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Limited studies on breast cancer indicated pathogenic changes in the expressions of some repeat ele-
ments. A global analysis was much needed within this context to distinguish the most significant re-
peats from more than a thousand repeat motifs. Utilising a previously presented RNA-seq dataset, we
studied expression changes of all repeats in ER+/HER2- human breast tumour samples obtained from
22 patients in comparison to matched normal tissues. Fifty six (56) repeat subtypes including satellites
and transposons were found to be differentially expressed and most of them were novel for breast can-
cer. HERVKC4-int and HERV1_LTRc, whose expressions correlated well with that of the estrogen receptor
gene ESR1, were upregulated at the highest level. REP522 and D20S16 satellites were also significantly
upregulated along with insignificant increases in the expressions of other satellites including HSATI and
BSR/beta. Interestingly, expressions of REP522 and D20S16 correlated with many key breast cancer path-
way (e.g. BRCA1, BRCA2, AKT1, MTOR, KRAS) and survival genes; possibly highlighting their importance
in the carcinogenesis of breast. Additional differentially expressed elements such as L1P and various MER
transposons also exhibited a similar pattern. Finally, our repeat enrichment analysis on the promoters of
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differentially expressed genes revealed further links between additional repeats and nearby genes.

© 2019 Elsevier Inc. All rights reserved.

Introduction

Repetitive DNA elements, which are traditionally thought to be
‘evolutionary junk’, make up more than half of the human genome
[1,2]. In contrast to this underestimating saying, current evidence
points out the importance of repeats in human development, phys-
iology and disease [3-5]. Though the functional contribution of re-
peats to genome is still yet to be fully characterised, we already
know that their dysregulation is associated with neurodegenera-
tive and autoimmune disorders, as well as cancer; and that the
types of repeats involved in certain diseases often vary from one
type of pathology to the other [6-8].

There are numerous types of repeat elements in the human
genome. Tandem repeats, such as the pericentromeric/centromeric
satellites, are particularly pivotal in forming constitutive hete-
rochromatin and maintaining it, and thereby providing the solid
platform for healthy kinetochores and successful cell divisions [9-
11]. On the other hand, their subtelomeric or telomeric coun-
terparts play a major role in establishing a resilient structure at
the end of chromosomes; protecting them from the erosive forces
during cell division [12]. Moreover, micro- and minisatellites are
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thought to have gene regulatory functions that have been evolved
over long periods of time [13]. Importantly, abnormal expression
levels of otherwise-heterochromatic satellites were linked to can-
cer. Perhaps, the most well-known example is the overexpression
of HSAT-II in pancreatic adenocarcinoma [14,15]. In this case, se-
questering of DNA damage proteins [16] and the formation of
RNA:DNA hybrids along with disruptions in the heterochromatic
architecture are thought to be the key players in the pathogene-
sis [17,18]. In addition to satellites, interspersed elements such as
Long Interspersed (LINE), Short Interspersed (SINE) and Long Ter-
minal Repeat (LTR) containing transposable elements are known to
cause insertional mutagenesis on genes, which also comes across
as a pathogenic force associated with various types of cancers [19-
21].

The progressing events in the axis of genomic distortion caused
by the expression of repetitive DNA was often linked to genomic
instability [20,22], which also plays a key role in the develop-
ment of breast cancer [23,24]. It was confirmed that HSATI and
HSATII were overexpressed in a percentage of clinical specimens
and cell lines of breast cancer [25,26]. Furthermore, abnormal ex-
pressions of LINE-1 and Alu elements [27,28], and LTR retrotrans-
posons (mainly the HERVK family) were also shown to be dysreg-
ulated in breast cancer [29-32]. HERVK expression was linked to
breast cancer’s metastatic progression [33] and it may serve as a
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biomarker for patients [34,35]. All of these reports on repetitive
DNA expression in breast cancer so far focused on an isolated re-
peat type and a high-resolution analysis of the human repeatome
was much needed; particularly knowing the fact that there are
more than a thousand subtypes of repeats in the human genome
[36]. A global analysis would indeed help for determining the sub-
types of repeats, their strand specific expression as well as their
correlations with cancer related genes.

To address these issues and perform a detailed analysis on the
RNA expressions of repetitive elements, we searched for a publicly
available human breast cancer dataset with matched normal tis-
sues. To our surprise, we could not find a suitable dataset in TCGA
(The Cancer Genome Atlas) [37-39] and ICGC (International Can-
cer Genome Consortium) [40] databases for this type of analysis as
all of these datasets in these consortiums were subject to library
preparation with poly(A) pre-selection, which reportedly interferes
with the detection of many types of repeats and thereby does not
allow a uniform analysis [41]. We could only employ a GEO (Gene
Expression Omnibus, #GSE103001) RNA-Seq dataset, which was
prepared without the poly(A) bias with the purpose of detecting
non-coding sense and anti-sense transcripts in ER+/HER2-tumour
and adjacent healthy tissue specimens obtained from 22 breast
cancer patients [42]. Our analysis on the expressions of all re-
peat elements confirmed previously published studies and revealed
many new elements that were not mentioned in the breast cancer
literature before. Indeed, some of these novel elements were not
previously reported within the context of any cancer.

Results

A global expression analysis of the repeatome reveals key repetitive
elements in breast cancer

Given the reported changes in the chromatin environment in
breast cancer and the limited number of repeat elements reported
within this context, we wondered if there is a global change in
the expression of the whole repeatome in breast cancer. We used
HOMER NGS analysis suite to analyse the expression levels of 1395
RepeatMasker repeats (http://repeatmasker.org) and compared the
expression levels of these repeats with the expression levels of
UCSC annotated genes. HOMER is one of the commonly used tools
for estimating the transcription abundances of both coding and
non-coding regions including the repeats in a strand specific man-
ner [43-46]. The relative percentage of the number of reads ob-
tained from all repeats with respect to the total number of any
reads (repeat+ non-repeat) did not exhibit a statistically signifi-
cant change in tumour tissues when compared to normal tissues
(Fig. 1A, upper panel). However, the distribution of these percent-
ages was slightly changed (Fig. 1A upper panel) and some patients
exhibited a global change in their repeat expression profiles (Supp.
Fig. S1). A similar trend was observed for global gene expression
levels (Fig. 1A, lower panel). Moreover, we realised that transcripts
arisen from satellite repeats only constituted a small fraction of to-
tal repeat transcripts but this was clearly increased in cancer tis-
sues (0.5% vs 0.8%) (Fig. 1B). Small increases were seen for the per-
centage reads of LTRs, LINE and SINE elements. When a principal
component analysis (PCA) was performed, a clear distinction was
observed in gene expression profiles of normal versus tumour tis-
sues (Supp. Fig. S2A). This was in agreement with the previously
published study, which produced and analysed the same dataset
[42]. However, there was a varying degree of difference in re-
peat expression levels for each individual patient; with some pa-
tients exhibiting an obvious dysregulated repeat expression pro-
file whereas others only displayed slightly different changes (Supp.
Figs. S1 and S2B).

We next investigated the expression levels of all subtypes of
main repeat classes individually by calculating the fold change by
dividing the read number obtained for the specific repeat (without
the strand bias) in the tumour sample with that of the matched
normal tissue for each patient. We came up with 56 repeat el-
ements that were significantly and differentially expressed in tu-
mours (log,(Fold change) > 0.5, FDR < 0.01) (Fig. 1C and D,
Supp. Table S1). Among these, HERVKC4-int (int: internal region); a
member of the previously breast cancer-linked HERVK family [29-
35,47-50] was the most significantly upregulated repeat. LTR14,
which is the LTR element associated with HERVKC4 [51], was
also significantly upregulated along with HERV1_LTRc, HERV9-int,
LTR14C and HERVK14C-int. Moreover, some members of the simple
repeat family, DNA transposons including MERs and UCONs as well
as previously reported LINE1 (L1P) elements [27,28] and two clas-
sical satellites; predominantly subtelomeric REP522 [52] and pre-
dominantly pericentromeric D20S16 [53] were upregulated. When
we checked the distribution of fold changes from all patients, we
could see that some repeats were differentially expressed in al-
most all tumour samples (e.g. HERVKC4-int, HERV1_LTRc, D20516)
whereas others did not strictly follow this trend (Fig. 1D). In or-
der to see if there is a strand bias in the expressions of these
elements, we performed a similar analysis one more time by us-
ing the aligned reads from positive and negative strands sepa-
rately (Supp. Fig. S3). Those which showed the highest upregu-
lation in Fig. 1C still remained in the list however others such
as HERV1_LTRc, D20S16 and MER72B only appeared in the differ-
entially expressed repeats list when only the reads from positive
strand were considered in the analysis.

A comprehensive analysis of the expression of classical satellites

It is well known that classical satellites, whose tandemly re-
peating motif could range from 80bp to 1500bp, are predomi-
nantly found in centromeric/pericentromeric or telomeric regions
[54]. Expression of pericentromeric satellites were tightly linked
to de novo heterochromatin formation in mammalian develop-
ment [10,55-58]. There are 35 satellites defined for human in the
Repbase [36]. HSATI was the primary classical satellite reported
to be abnormally expressed per se in breast cancer so far and
this is known to contribute to the carcinogenesis of the breast
[25,26,59,60]. Given the importance of heterochromatic classical
satellites in maintaining genomic stability [16,60], we checked the
expression levels of all satellites and calculated an FDR value for
each of them after filtering out satellites that have less than 0.5
TPM reads. We ended up with 24 satellites, three of which had
significant FDR values (*<0.01) in terms of fold change (Fig. 2A).
When FDR values were not considered, REP522 was again at the
top of the list with the highest upregulation in tumour samples.
This was followed by the previously reported HSATI. Even though
the FDR value for HSATI (FDR = 0.157) was more than the 0.01
threshold, this result could still be an indication of its impor-
tance in breast cancer. D20S16 (FDR = 0.0004) and LSAU (beta
satellite, FDR=0.1755) elements were upregulated more than the
log,(fold change) > 0.5 threshold whereas the pericentromeric
GSAT (gamma satellite, FDR=0.3804) repeat was downregulated
with the caveat that the latter two were not statistically signifi-
cant. Interestingly, pancreatic cancer-associated HSATII [14,15] did
not show an upregulation in ER+/HER2- breast cancer samples.

Strand specific expression of pericentromeric satellites were
shown to be influential during development [10], hence we
checked if the satellite dysregulation was due to strand specific
expression by calculating strand specific fold change ratios (tu-
mour/normal tissue) in satellite RNA expression for each patient
(Fig. 2B). For REP522, the expression of the positive strand was
slightly more elevated whereas for D20S16, expression of the
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Fig. 1. Analysis of global changes in the expression of repeatome and differentially expressed repeat elements in breast tumours. A Read percentages of repeats and genes
in tumour versus matched normal tissues. Read percentage was calculated by dividing the number of reads obtained from all repeats by the number of reads obtained from
UCSC genes. B Read percentages of individual repeat classes. Read percentages were calculated by the number of reads obtained from all members of the given repeat class
by the read number obtained from the whole repeatome. C Fold changes in differentially expressed repeats in breast tumours. D Violin plots representing the distributions
of fold changes in differentially expressed repeats in tumours. For C and D, fold changes of repeats were calculated by dividing the read number obtained from the given
repeat in tumour versus matched normal tissue for each patient. A filter of log;(Fold change) > 0.5 and FDR < 0.01 was applied.
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Fig. 2. Expression fold changes of satellite repeats in breast tumours. A Fold changes in the expressions of all satellites. All satellites (TPM > 0.5) were considered for the
fold change analysis (tumour vs normal). (*FDR < 0.01) B Strand specific analysis of fold changes in satellite expression (tumour vs normal).

negative strand was emphasised for at least in a proportion of pa-
tients. Overall, none of the satellites had a dramatic difference in
their expression levels when positive and negative strands were
compared side by side.

KEGG breast cancer genes and their expression correlations with
repeats

To see if there is a correlation with the expressions of repeats
and genes which are influential in breast cancer pathogenesis, we
extracted the list of genes from the KEGG pathway [61,62] of breast
cancer (pathway #hsa05224) and calculated the Pearson’s correla-
tion (r) coefficients of these genes in terms of expression with that
of the 56 dysregulated repeats (as given in Fig. 1C) and all 24 satel-
lite repeats (as given in Fig. 2A). Supp. Fig. S4 summarises these
correlations in two separate heatmaps.

The highly upregulated HERVKC4-int, which is a member of the
previously reported HERVK family in the context of breast can-
cer [29-35,47-50], and its flanking long terminal repeat LTR14, as
well as HERV1_LTRc did not show a significant correlation with the
vast majority of KEGG breast cancer genes (Supp. Fig. S4A). Still,

HERVKC4-int and HERV1_LTRc interestingly correlated well with
the expression of the estrogen receptor gene ESR1 (Fig. 3). More-
over, expressions of various DNA transposons (MERs) and L1 el-
ement L1P correlated with the expressions of many KEGG breast
cancer genes. More intriguingly, the expressions of two phenom-
enal breast cancer genes BRCA1 and BRCA2 [63] were in good
correlation with the expressions of REP522 and D20S16 (Fig. 3),
and many other types of satellites (Supp. Fig. S4B). Expressions of
these particular satellites, which were significantly upregulated in
tumours, also correlated well with the expressions of well-known
oncogenes such as AKT1, KRAS and MTOR (Fig. 3); which were cru-
cially involved in breast cancer’s pathogenesis [64-67].

Breast cancer survival genes and their expression correlations with
repeats

We performed a similar correlation analysis on the expressions
of dysregulated repeats and top survival genes in breast cancer pa-
tients. The list of top 100 breast cancer survival linked genes were
obtained from the GEPIA webtool [68], which performs an overall
survival analysis based on gene expression using a Log-rank (a.k.a.
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Fig. 3. Expression correlations of HERVKC4-int, HERV1_LTRc, D20S16 and REP522 with vital genes involved in breast cancer pathogenesis. R correlation coefficients and the
corresponding Benjamini-Hochberg adjusted p-values were indicated on the scatter plots.

Mantel-Cox) as an hypothesis test using 1085 primary breast tu-
mour data extracted from the TCGA database [38,39]. The list of
top 100 genes, whose differential expression is related to survival
in breast cancer according to this analysis, is given in Supp. Table
S2. Representative Kaplan-Meier plots on the expressions of these
genes and their impact on overall survival were given in Supp. Fig.
S5. We calculated r correlation coefficients for the expressions of
these survival genes with the expressions of repeat elements. Af-
ter filtering the genes that have a TPM value less than 0.5, we
ended up with 50 survival genes. We drew heatmaps to visualise
the correlations for 56 differentially expressed repeat elements and
all satellite repeats. A group of repeat elements (Fig. 4A, shown in
blue) showed medium to high correlation levels with many sur-
vival genes. Highly upregulated HERVKC4_int and HERV1_LTRc only
correlated with a few survival genes. On the other hand; satel-
lites, REP522 and D20S16 highly correlated (r > 0.7) with 10 and
18 of survival genes respectively, and they showed moderate lev-
els (0.5 < r < 0.7) of correlations with many others. Some of the
survival genes correlated with almost all members of the classical
satellite family (Fig. 4B).

Enriched repeat motifs within the promoters of differentially
expressed genes in breast cancer

Repeat elements have the potential to interfere with the regula-
tion of nearby genes when located within their promoters [69,70].
To see if the differentially expressed genes in breast tumours

are enriched by certain repeat motifs within their promoters, we
first identified dysregulated genes (|log,(fold change)] > 1 and
FDR < 0.05) in tumour samples versus matched normal tissues
(Supp. Table S3). Then, we ran a gene ontology analysis on these
genes using DAVID [71] (Supp. Table S4). For all differentially ex-
pressed genes falling into each GO term category, we checked how
many times any repeat motif appears in their promoters using the
reference genome hg19. We set the limit for the promoter length
to 1kb as the vast majority of human genes were reported to have
their promoters within the 1kb flanking region of their 5’ ends
[72]. Next, we calculated an enrichment score for each repeat by
dividing its occurrence rate in 1kb promoters of all differentially
expressed genes listed in each GO term with its occurrence rate
in the whole reference genome followed by a Fisher’s exact test.
We summarised the result on a dot-plot for enriched repeats and
their relevant GO terms, which contain at least five differentially
expressed genes that are associated with at least one type of re-
peat motif (Fig. 5A).

Two of the significantly and differentially expressed repeats,
AmnSINE1 and MER91B appeared in the enriched repeats list. Even
though not listed in the statistically empowered differentially ex-
pressed repeats given in Fig. 1C; L3b, LTR16C, MER135 and Plat_L3
elements were associated with the most number of GO terms. The
violin plots representing the expression fold changes of these pre-
viously unlisted repeats show that there is always a considerable
portion of patients, which differentially express these enriched re-
peats in their tumour samples versus their matched normal tissues
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Fig. 4. Expression correlations of differentially expressed repeats and satellites with breast cancer survival genes. A Heatmap representing the expression correlations of
differentially expressed repeats (as shown in Fig. 1C) with GEPIA survival genes. A cluster of repeat elements that exhibit higher correlation levels were indicated in blue.
B Heatmap representing the expression correlations of all satellites (as shown in Fig. 2A) with GEPIA survival genes [68]. A,B Survival genes were obtained by using the
“most significant survival genes” tool of the GEPIA webtool [68], which lists survival genes based on TCGA breast cancer datasets. Genes that have TPM < 0.5 were not
included in the analysis. Annotation arrows indicate repeat elements, which showed significant correlations with breast cancer genes shown in Fig. 3. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

(Fig. 5B). Expressions of repeats also showed varying levels of cor-
relation with the expression of genes in the relevant GO term list
(Supp. Fig. S6). Particularly, LTR16C correlated at moderate to high
levels (r > 0.5) with the genes in most of the GO term modules.

Discussion

Understanding genomic instability and the pathogenic ge-
nomic rearrangements taking place in breast cancer will help
in evaluating patient prognosis and designing efficient therapies.
Even though repetitive DNA makes up at least half of the hu-
man genome and its expression is linked to genomic instabil-
ity, genome-wide studies often disregard the information obtained
from repeats or they use sample preparation methods that does
not allow one to quantify repetitive DNA transcripts. Our analysis
on a published dataset with 22 patients points out abnormalities in
the expression statuses of many repeat elements in breast cancer.
Here, we analysed ER+/HER2- breast cancer in terms of molecu-
lar pathology. ER+/HER2- breast cancer makes up at least half of
the breast cancer cases [73-75]. Still, even further molecular het-
erogenetiy exists among this specific subtype of breast cancer pa-
tients [38,73]. To further stratify the samples in terms of molecular
heterogeneity and analyse changes in expression accordingly, one
could make use of personalised perturbation profiling. A diligent
pipeline was developed by Menche et al. [76] with the caveat that
it was not tested for RNA sequencing data. However, such advanced
perturbation methods could also be applied to RNA sequencing in
future.

Our results suggest that there is not a dramatic global change
in the expression of the whole repeatome in breast tumours that
are ER+/HER2-. The PCA analysis showed that expression patterns
of genes behave differently than that of repeats. Knowing the fact
that repeats have characteristic and distinct chromatin modifica-
tions when compared to genes [75,77,78], this result suggests that
repeat regulation in ER+/HER2- breast cancer is likely to be bio-
logically different in comparison to genes. Our study highlights ro-
bust changes in the expressions of particular elements from dif-
ferent repeat families and the effects of their expression could be
explored further with experimental studies. In addition to the pre-
vious literature suggesting the dysregulation of HERVK [29-35,47-
50] and HSATI elements [59,60] in breast cancer, our global ap-
proach helped to characterise the behaviours of all repeat classes
in this context. We realised that dysregulation of repeats were not
limited to those stated before. The satellite class of repeats showed
the highest increase in expression in the global scale when all
satellite transcripts were compared in tumour versus normal sam-
ples. Though satellite transcripts accounted only for 0.5% of nor-
mal tissues, this number was increased to 0.8% (approximately 60%
increase) in tumour tissues, making the satellites the most influ-
enced repeat class in ER+/HER2-breast cancer at a global scale
(Fig. 1B). Given the contribution of satellite transcripts in mod-
ulating the genome architecture [10,16,18,57,79], their dysregula-
tion may potentially be a driving force for genomic instability
in breast cancer. The knockout of the breast cancer suppressor
gene BRCA1 caused the derepression of the pericentromeric HSAT-
[ satellites, which in turn triggered genomic instability and mitotic
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Fig. 5. Enrichment of repeat elements in the promoters of differentially expressed genes and the expression fold changes of these repeats in tumours. A Enrichment levels
of repeats in the promoters of genes falling into different GO term categories. Differentially expressed genes were listed using the edgeR tool (]log,(fold change)| > 1 and
FDR < 0.05). GO terms for these genes were obtained using the DAVID webtool. An occurrence enrichment score was calculated for repeats that occur at the promoters of
at least five genes present in the corresponding GO term. Calculated enrichment score and the FDR for this analysis were indicated on the dot-plot. Only repeats with an
enrichment score of > 2 and FDR < 0.001 were given. Supplementary Fig. 6 points out that the expressions of repeats that are enriched in gene promoters also correlate
well with the expressions of those particular genes. B Violin plots representing the distributions of expression fold changes in enriched repeats in differentially expressed
gene promoters.
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catastrophe in breast cancer cells due to the disruption of hete-
rochromatic mechanisms [59,60]. Here, we are reporting that addi-
tional elements such as REP522 and D20S16 are also dysregulated
in ER+/HER2- breast cancer (Fig. 1C) and whether they have sim-
ilar effects to HSATI, should be explored with further studies. A
study reported that promoters of genes and IncRNAs associated in
various cancer types, including the breast cancer, are overlapping
with REP522 elements [80], which are mainly subtelomeric inter-
spersed repeats of 1.8 kb in length [36]. Our study directly demon-
strates the dysregulated overexpression of REP522 satellites per se
in ER+/HER2- breast cancer. In addition, D20S16 seems as another
crucial satellite that is novel for breast cancer. D20S16 is an inter-
spersed satellite with a repeating unit of 98 bp whose contribution
to genome architecture is unknown [36]. Furthermore, even though
not statistically significant, it is worth mentioning that a number
of patients upregulated beta satellites (BSR/Beta) and its associated
repeat LSAU. The functions of these repeats, if any, are also gener-
ally uncharacterised. Among the 10 members of the HERVK family,
HERVKC4-int (a.k.a. HML10) seemed to be the most upregulated
one (Fig. 1C). A previous study also reported this upregulation in
primary patient tumours with a hybridisation array [48]. In that
previous report, however, HERVKC4 was not the most outstanding
member of the HERVK family in terms of expression upregulation,
having in mind that the molecular pathologies of the patients (ER
and HER2 statuses) could be different. The robust upregulation of
LTR14, which is the flanking LTR to HERVKC4-int [81], also sup-
ports our finding within the patient group covered in this study. In
addition to those mentioned here, LINE element L1P and various
other elements including members of MER and UCON also warrant
further experimental research according to our results.

Our correlation analysis with breast cancer KEGG pathway
genes and GEPIA survival genes may help scientists to dissect the
most important repeats within the pathogenesis of breast cancer
(Figs. 3, 4 and Supp. Fig. S5). We realised that the most upreg-
ulated elements, HERVKC4-int and HERV1_LTRc, were not among
the repeats that showed the highest correlation with breast can-
cer pathway or survival genes in ER+/HER2- breast cancer. Still,
their expression interestingly correlated well with the estrogen re-
ceptor gene ESR1; perhaps implying the estrogen responsiveness
in the mechanistic insight of this upregulation, which is a poten-
tial possibility to be addressed with experimental studies in future.
On the other hand, satellite elements REP522 and D20S16 corre-
lated with more breast cancer KEGG pathway genes compared to
the upregulated HERVs. Finally, the correlations with crucial can-
cer related genes such as BRCA1, BRCA2, AKT1, KRAS and MTOR
were also noteworthy, as were the correlations with GEPIA sur-
vival genes. Together, these results could indeed indicate a func-
tional importance of repeat elements in carcinogenesis and should
be explored with future experimental studies. The relatively high
number of correlating survival and breast cancer genes with satel-
lites specifically brings these ancient members of our genome un-
der spotlight.

Our distribution analysis of repeats on differentially expressed
gene promoters (Fig. 5) demonstrated that certain repeats could
play a role in the regulation of nearby genes, at least in a cohort
of patients. However, this latter analysis did not outstandingly re-
veal those repeats that were significantly upregulated. This analy-
sis was done with a reference genome and combined analyses of
RNA and DNA from the same patient in future could put this di-
mension into a further clarity. Moreover, preparing RNA samples
for sequencing without poly(A) pre-selection would help the com-
munity to analyse the repeatome’s contribution to cancer more
in depth, specifically in large cohort studies. According to the re-
sults presented in this study, there are many mechanistic and func-
tional aspects worth studying on repeat dysregulation in breast
cancer. Developing therapies that target repeat expression may re-

duce the genomic instability and hence interfere with the speed of
tumour evolution in breast cancer, which could have implications
on metastasis and resistance.

Methods
RNA-seq data collection and processing

The whole transcriptome sequencing data of 22 matched
normal-tumour pairs (44 RNA-seq libraries in total) introduced in
a recent study [42] were extracted from Sequence Read Archive
database [82] (SRA Accession: SRP116023) using SRA Tool Kit
v.2.9.0 with “fastq-dump -gzip -skip-technical -readids —dumpbase
—clip -split-3" command. Sequencing reads of each sample were
then aligned to the human reference genome hg19 with HISAT2, a
sensitive splice-aware aligner, using “hisat2 -x {ht2-idx} —1 {infile}
-2 {infile} -S {outfile}” parameters [83]. For the measurement of
RNA expression in gene and repeat regions across 44 samples, we
utilised HOMER NGS analysis suite v4.10 (http://homer.ucsd.edu/
homer/ngs/) [45]. We particularly included the HOMER tool in our
analysis pipeline as it allows one to quantify strand specific repeat
expression. The following commands were used for gene and re-
peat expression analysis, respectively: “analyzeRepeats.pl rna hg19 -
raw / -tpm -condenseL1 -d {infile} > {outfile}” and “analyzeRepeats.pl
repeats hg19 -raw / -tpm -condenseL1 -d {infile} > {outfile}”.

To detect both genes and repeats differentially expressed be-
tween normal and tumour tissues, we utilized edgeR package
v3.24.3 [84] of R statistical computation environment v3.4.4 (http:
/[www.R-project.org). As recommended by the edgeR’s reference
guideline, we firstly applied Trimmed Mean of M-values (TMM)
normalisation to the count values from HOMER and we employed
a generalised linear model with tissue type and patient as factors.
Then, dispersion estimation was done with estimateDisp function,
and paired differential expression analysis between tumour and
normal tissues within patients were performed using glmFit and
gImLRT functions of edgeR.

Analysis of the expression correlations

KEGG breast cancer pathway (#hsa05224) genes were extracted
from https://www.genome.jp/kegg/ and GEPIA top 100 overall sur-
vival genes were obtained from http://gepia.cancer-pku.cn. For the
latter, median was used as the cut-off point for the classification of
low and high expression groups. Expression correlations of these
KEGG or GEPIA genes were calculated using the cor.test function
with method="pearson” in the R environment.

Enrichment analysis of repeats

Using the RepeatMasker annotation, which was downloaded
from the UCSC database, we determined overlapping genomic re-
gions of 1kb upstream regions of differentially expressed genes
which are significantly enriched in GO terms. To achieve this, we
utilised the intersectBed command of bedtools [85]. To figure out
if certain repeat elements were enriched in these regions, we cal-
culated an enrichment score (ES) for repeat elements as the fol-
lowing:

ESx=(1/R)/(g/G)

B where R is the total number of all repeats located within 1kb up-
stream regions of the genes associated with the GO term,

B G is the total number of all repeats located within 1kb upstream
regions of all genes in the genome,

W 1 is the total number of repeat of interest located within 1kb up-
stream regions of the genes associated with the GO term,

B g is the total number of repeat of interest located within 1kb up-
stream regions of all genes in the genome.
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Statistical significances of ESs for repeats were calculated with
the Fisher’s Exact Test as reported previously [86]. Repeats, which
were linked to at least five genes and exhibited an ES of >2 with a
corrected p-value < 0.01, were considered for downstream analysis.

Statistical analysis and graphical representation

R computation environment was used for all statistical calcula-
tions. We employed fisher.test for ES calculations and pheatmap
package of R (https://CRAN.R-project.org/package=pheatmap) was
utilised to draw all the heatmaps, on which expression values were
represented in the rows. Clustering was performed with the Euclid-
ian method and prcomp function was used for the PCA analysis.
Other graphics were obtained using the ggplot2 package [87].
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