element. Cloning and sequencing of the amplicons
associated with the 5ʹ end showed that the new tran-
script not only shared exons 3 to 12, as revealed by
northern blots (Figure 2), but also exons 1 and 2
(Figure 4(b)). According to different gene annotation
databases (RefSeq, Ensemble, Vega), there were dis-
crepancies regarding the DIEXF TSS. Interestingly,
RACE identified dispersed TSSs located within a 100
bp region upstream the ATG codon. The most fre-
quent TSS in cells with full methylation of the
p-AluSq2 and not-expressing the 8.5-kb long DIEXF
transcript (hES4 andHFF cell lines) was located at−92
bp of the ATG codon (Figure 4(b) and Figure S4).
Conversely, SW480 andHCT116 cells harbouring low
or null methylation of the p-AluSq2 and expressing
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Figure 2. DIEXF gene transcriptional characterization. (a) DIEXF transcripts according to UCSC genes, RefSeq Gene, Ensembl Gene
Predictions and Vega Protein-Coding Annotations databases. (b) Genomic location of northern blot probes and RT-qPCR amplicons
used to characterize the expression profiles. (c) Northern blot analysis of DIEXF transcripts in SW480 cell line with seven probes
covering different DIEXF transcripts. The molecular weight of the three described transcripts is shown on the right. The arrowhead
indicates the new isoform. (d) Northern blot analysis of DIEXF expression using probes B (located in the common region of all
transcripts) and E (specific of the long 8.5-kb transcript with an extended 3ʹ-UTR) in different cell lines. PPIA (Cyclophilin A) was used
as the mRNA loading control. The methylation status of the AluSq2 region proximal to DIEXF (p-AluSq2) for each sample is indicated
in a box next to its name using a greyscale (black: full methylation; grey: partially methylated; white: no methylation; see Figure 1 for
more details). (e) Relative expression of DIEXF analysed by RT-qPCR in different cell lines using 3 different primer pairs (Exons 8–9
and 12-3ʹUTRa covering different DIEXF transcripts and 3ʹUTRa specific of the long 8.5-kb transcript). The methylation status of
p-AluSq2 for each sample is indicated in a box next to its name using a greyscale (black: full methylation; grey: partially methylated;
white: no methylation; see Figure 1 for more details). Expression levels were normalized using two reference genes (PPIA and PSMC4)
and represented relative to HCT116 cells.
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Figure 3. DIEXF protein and mRNA isoforms expression. (a) DIEXF protein expression measured by western blot from cytoplasmic
and nuclear fractions in SW480 and HCT116 cell lines using tubulin as a loading cytoplasmic control and TATA as a loading nuclear
control. (b) DIEXF protein expression measured by western blot in total extract of different cell lines using tubulin as a loading
control. The p-AluSq2 DNA methylation level of each sample is represented in boxes using a greyscale (black: full methylation; grey:
partially methylated; white: no methylation; see Figure 1 for more details). (c) Genomic location of the siRNAs used to silence DIEXF
targeting different transcripts (siDIEXF#1, siDIEXF#2 and siDIEXF#3). (d) RT-qPCR of DIEXF gene in HCT116 using different sets of
primers, at 24, 48, and 72 h after transfection of siRNAs. Expression levels were normalized using two reference genes (PPIA and
PSMC4) and expressed relative to Mock. (e) Western blot of DIEXF protein in HCT116 cells at 24, 48, and 72 h after transfection of
siRNAs. HCT116 plus Lipofectamine 2000 (Mock) and HCT116 transfected with a non-targeting siRNA (siCtrl) were used as controls.
The band that corresponds to DIEXF protein is indicated with an arrowhead.
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the 8.5-kb long transcript displayed heterogeneous
profiles with a prevalent TSS at −34 bp in SW480
cells, while the HCT116 cell line showed a profile
similar to those observed in DNA-methylated cells.

The analysis by RACE of the 3ʹ UTR allowed us
to identify new alternative 3ʹends (Figure 4(c), red
arrows). After cloning and sequencing the asso-
ciated amplicons (except one because of technical
problems), we confirmed the already annotated
3ʹends (corresponding to the canonical 8.5-kb
and 3.1-kb transcripts) and found new transcripts
with similar molecular weight but containing dif-
ferent shorter 3ʹUTRs, in consistence with the
results obtained by northern blot (Figure 2(c–d)).
The new transcripts were present in all the ana-
lysed cell lines independently of the methylation
state of p-AluSq2 (Figure 4(b)). Altogether, RACE
results support the existence of multiple tran-
scripts in consistence with the northern blot

analyses and point out the long 8.5-kb transcript
as the main isoform with translational capacity.

Chromatin histone modification landscape of the
DIEXF promoter

Next, we analysed the chromatin landscape of the
DIEXF promoter region including the AluSq2
element in six cell lines with different DNA
methylation profiles. We applied chromatin
immunoprecipitation (ChIP) to analyse histone
modifications associated with open/active chroma-
tin (H3K4me3 and H3K9ac) and closed/repressed
chromatin (H3K27me3 and H3K9me3). The
region was negative for repressed chromatin his-
tone marks (Figure S5), but an enrichment of the
active histone marks was found in all the analysed
cell lines (Figure 5). Interestingly, the extent of the
active chromatin domain window was clearly

Figure 4. DIEXF 3ʹ and 5ʹ ends characterization. (a) Genomic location of 5ʹ- and 3ʹ-RACE primers. We designed 2 primers to
characterize 5ʹ ends (3R and 7R) and 2 other primers to characterize 3ʹ ends (3'UTRaF and 12F). PCR products of 5ʹ-RACE (b) and of
3ʹ-RACE (c) in SW480, HFF, and hES4 cells. Black arrows show the 8.5-kb and 3.1-kb transcripts; red arrows show the novel
transcripts; the asterisk indicates the fragment that could not be sequenced.
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associated with the DNA methylation profile of
the AluSq2 element, being wider when AluSq2
was totally unmethylated. It is of note that the
spreading of active chromatin (H3K4me3 and
H3K9ac as well as DNA hypomethylation) also
affected other Alu repeats downstream of the
CpG island and located in the first intron of the
gene (Figure 5).

AluSq2 methylation is recurrently altered in
cancer

To assess the extent of AluSq2 hypomethylation in
colorectal cancer, we analysed a series of 40
patients by bisulphite sequencing. Classification

of samples according to their DNA methylation
profile revealed two main clusters (Figure 6):
a first group with a majority of tumours (29
tumours and 6 normal tissues) in which the
p-AluSq2 was unmethylated, while the second
group, integrated by most normal tissues and 13
tumours, displayed heavier methylation of AluSq2,
although the distal-proximal decreasing DNA
methylation gradient was maintained. To check
whether the altered methylation pattern of
AluSq2 was specific of colorectal cancer, we exam-
ined a variety of other cancers. Interestingly,
AluSq2 hypomethylation also occurred in breast,
lung (both squamous and adenocarcinoma), pros-
tate, thyroid tumours with different extents

Figure 5. Enrichment in histone modifications associated with active chromatin along the DIEXF promoter region, including Alu
repeats, in cell lines with different DNA methylation profile. ChIP assays were performed with antibodies against 3meK4H3, AcK9H3,
H3 and non-specific antibody (IgG). Different genomic elements within DIEXF promoter region (see Figure 1(c)) were analysed by
qPCR. GAPDH (green bar) and 16CEN (red bar) were used as positive and negative control, respectively. Results are reported as
enrichment of immunoprecipitated DNA relative to the input. The DNA methylation levels of each region are depicted using
a greyscale (black: full methylation; grey: partially methylated; white; no methylation; see Figure 1 for more details).
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although less frequently than in colorectal cancer
(Figure S6).

Discussion

Most studies analysing DNA methylation of Alu
repeats in cancer have performed bulk estimates
and used these values as surrogate measurements
of the genome’s global DNA methylation [38–47].
The number of studies focused on the identifica-
tion and functional characterization of particular
Alu elements with differential methylation in can-
cer is very limited [12,25,48], probably due to the
intrinsic difficulties in analysing these regions and
unambiguously interpreting the results.

It has been widely postulated that Alu elements
play a structural and epigenetic role with a direct
impact in gene expression regulation [8,12,49–57],
including the delimitation of active chromatin

boundaries and definition of genome compart-
ments [12,58–60].

Here we have focused our analysis in an Alu
displaying a polarized DNA methylation profile
with a sliding barrier characteristic of a dynamic
chromatin boundary. This profile is not typical
among Alu repeats [12,48]. Indeed, most Alu ele-
ments show a homogeneous methylation pattern
[12,61]. Interestingly the DNA methylation profile
along the AluSq2 appeared to be associated with
the expression of the neighbouring gene DIEXF
(Figures 2 and 3).

After an exhaustive characterization of DIEXF
transcriptional profile in different cell models, we
identified three novel transcripts in addition to the
ones already reported in gene annotation data-
bases, which makes up a total of six isoforms.
Although this is not an uncommon event, as
most genes are associated with a repertoire of
alternative transcripts that can differ either in

Figure 6. DNA methylation profile of the AluSq2 element in 40 patients with colorectal cancer. DNA samples were analysed by
bisulphite sequencing. The methylation level of each CpG (annotated according to its position in the Alu sequence) is displayed
using a greyscale in which black corresponds to full methylation and white to full unmethylation. The order of the CpGs has been
maintained according to their position in the genome. Samples have been clustered using the ClustVis tool [81] applying Ward
clustering and Euclidian distances. Normal (N, green) and tumour (T, orange).
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protein-coding regions and/or UTRs and give rise
to different protein isoforms [62,63], the mechan-
isms underlying the generation of these multiple
mRNA variants and the functional benefits of such
diversity are still unclear.

Interestingly, all DIEXF transcripts, except one,
shared the same exons and they only differed in
the 5ʹ and 3ʹ UTRs. The DIEXF gene presents five
polyadenylation sites, all of them transcriptionally
active. Importantly, only the 8.5-kb transcript har-
bouring the longest 3ʹUTR appeared to be protein
coding. This observation contrasts with previous
studies revealing that mRNAs with shorter 3ʹUTRs
tend to be more stable and produce more protein
as they have less microRNA target sites [64].

Regarding the 5ʹ UTR, multiple TSSs were found,
something that is especially common in genes with
a promoter CpG island [65–67]. Interestingly, a high
proportion (35% to 55%) of the identified TSS in
hES4 and HFF cells harbouring methylated AluSq2
and non-expressing the coding transcript (8.5-kb)
were located at −92 bp from the ATG, whereas in
SW480 and HCT116 cells harbouring low or null
methylation of p-AluSq2 and expressing the long
coding transcript this figure was lower (3% and
30% of all the clones, respectively).

The mechanism connecting the methylation
profile of the AluSq2 element and the choice of
TSS remains to be elucidated. The use of these
multiple TSSs could be regulated epigenetically,
either by DNA methylation, by histone modifi-
cations or by chromatin remodelling [68]. The
role of epigenetic modifications in gene regula-
tion is well established [69–71]. By analysis of
epigenetic and transcriptomic data from the
Roadmap Epigenomics (http://www.roadmapepi-
genomics.org), we observe that the landscape of
the DIEXF gene and the associated promoter,
including the AluSq2 repeat, shows a tissue-
specific pattern (Figure S7(a)). Tissues with
high DIEXF expression exhibit a broad promoter
state that spans the CpG island and spreads over
the neighbouring upstream and downstream Alu
repeats (Figure S7(a)). This profile is clearly
consistent with DNA methylation profiles of
normal and cancer cells (Figures 1, 6, S6 and
S7B). We hypothesize that the epigenetic status
of AluSq2 element could determine the prefer-
ential TSS through chromatin remodelling and

nucleosome positioning of the promoter region
of DIEXF gene. The AluSq2, and especially the
proximal side to DIEXF gene (p-AluSq2), is rich
in predicted binding sites for multiple transcrip-
tion factors including Sp1 (involved in develop-
ment) and SRF (involved in cell cycle, apoptosis,
differentiation and growth) (Figure S7(c)). The
expansion of the open chromatin would facilitate
the binding of transcription factors, playing
a role in the usage of different TSSs according
to the cell type or the biological context. The
usage of TFBSs in Alu repeats to model chro-
matin states, including insulators, is well known
[8,72]. In line with these results, a recent study
reported that the differential methylation of an
Alu element located in the promoter region of
the MIEN1 gene could participate in the regula-
tion of the associated gene, probably through the
mediation of USF1/USF2 binding [73]. Further
functional studies are being performed to eluci-
date the specific mechanisms by which AluSq2
might exert these effects.

In colorectal cancer, we observed that about
two thirds of the tumours show a sliding of the
methylation barrier inwards the AluSq2 element.
Our current analysis has been limited to a short
series of patients with different cancer types,
precluding insights into the clinicopathological
correlates of AluSq2 hypomethylation. Future
studies in larger series should address the poten-
tial utility of this alteration as a biomarker and
its association with features of the tumour and
disease’s outcome.

In conclusion, Alu and other retroelements
are kept in repressed chromatin states in the
human genome. We have identified an Alu ele-
ment upstream of the DIEXF gene CpG island
promoter displaying a sliding DNA methylation
profile and associated with active chromatin his-
tone modifications. The epigenetic characteriza-
tion of the whole promoter region, together with
the transcriptional and protein profiles of DIEXF
and the distribution of predicted TFBSs, points
out this specific Alu element as a principal
determinant of expression regulation. The DNA
methylation profile of this Alu element appears
to be altered in colorectal and other cancer
types. The significance of this alteration remains
to be elucidated.
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Materials and methods

Tissues, cell lines, and sample processing

Colorectal tumours and their paired non-adjacent
normal colonic mucosa as well as the corresponding
whole blood DNA were obtained from the Hospital
Universitari de Bellvitge (Barcelona, Spain). Normal
and tumoural thyroid tissues were obtained as
described [45]. The study protocol was reviewed
and approved by the Hospital Germans Trias
i Pujol Ethics Committee (EO-11-134/PI-19-092;
PI-18-257). Written informed consents were
obtained from all participants. Genomic DNA from
breast, prostate and lung samples were obtained
from the Spanish National DNA Bank (BNADN,
Salamanca, Spain). Human colon cancer cell lines
were obtained from the American Type Culture
Collection (ATCC), except the DNAmethyltransfer-
ase deficient HCT116-DKO, provided by
B. Vogelstein [74]. Cell lines were grown in their
corresponding medium, complemented with 10%
heat-inactivated FBS, 2mM L-glutamine and 1mM
Pyruvate (Gibco) at 37ºC in 5% CO2. Pluripotent cell
lines (including human embryonic stem (hES) cells
and induced pluripotent stem (iPS) cells), and pri-
mary cultures of fibroblasts and keratinocytes were
grown as previously described [75]. Cultures were
tested and found to be mycoplasma free. Genomic
DNA was extracted by standard methods.

Bisulphite sequencing

DNA bisulphite treatment was performed using the
EZ DNA Methylation Kit (Zymo Research) accord-
ing to the manufacturer’s instructions. From the
transformed DNA, two independent nested PCRs,
using primers listed in Supplemental Table 1, were
performed and the pooled PCR products were pur-
ified (PCR Product JETquick Spin Purification Kit,
Genomed GmbH). Purified products were sent for
Sanger sequencing (GATC Biotech AG, Germany).
The degree of methylation was calculated by com-
paring the peak height of the cytosine residues with
the peak of the thymine residues [C/(C + T)*100]
and represented using theMethylation plotter, a web
tool for dynamic visualization of DNA methylation
data [76]. We considered ranges of DNA methyla-
tion, specifically those shown in Figure 1 (0–5%,
6–25%, 27–50%, 51–75%, 76–100%), for each CpG,

and calculated the methylation status of the Alu
region proximal to DIEXF gene promoter
(p-AluSq2; see Figure 1(a) for details) as the mean
of the methylation of the 9 CpGs within this region
(corresponding to the free left Alu monomer
(FLAM) of the AluSq2 [77]).

RNA extraction and reverse transcription –
quantitative PCR (RT-qPCR)

Total RNA was isolated using TriPure® Isolation
Reagent (Roche Life Science) according to the man-
ufacturer’s protocol, and residual DNA was digested
with 1 U of DNAse I (DNA-free™ DNA removal Kit,
Ambion, Thermo Fisher Scientific Inc.) per μg
of RNA.

First-strand cDNA was synthesized from 500 ng
of total RNA using SuperScript® III Reverse
Transcriptase (Invitrogen, Thermo Fisher Scientific
Inc.). Gene expression was analysed by real-time
PCR and quantified by the LightCycler System 480
(Roche Diagnostics) with the LightCycler DNA
Master SYBR Green I. The reactions were performed
in triplicate. Expression levels were normalized using
2 reference genes and represented relative to
HCT116 cells. RT-qPCRs were repeated from 1 to
3 times, depending on the sample. Primers are listed
in Supplemental Table 2.

Northern blot

Fifty μg of total RNA per lane were resolved on
a denaturing 1.1% agarose gel containing 30%
formaldehyde, transferred onto a Hybond-XL
nylon membrane (GE Healthcare), and crosslinked
at 1200 mJ using a UV crosslinker. Membranes
were hybridized with probes random labelled
with [γ-32P]-ATP (PerkinElmer) using Ready-to-
Go DNA Labelling Beads (dCTP) (GE Healthcare).
The radioactive signal was then obtained by auto-
radiography or using a Typhoon Phosphorimager
(GE Healthcare). Northen blots were repeated
from 1 to 3 times, depending on the sample.
Probes are listed in Supplemental Table 3.

siRNA-mediated DIEXF knockdown

Three small interfering RNAs (siRNAs) were
designed using BLOCK-iT™ RNAi Designer web
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(Invitrogen, Thermo Fisher Scientific) and trans-
fected according to the manufacturer’s instructions
using Lipofectamine 2000 (Invitrogen). After
transfection, cells were collected and analysed at
24, 48, and 72 h. siDIEXF#1 and siDIEXF#2 are
located in the DIEXF ORF region (siRNAs starting
at 840 and 2299 bp, respectively), and siDIEXF#3
is located in the DIEXF long 3ʹUTR (siRNA start-
ing at 7118 bp). As control, we used the cells
treated with Lipofectamine 2000 (Mock) and the
cells transfected with a non-targeting siRNA oli-
gonucleotide (siCtrl) (MISSION siRNA Universal
Negative Control #1, Sigma-Aldrich)

(https://www.sigmaaldrich.com/catalog/pro
duct/sigma/sic001?lang=es®ion=ES). Experiments
were repeated from 1 to 3 times, depending on
the cell line. Sequences of siRNAs are listed in
Supplemental Table 4.

Western blot

Cytoplasmic extracts were obtained using RIPA
buffer [78] and nuclear extracts were performed
as described [79]. Samples were resolved by SDS-
PAGE and transferred onto PVDF (polyvinylidene
fluoride) membranes. The membranes were
blocked and incubated with first antibodies: anti-
DIEXF (1:250, Ab111508, Abcam), anti-tubulin
(1:4000, T5168, Sigma) and anti-TATA binding
protein (1:2000, Ab818, Abcam), the last two
being used as cytoplasmic and nuclear loading
controls, respectively. After washing, the mem-
branes were incubated with the corresponding
secondary HRP-antibody (Dako) and visualized
using the Lumminata Crescendo Western HRP
Substrate (Millipore).

Western blots were repeated from 1 to 3 times,
depending on the sample.

Rapid amplification of cDNA ends (RACE)

5′ and 3′ -rapid amplification of cDNA ends
(RACE) was carried out using SMARTer RACE
cDNA Amplification kit (Clontech) following the
manufacturer’s recommendations. The primers
used are listed in Supplemental Table 5. PCR pro-
ducts were cloned into pGEM®-T Easy vector
(Promega), and used for DNA Sanger sequencing
(GATC Biotech AG, Germany).

Chromatin immunoprecipitation

As previously described [80], cells were cross-
linked with 0.5% formaldehyde and lysed, and
chromatin was sonicated to obtain DNA frag-
ments ranging from 200 to 500 bp (Bioruptor,
Diagenode). Sonicated lysates were immuno-
precipitated using EZ-Magna ChIP Kit
(Millipore) following the manufacturer’s proto-
col. We used ChIP-grade antibodies (1 to 5 μg)
specific for H3K4me3 (17–614, Millipore) and
H3K9ac (07–352, Millipore) as active marks,
H3K9me3 (pAb-ab8898, Diagenode) and
H3K27me3 (07–449, Millipore) as inactive
marks, H3 (ab1791, Abcam) as total H3, and
normal rabbit serum (011-000-120, Jackson
Immunoresearch) as negative control. Equal
amounts of immunoprecipitated DNA were
used for qPCR and normalized to total chro-
matin input (6% of the total chromatin). Data
are represented as the mean ± SD.
Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as a qPCR positive control
for active marks and negative control for
H3K9me3, while a centromeric region of chro-
mosome 16 (16CEN) was used as a negative
control for active marks and positive control
for H3K9me3. Dopamine receptor D1 (DRD1)
was used as a qPCR positive control for
H3K27me3, while Complexin 2 (CPLX2) was
used as a negative control. Experiments were
repeated from 1 to 3 times, depending on the
cell line. Primers are listed in Supplemental
Table 6.
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