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Abstract

In cancers, athough the methylation of long interspersed ele-
ment-1 sequences (LINE-1s) and tumor suppressor gene pro-
moters are modified in the opposite direction, LINE-1 hypo-
methylation and promoter hypermethylation of some loci are
directly associated. During carcinogenesis, the reduction in
LINE-1 methylation occurs. Intragenic LINE-1s produces anti-
sense RNA in introns and reduces mRNA transcription levels.
Several antisense RNAs have been reported to mediate methyl-
ation of the associated CpG islands. Here we compared ge-
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nome-wide promoter methylation and expression profiles of
LINE-1-hypomethylated malignancies, reported in the Gene
Expression Omnibus database (http://www.nchi.nlm.nih.gov/
geo), including lung adenocarcinoma, multiple myeloma and
prostate cancer. Then we analysed a microarray experiment
if promoters of a set of genes containing LINE-1s or Alu are
commonly methylated. Finally, the differences in structural
characteristics of LINE-1s were compared between LINE-1
groups. Here we found that genes that contained LINE-1s were
frequently repressed (p < 0.01) and possessed promoter hyper-
methylation (p < 1.0E-4). The expression levels of genes con-
taining LINE-1s with promoter hypermethylation were the
lowest. Finaly, the genomic distributions of gene-repressing
LINE-1s and promoter-hypermethylating LINE-1s were nei-
ther co-segregated nor randomly segregated. In conclusion,
cancer-associated intragenic LINE-1 epigenetic change pro-
motes promoter hypermethylation and represses gene
expression. These two mechanisms are independently influ-
enced by genomic locations but synergistically down-regulate
genes.

Keywords Antisense RNA; Cancer epigenomics, Gene promoter
hypermethylation; Globa hypomethylation; Intragenic LINE-1;
Long interspersed element-1; LINE-1 hypomethylation

Introduction

Two common DNA methylation aberrations in cancer are pro-
moter hypermethylation of tumor suppressor genes and ge-
nome-wide hypomethylation (Feinberg and Tycko, 2004; Brait
and Sidransky, 2011). Different mechanisms have been pro-
posed to mediate these phenomena because the modification
of DNA methylation in these two events occurs in different
directions (Ehrlich, 2002). Interestingly, many studies have
evaluated the correlation between these two epigenetic
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modifications. Several recent reports have demonstrated a cor-
relation between decreased methylation levels of long inter-
spersed element-1 sequences (LINE-1s or L1s) and hyper-
methylation of promoters at some loci (Florl et a., 2004; Cho
et a., 2007; Choi et al., 2007; Ogino et al., 2008; Yamamoto
et al., 2008; Park et a., 2009; Baba et a., 2010; Daskalos
et a., 2011; Poage et d., 2011). This correlation suggests the
existence of a cause-and-effect relationship between these two
epigenomic events. Surprisingly, no direct correlation between
global or LINE-1 hypomethylation and promoter hyper-
methylation at several loci has also been frequently reported
(Ehrlich et al., 2002; Florl et al., 2004; Ehrlich et al., 2006;
Cho et a., 2007; lacopetta et d., 2009; Kim et a., 2009; Park
et al., 2009; Igarashi et al., 2010; Trankenschuh et a., 2010;
Woloszynska-Read et al., 2011). Here, we hypothesised a het-
erogeneous nature of promoter hypermethylation and proposed
an underlying mechanism in which some hypermethylated loci
possess a direct relationship with LINE-1 hypomethylation.

Decreases in LINE-1 methylation occur early, commonly
and progressively during multistep carcinogenesis (Chalitcha-
gorn et a., 2004; Kitkumthorn and Mutirangura, 2011). In can-
cer, direct correlations between the methylation levels of ge-
nome-wide LINE-1s and each LINE-1 locus and between dif-
ferent interspersed repetitive sequence classes have been re-
ported (Phokaew et al., 2008; Iramaneerat K et a., 2011).
Therefore, a genome-wide hypomethylation mechanism in
cancer appears to be a generalised process that reduces ge-
nome-wide methylation (Phokaew et a., 2008; Kitkumthorn
and Mutirangura, 2011). LINE-1s are interspersed repetitive
sequences that are widely distributed across the human
genome. LINE-1s played an important role in evolution of hu-
man genome (Cordaux and Batzer, 2009) and possessed phys-
iologic function of the cells (Belancio et al., 2006; Aporntewan
et al., 2011). Most LINE-1s are truncated. Approximately
10,000 LINE-1s contain a 5 UTR, which include CpG idands
and are frequently methylated (Penzkofer et al., 2005).
LINE-1s are classified into 2 categories by location, i.e., insde
and outside of genes. Interestingly, intragenic LINE-1s are
more conserved than intergenic LINE-1s, and CpG dinucleo-
tides and sequence determine transcriptional activity (Apornt-
ewan et a., 2011). These conserved characteristics of intra-
genic LINE-1s imply the biologica functions of the sequences
(Aporntewan et a., 2011).

Both promoter hypermethylation and LINE-1 hypo-
methylation down-regulate gene expression. Promoter hyper-
methylation inhibits the transcription initiation complex and,
consequently, inhibits gene expresson (Herman, 2005).
Although genomic instability is the most commonly known
consequence of global hypomethylation (Chen et al., 1998;
Pornthanakasem et a., 2008; Kongruttanachok et al., 2010),
LINE-1 hypomethylation aso perturbs gene expression
(Aporntewan et a., 2011; Kitkumthorn and Mutirangura,
2011). Previoudy, we discovered the mechanisms for this reg-
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ulation by performing a correlation genome-wide expression
array from cancer samples using Connection Up- and Down-
Regulation Expresson Anaysis of Microarrays (CU-DREAM)
and CU-DREAM eXtenson (CU-DREAMX) programs
(Aporntewan and Mutirangura, 2011) with cancer cells, deme-
thylated norma cells and AGO2 knocked-down cells
(Aporntewan et al., 2011). We observed preferential down-reg-
ulation of genes that contained LINE-1s in cancer and deme-
thylated normal cells and up-regulation of gene expression of
AGO2-depleted cells. We found that in cancer, hypomethy-
lated LINE-1s are transcribed into RNAs that are compliments
to intron sequences. This antisense RNA forms a complex with
premRNA and AGO2. Therefore, the mRNA transcripts of
genes containing LINE-1s are depleted (Aporntewan et a.,
2011). The LINE-1 methylation level of each locus in cancer
varies (Phokaew et al., 2008). Therefore, differentia gene re-
pression depends on the intragenic LINE-1 hypomethylation
levels. Antisense RNA transcripts that mediate methylation of
downstream CpG idands have been discovered in severa epi-
genetic regulation events. Well-known examples of down-
stream CpG islands are promoters of genomic imprinting
genes, such as Igf2r (Wutz et a., 1997) and the Xist gene
in X-inactivation (Navarro et a., 2005). Moreover, a trans-
genic study in a form of aphathalassemia has demonstrated
that methylation also occurs at non-imprinted autosomal |oci
in differentiating embryonic stem cells (Tufarelli et a., 2003).
In the current study, we performed a genome-wide anaysis
using the CU-DREAM and CU-DREAMX programs (Apornt-
ewan and Mutirangura, 2011) and found interesting correla
tions between intragenic LINE-1s and promoter hyper-
methylation in cancer.

Materials and Methods

Lists of genes containing LINE-1s, genes containing Alu and
microarrays

LINE-1s that were reported in the Llbase (http://I1lbase.
molgen.mpg.de) (Penzkofer et a., 2005) were categorised ac-
cording to their genomic locations as “intragenic” or
“intergenic” based on the NCBI Reference Sequence (RefSeq)
annotation (Aporntewan et a., 2011). The list of genes con-
taining LINE-1s was the same as previoudy reported
(Aporntewan et al., 2011). Genes containing Alu were avail-
able from transpogene database (http://transpogene.tau.ac.il/)
(Levy et a., 2008). All microarray data were taken from
Gene Expression Omnibus (GEO) (Barrett et al., 2005; Barrett
et al., 2009). The GEO series (GSE) methylation arrays were
GSE16559 (Christensen et al., 2009), GSE21304 (Walker et
al., 2011), and GSE26126 (Kobayashi et a., 2011) and the
expression libraries were GSE18842 (Sanchez-Palencia et al.,
2011), GSE6691 (Gutierrez et a., 2007), and GSE12378
(Jhavar et d., 2009) for lung adenocarcinoma, multiple myelo-
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ma, and prostate cancer, respectively. The GEO datasets for
methylation and expression are from separate patients.
However, GSE18842 (the lung adenocarcinoma expression li-
brary) consisted of both adenocarcinoma and squamous-cell
carcinoma samples. Only adenocarcinoma samples were se-
lected in this sudy. GEO Sample (GSMs) representing test and
control samples were listed in Supporting Table S2, and the
clinical data for each GSE were reported in Supporting Table
S1.

CU-DREAM and CU-DREAMX
The CU-DREAM and CU-DREAMX programs, which are

available a http://pioneer.netserv.chula.ac.th/~achatcha/cu-drearmy,
were executed by testing the gene symbols for each probe, and
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the data were evaluated using the Student’s t-test and the
Chi-sguare test. Up- and down-regulation and promoter hyper-
methylation were determined by comparing intensity of probes
by Student’s t-test. CU-DREAM was used to study the asso-
ciation between two microarray analyses (Fig. 1A). For exam-
ple, the association between gene expression and promoter
methylation is displayed in Table 1. The gene expression mi-
croarray libraries and the methylation microarray libraries were
selected and analysed by the CU-DREAM program. The results
were divided depending on the LINE-1 status using a 2x2 con-
tingency table, and the Chi-sguare test and Student’s t-test were
used for dtatistical analyses. The CU-DREAMX program was
used to analyse between microarray data and a gene set of
interest, such as genes containing LINE-1s (Fig. 1B). The mi-
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Figure 1. The overall framework of the CU-DREAM and CU-DREAMX programs. (A) The CU-DREAM program is used to statistically
identify up and down regulated genes from case/control microarray datasets using Student’s t-test. (B) The CU-DREAMX program inves-
tigates the correlation between the genes from microarray libraries and some specific feature of these genes. The microarray data were
intersected with the gene set with a specific feature, such as the set of genes containing LINE-1s. CU-DREAMX calculates Pearson’s
Chi-square from the intersected 2x2 contingency table and reports the corresponding odds ratio and p-value.
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Table 1. The correlation between promoter methylation and gene down-regulation in lung, prostate and plasma malignancies.

Cancer types Gene regulation Met + (%) Met — (%) Odds ratio 95% ClI p-value
Lung Down 127 (17.28) 147 (20.00) 1.66 Lower : 1.22 1.16E-3
adenocarcinoma Not down 158 (21.50) 303 (41.22) Upper : 2.25
Up 61 (8.30) 144 (19.59) 0.58 Lower : 041 1.80E-3
Not up 224 (30.48) 306 (41.63) Upper : 0.82
Multiple Down 1,110 (11.39) 1,805 (18.53) 1.05 Lower : 0.96 3.07E-1
myeloma Not down 2,525 (25.92) 4,302 (44.16) Upper : 1.15
Up 908 (9.32) 1,646 (16.90) 0.90 Lower : 0.82 3.22E-2
Not up 2,727 (27.99) 4,461 (45.79) Upper : 0.99
Prostate Down 179 (1.59) 389 (3.45) 0.87 Lower : 0.73 1.45E-1
cancer Not down 3,696 (32.75) 7,020 (62.21) Upper : 1.05
Up 287 (2.54) 298 (2.64) 191 Lower : 1.62 1.36E-14
Not up 3,588 (31.80) 7,111 (63.02) Upper : 2.26
Met+ represents “hypermethylated”, and Met- represents “unchanged or hypomethylated”.
Down represents “down-regulated genes’, whereas Not down represents “unchanged” or “up-regulated genes’.
Up represents “up-regulated genes’, whereas Not up represents “unchanged” or “down-regulated genes’.
Table 2. Gene expression incidences of the genes containing LINE-1s.
Cancer types Gene regulation L1 (%) No L1 (%) Odds ratio 95% ClI p-value
Lung Down 470 (2.31) 4,948 (24.29) 153 Lower : 1.37 4.78E-13
adenocarcinoma Not down 872 (4.28) 14,084 (69.13) Upper : 1.72
Up 296 (1.45) 5,026 (24.67) 0.79 Lower : 0.69 4.53E-4
Not up 1,046 (5.13) 14,006 (68.74) Upper : 0.90
Multiple Down 316 (2.42) 3,543 (27.13) 127 Lower : 1.10 1.03E-3
myeloma Not down 605 (4.63) 8,594 (65.81) Upper : 1.46
Up 155 (1.19) 766 (5.87) 0.59 Lower : 0.49 4.16E-9
Not up 3,097 (23.72) 9,040 (69.23) Upper : 0.71
Prostate Down 97 (0.60) 725 (4.48) 1.77 Lower : 1.42 3.14E-7
cancer Not down 1,082 (6.68) 14,283 (88.24) Upper : 2.20
Up 43 (0.27) 837 (5.17) 0.64 Lower : 0.47 4.89E-3
Not up 1,136 (7.02) 14,171 (87.55) Upper : 0.88

Down represents “down-regulated genes’, whereas Not down represents “unchanged” or “up-regulated genes’.
Up represents “up-regulated genes’, whereas Not up represents “unchanged” or “down-regulated genes’.

croarray data were intersected with the gene set of interest.
For example, to evaluate whether intragenic LINE-1s influ-
enced the host gene expression or promoter methylation, the
GSEs from the methylation array data and GSEs from the
up-/down-regulated gene expression array data were intersected
with genes containing LINE-1s using the CU-DREAM program
to identify regulated genes at p<0.05 (Table 2).

Association studies by Chi-square and Student’s t-test

The genes from CU-DREAM and CU-DREAMX data were
selected to be analysed for their numbers and expression levels
under conditions of interest. To study the regulation patterns
of promoter-methylated genes containing LINE-1s compared
to genes without LINE-1s, the methylation microarray libraries
and the expression microarray libraries were tested using the
CU-DREAM program. The genes were then classified by ex-
pression, methylation status, and the presence of intragenic
LINE-1s and performed Chi-square test. To evauate the ex-

@ Springer

pression level, the genes were classified by CU-DREAMX.
The expression values were expressed as Meanl and Mean2
from the expression library table of each cancer type and ana-
lysed by Student’s t-test.

Anaysis of LINE-1 characteristics

L1base (http://| 1base.molgen.mpg.de) (Penzkofer et a., 2005)
described structural characteristics of each LINE-1 in detail,
including orientation, locations, sequence variations, CpG is-
lands, and subfamilies. Here, we related these 127 character-
istics with promoter methylation and down regulation using
the Chi-square test and Student’s t-test for categorica and
non-categorical functionally important features, respectively.
The frequency of features was counted according to the num-
ber of LINE-1s that contained the tested features. Yates's con-
tinuity correction was aso applied to the Chi-square test,
which has the expected count of less than 5.
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Results

Datasets from Gene Expression Omnibus (GEO) (http://www.
ncbi.nim.nih.gov/geo) were screened for expression and pro-
moter methylation genome-wide arrays until April 2011; ar-
rays from lung adenocarcinoma, prostate cancer and malignant
plasma cells were selected (Barrett et a., 2005; Barrett et d.,
2009). The methylation arrays from GEO were GSE16559
(Christensen et al., 2009), GSE21304 (Walker et a., 2011)
and GSE26126 (Kobayashi et al., 2011), and the expression
libraries were GSE18842 (Sanchez-Palencia et al., 2011),
GSE6691 (Gutierrez et al., 2007) and GSE12378 (Jhavar et
a., 2009) for lung adenocarcinoma, multiple myeloma and
prostate cancer, respectively. These datasets were chosen be-
cause lung, prostate and plasma cell malignancies are known
to possess LINE-1 hypomethylation (Chalitchagorn et al.,
2004; Bollati et al., 2009). Details of the available clinical
information are described in the Supporting Table S1, and the
GEO samples analysed in the CU-DREAM program are listed
in the Supporting Table S2.

The promoter hypermethylation and gene expression status
Promoter hypermethylation is one of the major mechanisms
for inhibition of gene expression in cancer. To evaluate the
genome-wide contribution of this epigenetic mechanism, genes
were classified based on promoter hypermethylation and ex-
pression status and counted by the CU-DREAM program (Fig.
1) (Table 1) (Aporntewan and Mutirangura, 2011). Although
many reports of an association between promoter hyper-
methylation and gene repression exist, Table 1 shows that pro-
moter hypermethylation and down-regulation of the gene are
not exclusive. Many promoter-hypermethylated genes were not
significantly down-regulated (Table 1). Moreover, many down-
regulated genes lacked promoter hypermethylation (Table 1).
Nevertheless, the prevalence of gene down-regulation was
higher when the promoters were hypermethylated in lung ad-
enocarcinoma (odds ratio (OR) = 1.66, 95% confidence inter-
va (Cl) = (1.22-2.55)). The prevention of up-regulation was
aso found in promoter-hypermethylated lung adenocarcinoma
genes (OR (95% ClI) = 0.58 (0.41-0.82) and in multiple myelo-
ma (OR (95% CI) = 0.90 (0.82-0.99)). Surprisingly, in prostate
cancer, many promoter-methylated genes were not down-regu-

lated but were up-regulated (OR (95% Cl) = 1.91 (1.62-2.26)).

Intragenic LINE-1s repress genes in lung adenocarcinoma,
multiple myeloma and prostate cancer

Our previous study reported that intragenic LINE-1s repress
many genes in cancers, including lung and prostate cancers
(Aporntewan et al., 2011). Expression arrays were tested using
the CU-DREAMX program (Fig. 1) to evaluate the incidence
of the expression of genes containing LINE-1s. LINE-1-classi-
fied genes were separated into four groups depending on the
genetic regulation and the presence of intragenic LINE-1s. The
influence of intragenic LINE-1s on gene expression was con-
firmed in lung and prostate cancers and evaluated for the first
time in multiple myeloma. We found that intragenic LINE-1s
repressed genes in al three cancers. First, a higher prevalence
of down-regulated genes containing LINE-1s was observed in
lung adenocarcinoma, multiple myeloma and prostate cancer
(OR (95% Cl) = 1.53 (1.37-1.72), 1.27 (1.10-1.46), and 1.77
(1.42-2.20), respectively) (Table 2). Moreover, LINE-1s pre-
vented the up-regulation of genes containing LINE-1s in lung
adenocarcinoma, multiple myeloma and prostate cancer (OR
(95% CI) = 0.79 (0.69-0.90), 0.59 (0.49-0.71) and 0.67 (0.47-
0.88), respectively) (Table 2).

Intragenic LINE-1s and methylated genes in lung ad-
enocarcinoma, multiple myeloma and prostate cancer

To evaluate the association between promoter hyper-
methylation and intragenic LINE-1s, the CU-DREAMX pro-
gram was used to evaluate GSE-reported methylation arrays
for LINE-1s. The prevalence of promoter hypermethylation in
lung adenocarcinoma, multiple myeloma and prostate cancer
was significantly higher in genes containing LINE-1s (OR
(95% ClI) = 2.05 (1.31-3.45), 1.29 (1.13-1.48) and 1.28 (1.12-
1.48), respectively) (Table 3). These results are the first evi-
dence of a connection between cancer-associated intragenic
LINE-1s and promoter hypermethylation.

LINE-1s and promoter hypermethylation synergistically re-
press genes

Table 1 showed that genes with promoter hypermethylation
were regulated in many directions. Here, we compared the reg-
ulation patterns of promoter-hypermethylated genes with and
without LINE-1s in number (Table 4) and in level (Fig. 2).

Table 3. Promoter methylation statuses of the genes containing LINE-1s in cancers.

Cancer types L1 Met + (%) Met — (%) Odds ratio 95% ClI p-value

Lung adenocarcinoma L1 34 (4.43) 28 (3.65) 2.05 Lower : 1.21 6.41E-3
No L1 263 (34.24) 443 (57.68) Upper : 3.45

Multiple myeloma L1 409 (2.83) 563 (3.89) 1.29 Lower : 1.13 1.36E-4
No L1 4,859 (33.57) 8,645 (59.72) Upper : 1.48

Prostate cancer L1 376 (2.60) 596 (4.12) 1.28 Lower : 1.12 2.67E-4
No L1 4,453 (30.76) 9,051 (62.52) Upper : 147

Met+ represents “hypermethylated”, and Met- represents “unchanged” or hypomethylated”.
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Table 4. The role of LINE-1s in gene promoter methylation and gene expression.

Cancer types Condition L1 (%) No L1 (%) QOdds ratio 95% ClI p-value
Lung Met+/Up 6 (0.82) 55 (7.48) 1.20 Lower : 0.50 6.81E-1
adenocarcinoma The rest 56 (7.62) 618 (84.08) Upper : 2.92
Met+/Down 15 (2.04) 112 (15.24) 1.60 Lower : 0.86 1.32E-1
The rest 47 (6.39) 561 (76.33) Upper : 2.96
Multiple Met+/Up 50 (0.51) 858 (8.81) 0.71 Lower : 0.52 2.02E-2
myeloma The rest 674 (6.92) 8,160 (83.76) Upper : 0.95
Met+/Down 123 (1.27) 987 (10.13) 167 Lower : 1.36 8.45E-7
The rest 601 (6.17) 8,031 (82.44) Upper : 2.04
Prostate Met+/Up 17 (0.15) 270 (2.39) 0.76 Lower : 0.46 2.79E-1
cancer The rest 840 (7.44) 10,157 (90.01) Upper : 1.25
Met+/Down 29 (0.26) 828 (7.34) 2.40 Lower : 1.60 1.18E-5
The rest 150 (1.33) 10,277 (91.08) Upper : 3.59

Met+ represents “hypermethylated”.

Down represents “down-regulated genes’, and Up represents “up-regulated genes’.

The results showed that many repressed genes containing
LINE-1s were present in multiple myeloma and prostate
cancer. A significant prevention of up-regulation (OR (95%
Cl) = 0.67 (0.49-0.91)) was found when genes contained
LINE-1s in multiple myeloma. In addition, a higher proportion
of genes containing LINE-1s in prostate cancer were down-
regulated compared with genes without LINE-1s (OR (95%
Cl) = 2.40 (1.60-3.59)).When the expression levels of genes
with promoter hypermethylation and also containing LINE-1s
were compared to those genes without LINE-1s, the expression
levels of genes containing LINE-1s in cancer were also lower
(p = 0.0002, <0.0001, and = 0.0324 for lung adenocarcinoma,
multiple myeloma, and prostate cancer, respectively) (Fig. 2).
Among the down-regulated genes containing LINE-1s, genes
with promoter hypermethylation were repressed to a greater
extent than those without methylation in lung and prostate can-
cers (p=0.0121 and 0.0064, respectively) (Fig. 3). The genes
are listed in the Supporting Table S3.

Characteristics of intragenic LINE-1s in repressed or pro-
moter-hypermethylated genes

Using characteristics of LINE-1s listed in Llbase (http:/
| 1base.molgen.mpg.de) (Penzkofer et a., 2005), we then eval-
uated the orientation, locations, sequences, CpG islands, and
subfamilies of intragenic LINE-1s that repress genes and pro-
mote promoter hypermethylation in the three cancer types. The
objective was to explore LINE-1 features that influence gene
repression and promoter methylation. The comparison between
the two sets of LINE-1 characteristics will imply the relation
in mechanisms of gene repression and promoter methylation.
Analysis of orientation implied direction of LINE-1 promoters
and RNA. Locations may reflect regional mechanism of hu-
man genome. Sequence variations usually represent cis ele-
ments determining transcriptional and retrotransposition
activities. CpG idands of LINE-1s may represent potential se-
quences regulated by DNA methylation. Finaly, classification
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of LINE-1s represents overview of evolution period. One hun-
dred and twenty-seven characteristics of intragenic LINE-1s
were anaysed. Eighty-five characteristics and 24 chromosome
locations were analysed by the Chi-sguare test, and 18 charac-
teristics were analysed by Student’s t-test. All of the data are
listed in the Supporting Table 4. Table 5 ligs the significantly
different characteristics of intragenic LINE-1s in down-regu-
lated genes or genes with promoter hypermethylation com-
pared with the control. Among the 127 characteristics, a few
(<7) were dignificant in each subgroup, and no characteristics
were significant in the same direction (promote vs. protective)
in more than one subgroup. For gene repression, 5, 7, and
4 characterigtics of cancers of lung, plasma cdls, and prostate,
respectively, were significant, and of these characteristics, 4,
6, and 3 characteridtics, respectively, were chromosome locations.
For methylation, 2, 2, and 3 characterigtics, respectively, were
significant, respectively. Among these characteristics, 2 differ-
ent chromosomes were significant in multiple myeloma and
prostate cancer. In lung adenocarcinoma, characteristics that
promoted gene repression were chromosomes 15 (OR (95%
Cl) = 327 (1.98-5.42)) and 18 (OR (95% Cl) = 212
(1.21-3.72)) and ORF1 frame shifts (Test statistic = 2.57905,
p = 0.009967), and uncommon characteristics were intragenic
LINE-1s on chromosomes 8 (OR (95% Cl) = 0.46 (0.29-0.72))
and 14 (OR (95% CI) = 045 (0.24-0.82)). For promoter hyper-
methylation, a conserved ORF Start-Stop was a preferred char-
acterigtic (OR (95% CI) = 7.19 (2.89-17.92)), whereas a lower
number of ORF2 was conserved (OR (95% CI) = 0.29 (0.11-
0.75)). In multiple myeloma, intragenic LINE-1s that promoted
gene repression and promoter hypermethylation were located
on different chromosomes. A striking example is on chromo-
some X. While many gene-repressing intragenic LINE-1s were
presented on chromosome X (OR (95% Cl) = 2.39 (1.65-
3.47)), they were less likely to promote promoter methylation
(OR (95% CI) = 0.19 (0.11-0.32)). Finally, in prostate cancer,
the characterigtics that promoted gene repression were chromo-
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Figure 2. The expression profiles of promoter-hypermethylated genes with and without LINE-1s in lung adenocarcinoma, multiple myelome
and prostate cancer. A comparison of expression levels of hypermethylated genes was performed between the genes with and without
LINE-1s from three case/control cancer experiments. (A) lung adenocarcinoma and non-tumor lung, (B) multiple myeloma and plasma
cells of healthy individuals and (C) prostate cancer and normal prostate. The grey and white boxes represent hypermethylated genes
with and without LINE-1s, respectively. The Student’s t-test p-values between cancer with and without LINE-1s are shown.

somes 2 (OR (95% CI) = 2.04 (1.29-3.22)) and 3 (OR (95%
Cl) = 2.35 (1.53-3.62)) and GAGG of Ta subfamilies (OR
(95% CI) = 6.74 (1.95-23.25)) possessing shared sequence
variants, and uncommon characteristics were chromosome 10
(OR = 0.00). For promoter hypermethylation, there was a
lower number of intragenic LINE-1s on chromosomes 13
(OR (95% CI) = 0.40 (0.21-0.77)) and 14 (OR (95% CI)
= 0.36 (0.19- 0.69)) and smaller size of short target site dupli-
cations (Test dtatistic = -2.59198, p = 0.009627) than the oth-
er genes.

Intragenic Alu and methylated genes in lung adenocarcinoma,
multiple myeloma and prostate cancer

To evauate if promoter hypermethylation also associated with
other intragenic repeat elements, intragenic Alu was selected
to evaluate the three methylation arrays. The prevaence of
promoter hypermethylation in lung adenocarcinoma was not
significant in genes containing Alu (OR (95% CI) = 0.84
(0.60-1.17), dightly higher in multiple myeloma 1.11 (1.03-
1.19) but lower in prostate cancer 0.86 (0.80-0.93). Unlike
LINE-1s, there is no evidence of ubiquitous association be-
tween promoter hypermethylation and intragenic Alu.
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Figure 3. The expression profiles of down-regulated genes containing
enocarcinoma, multiple myeloma and prostate cancer. A comparison

Multiple myeloma
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Prostate cancer

LINE-1s with and without promoter hypermethylation in lung ad-
of expression levels of genes containing LINE-1s was performed

between hypermethylated (Met+) and non-hypermethylated (Met-) genes from three case/control cancer experiments:. (A) lung ad-
enocarcinoma and non-tumor lung, (B) multiple myeloma and plasma cells of hedthy individuals and (C) prostate cancer and normal
prostate. The grey and white boxes represent Met+ and Met- genes containing LINE-1s, respectively. The Student’s t-test p-values between

met+ and met- of each cancer are shown.
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Table 5. The list of LINE-1 characteristics associated with gene promoter methylation and repressed gene regulation in lung adenocarcinoma,
multiple myeloma and prostate cancer. (A) Chi-square test and (B) Student’s t-test was used as statistical analyses both considering significant

value to be p<0.01.

Lung adenocarcinoma

Multiple myeloma

Prostate cancer

Down Met+ Down Met+ Down Met+
S S VS S VS Vs
Not down Met— Not down Met— Not down Met—
(A) Chi-sguare test [OR (95% CI)]
Chromosome location
Chromosome 2 N N 0.51 N 2.04 N
(0.33 - 0.78) (1.29 - 3.22)
Chromosome 3 N N N N 2.35 N
(1.53 - 3.62)
Chromosome 4 N N 0.49 N N N
(0.32 - 0.75)
Chromosome 8 0.46 N N N N N
(0.29 - 0.72)
Chromosome 9 N N N 2.71 N N
(161 - 4.58)
Chromosome 10 N N 4.24 N 0(-) N
(2.63 - 6.85)
Chromosome 12 N N 0.48 N N N
(0.28 - 0.83)
Chromosome 13 N N N N N 0.40
(0.21 - 0.77)
Chromosome 14 0.45 N N N N 0.36
(0.24 - 0.82) (0.19 - 0.69)
Chromosome 15 3.27 N N N N N
(1.98 - 5.42)
Chromosome 18 212 N N N N N
(1.21 - 3.72)
Chromosome 20 N N 7.34 N N N
(2.08 - 25.87)
Chromosome X N N 2.39 0.19 N N
(1.65 - 3.47) (0.11 - 0.32)
ORF StartStop
ORF2 cons N 0.29 N N N N
(0.11 - 0.75)
StartStop cons N 7.19 N N N N
(2.89 - 17.92)
Ta SSVs
GAGG N N N N 6.74 N
(1.95 - 23.25)
Tal-nd/d
Tal-nd N N 0.71 N N N
(0.58 - 0.88)
(B) Student’s t-test (p-value)
ORF1 frameshift 2.57905 (0.01) N N N N N
find TSDs N N N N N -2.59198 (0.01)

N represents not significant value at p-value threshold 0.01.

Discussion

possibility that the two conditions are related is high. These

two programs perform an analysis for the whole genome, so

The functions of CU-DREAM and CU-DREAMX are to clas-
sify genes under two specific conditions and statistically test
the gene distribution. If a significant number of genes share
these two conditions with more than random distribution, the

@ Springer

the number of genes for each test is usudly high and the results
have strong Stetistical significance. Note that CU-DREAM and
CU-DREAMX possess two limitations. First, they cannot de-
tect an association when the association is limited to a subset
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Table 6. Promoter methylation statuses of the genes containing Alu in cancers.

Cancer types Alu Met + (%) Met — (%) Odds ratio 95% ClI p-value

Lung adenocarcinoma Alu 217 (28.26) 360 (46.88) 0.84 Lower : 0.60 2.93E-01
No Alu 80 (10.42) 111 (14.45) Upper : 1.17

Multiple myeloma Alu 3,812 (26.33) 6,471 (44.70) 111 Lower : 1.03 7.78E-03
No Alu 1,456 (10.06) 2,737 (18.91) Upper : 1.19

Prostate cancer Alu 3,332 (23.02) 6,951 (48.02) 0.86 Lower : 0.80 1.34E-04
No Alu 1,497 (10.34) 2,696 (18.62) Upper : 0.93

Met+ represents “hypermethylated”, and Met- represents “unchanged” or hypomethylated”.

of smdl size for the certain condition. For example, the associ-
ation between up-regulated gene expression and promoter hy-
permethylation was significantly present in prostate cancer but
not in lung adenocarcinoma and multiple myeloma. This miss-
ing may be due to lacking or limiting the mechanism causing
the association in the latter two groups. Second, these pro-
grams usualy yield less significant statistical values, higher
p-values and lower OR (when OR>1), than the actual values
of significance because of inter-assay variations between the
two conditions. Here, we used intragenic LINE-1s from
L1base (Penzkofer et a., 2005). These LINE-1s are found in
most populations. A number of LINE-1 insertion dimorphisms
(LIDs) (Badge et d., 2003; Pornthanakasem and Mutirangura,
2004) were not taken into account for this analysis. The genes
containing LIDs were counted as genes without LINE-1s and
resulted in increased p-vaues of CU-DREAM for the LINE-1
test. When comparing two GSEs from different patient groups
by CU-DREAM, heterogeneity can cause some genes to be
counted as not associated. In summary, CU-DREAM and
CU-DREAMX can perform datistical significant tests but their
results must be interpreted with caution when no statistical
significance is reported.

We found that genes containing LINE-1s are frequently
down-regulated and possess promoter hypermethylation in
LINE-1-hypomethylated cancers. Intragenic LINE-1s and pro-
moter hypermethylation synergistically repressed gene
expression. Findly, few characteristics of LINE-1s influenced
LINE-1 regulations. Among these significant characteristics,
the “location” on different chromosomes was detected most
often. Moreover, gene repression and promoter hyper-
methylation were influenced by different chromosomes.
Therefore, cancer-associated intragenic LINE-1 epigenetic
changes not only repress gene expression but also promote
promoter methylation. The mechanisms of gene expresson and
promoter hypermethylation are influenced independently by
different genome locations. Nevertheless, these two events
synergistically repress genes.

Our data suggest that the association between LINE-1 hypo-
methylation and gene promoter hypermethylation may be con-
nected by the cancer-associated changes in intragenic LINE-1s.
Therefore, the association between promoter hypermethylation
and LINE-1 hypomethylation that has been reported should
be due to cancer development processes influenced by the epi-

genetic changes of intragenic LINE-1s. Nevertheless, more
than one mechanism may potentially cause promoter hyper-
methylation, and some may be independent of the globa hypo-
methylation process. As a result, some studies have revealed
no correlation between promoter methylation and ge-
nome-wide hypomethylation.

Hypomethylated LINE-1s consequently increase LINE-1
transcription (Aporntewan et a., 2011). Antisense intronic
RNA promoting promoter methylation has been reported in
several biological events (Wutz et a., 1997; Tufarelli et al.,
2003; Navarro et a., 2005). Therefore, it is reasonable to hy-
pothesise that intragenic LINE-1s in cancer may promote pro-
moter hypermethylation via LINE-1 RNA. Notably, LINE-1
RNA has been proven to mediate the cis regulatory function
of LINE-1 hypomethylation. In cancer, hypomethylated intra-
genic LINE-1s produce LINE-1 RNA to form a complex with
pre mRNA and AGO2 (Aporntewan et al., 2011). In X-in-
activation, LINE-1s form a complex with Xist RNA to con-
dense chromatin and inactivate the chromosome (Chow et a.,
2010). LINE-1s on the inactive X have recently been shown
to possess a lower methylation level (Singer et a., 2012).
Nevertheless, the mechanism for how intragenic antisense
RNA initiates promoter methylation requires further
investigation. To the best of our knowledge, there are two in-
teresting hypotheses. First, antisense RNA in plants can form
a RISC complex to mediate DNA methylation. This process
is known as RNA-directed DNA methylation (RADM) (Zhang
and Zhu, 2011). However, the evidence for RADM in human
cancers is lacking (Ting et d., 2005). Second, an example ex-
ists for a gene promoter to be hypermethylated when RNA
processing is halted by an expanded triplet repeat sequence.
For example, in Fragile X syndrome, the CGG repeat sequence
at the 5'-untrandated region of the FMR1 gene is expanded
and subsequently halts RNA polymerisation. Similar to anti-
sense RNA, the failure in RNA €elongation by triplet repeat
expansion is believed to promote FMR1 promoter methylation
(Jin and Warren, 2000). Further exploration of whether any
of these hypotheses represent the mechanism for how intra-
genic LINE-1s induce promoter methylation will be
interesting.

Although the cancer-associated LINE-1 hypomethylation
mechanism is a generalised process that reduces LINE-1 meth-
ylation genome-wide, the most common LINE-1 character-
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istics associated with whether LINE-1s mediated promoter
methylation or gene repression was chromosome location.
Some gene regulatory events and promoter methylations occur
in a specific chromosomal region, such as in genomic imprint-
ing (Edwards and Ferguson-Smith, 2007) and X-inactivation
(Sharp et al., 2011). It will be interesting to further explore
whether some similarities exist in terms of the mechanisms
of these three epigenetic events.

A better understanding of these processes may lead to better
applications for investigation and treatment of cancers and oth-
er human diseases or debilitating conditions. Severa broader
aspects should be considered in future studies. First, can-
cer-associated global hypomethylation reduces the methylation
of other sequences in addition to LINE-1s (Kitkumthorn and
Mutirangura, 2011). Other intragenic sequences, such as small
genes in introns, may produce antisense RNA and cause pro-
moter hypermethylation. Additionally, global hypomethylation
can be found in other diseases, such as Systemic Lupus
Erythematosus (Nakkuntod et a., 2011), and some physiologic
conditions, such as cdl differentiation (Phokaew et al., 2008)
and aging (Jintaridth and Mutirangura, 2010; Zhu et a., 2011).
Some cases of gene promoter methylation in these conditions
may be mediated by a similar mechanism.

Second, some LINE-1s are active retrotransposable ele-
ments, and retrotransposition events have occurred frequently
throughout human evolution (Gogvadze and Buzdin, 2009).
The retrotransposition events create thousands of LIDs that
are ancestor-specific (Badge et a., 2003; Pornthanakasem and
Mutirangura, 2004; Ewing and Kazazian, 2011). It is tempting
to hypothesise that some LIDs are non-synonymous poly-
morphisms and can increase the risk of certain diseases
(Kitkumthorn and Mutirangura, 2011). These insertions could
cause diseases by structural variants in the genomes (Ewing
and Kazazian, 2011). Nevertheless, some of these if locate in
intron and are hypomethylated, can cause gene repression
(Aporntewan et al., 2011) or promoter hypermethylation. As
a result, some disease- or cancer-related gene repression and/or
promoter methylation may be specific to certain races.

Demethylating agents, such as 5-aza-deoxycytidine and
5-azacytidine, have been commonly used to revert promoter
hypermethylation and up-regulate certain tumor suppressor
genes for identification and cancer treatment (Das and Singdl,
2004). However, our findings imply that a limitation exists
for the use of demethylating agents on some promoters. DNA
demethylating agents reduce methylation not only at pro-
moters, but aso elsewhere, including within the body of genes.
The gene body demethylation will up-regulate intragenic anti-
sense RNA and consequently undesirably repress gene
expression.

In conclusion, by comparing expresson and methylation us-
ing a genome-wide array, we found that cancer-associated in-
tragenic LINE-1 changes do not only repress genes but also
promote promoter hypermethylation. The mechanisms causing

@ Springer

repression and methylation may be independently influenced
by chromosome locations. Nevertheless, these events synerg-
istically repress gene expression.
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Abstract

Herein, we performed a thorough investigation in the genomes of 8 mammals and 12 non-
mammals. The imbalance of A-repeats between upstream and downstream of transcription start sites
is conserved in all mammals and is also found in some non-mammalian vertebrates. Moreover, short
repeats (2 to 9 bp) are enriched in tissue-specific genes, whereas long repeats (10 to 30 bp) are
enriched in housekeeping genes. A joint analysis of H. sapiens, M. musculus, and R. norvegicus
reveals 10 genes and 25 Gene Ontology terms that are significantly enriched with upstream A-repeats.
These results indicate that A-repeats play a regulatory role in DNA/RNA metabolism, including viral
infection, as validated by two microarray experiments involving infection with influenza A or Epstein-
Barr virus. Our findings suggest that upstream A-repeats may act as cis-regulatory elements in a

variety of mammalian gene groups.

Introduction

A microsatellite is a repeat of the same unit [1]. The repeated unit is a sequence of nucleotides (A, T,
C, or G). For instance, ‘CAGCAGCAGCAG' is a microsatellite that repeats a unit of ‘CAG’ four times.
A more general term of microsatellites is tandem repeats (TRs). A form of mutation called DNA
replication slippage contracts and expands the length of TRs by decreasing and increasing the
number of repeat units. TRs are found ubiquitously in both coding and non-coding regions of
eukaryotic genomes. The mutation of coding TRs obviously alters subsequent mRNAs, protein
structures, and phenotypes. Huntington’s disease is a well-known phenotype associated with tri-
nucleotide repeats in the coding region. The number of CAG units = 36 causes a malfunction of
Huntingtin protein. Traditionally, non-coding TRs were believed to have no functions, and they were
called ‘junk’ or ‘selfish’ DNA [2]. In fact, non-coding TRs play a crucial role in cell physiology. Several
lines of evidence show that there is a great deal of high variability in TRs [3,4]. This repeat variability,
specifically within gene promoters, correlates with variations in gene expression, which in turn
connected with phenotypes [5]. The adaptation via gene modulation is a vital key for survival in
ecological niches and coping with environmental changes. A high degree of variation within the TRs
among related species suggests that TRs have been evolved through natural selection and drive the

emergence of new species [6].

Mononucleotide repeats (unit size = 1) is the simplest class, but constitute the largest part of TRs.
Extensive studies in yeasts show that non-coding poly(dA:dT) tracts correlate with nucleosome-
depleted regions [7,8]. These poly(dA:dT) tracts are in proximity with gene promoters and
evolutionarily conserved. Hypothetically, an intrinsic property of poly(dA:dT) tracts is to resist sharp
DNA bending [9]. Thus, poly(dA:dT) tracts inhibit the nucleosome formation and enable more
accessibility to transcription factors. Although the functional role of poly(dA:dT) is well established in

yeasts, the underlying mechanisms are still largely unknown.



Recently, the imbalance of A-repeats between the upstream and the downstream of transcription start
sites (TSSs) has been discovered [10]. Although the number of poly(dA:dT) tracts is balance,
counting only sense A-repeats and excluding antisense A-repeats reveals the unexpected
disproportion. Sense A-repeats are enriched upstream, but depleted downstream of TSSs. The
imbalance was observed in three mammals, Rattus norvegicus, Mus musculus and Homo sapiens,
but not found in non-mammalian genomes, Saccharomyces cerevisiae, Caenorhabditis elegans, and
Drosophila melanogaster. The imbalance of A-repeats does not occur at random, and thus it implies a
physiological function. Moreover, the imbalance of A-repeats found in mammals but not in yeasts
suggests a novel role and underlying mechanism. Consequently, it has been proved that upstream A-
repeats serve as cis-regulatory elements, and Argonaute (Ago) proteins as a trans-acting factor bind
to upstream A-repeats and regulate the expression of the host genes [10]. The enrichment of long A-
repeats (10 to 30 bp) in ‘human’ housekeeping genes suggests an approximated function [10].

Nevertheless, the specific role and functionality of A-repeats in mammals is still unknown.

In this paper, we extended the previous work, which conducted the study only in a total of six species,
three mammals and three non-mammals. Therefore, we set out three specific aims. First, we aimed to
analyze the imbalance of A-repeats in other mammals. We also aimed to analyze the enriched A-
repeats in housekeeping genes in species other than humans. Additionally, the analysis may allow us
to trace back the origin of the imbalance in the genomes of 20 species to see how the evolution has
shaped up the distribution of A-repeats around TSSs. Second, we aimed to identify a specific function
of upstream A-repeats. Basically, we searched for pathways or gene sets that were significantly
enriched with upstream A-repeats. Third, we aimed to validate the function of A-repeats using a
computational approach. We searched in public databases for microarray datasets in which
experimental and control groups were conditioned by the function of A-repeats, i.e. virus infection. We
expected to see the correlation between the number of A-repeats and the expression level of their
host genes.

To accomplish our aims, we investigated the distribution of A-repeats in the whole genomes of 20
living organisms in the National Center for Biotechnology Information (NCBI) database [11]. Next, we
performed a computational analysis of 2,403 Gene Ontology (GO) terms [12]. The significant GO
terms involved DNA/RNA metabolisms and virus infection, which led us to perform functional
validation by microarray experiments. Finally, two public datasets were selected from the Gene
Expression Omnibus (GEO) [11,13]. The experimental group was infected with influenza A or Epstein-
Barr virus (EBV). The functional role of upstream long A-repeats was confirmed by the differential

number of repeats between regulated and unregulated genes.



Materials and Methods

Distribution of Mononucleotide Repeats

Our study was limited to only 20,000 bp around TSSs (Eig. 1). A total of 20,000 bp were divided into
25 bins of 800 bp each. Bins 1 to 10 were referred to as the upstream region, and bins 16 to 25 were
referred to as the downstream region. The TSSs were located at the middle of the 13™ bin. The
number of repeats including the repeats that spanned across two bins were counted in the unit of
base pairs, and were accumulated in each bin (S§1 Fig.). Next, the amount of repeats in each bin was
normalized by dividing by the total number of genes so that the number of repeats between two
unequal sets of genes could be compared. Thus, the measurement unit of each bin was base pairs

per gene.

Fig. 1. Bin structure around the transcription start sites (TSSs). There are 25 bins of 800 bp each.
The first 10 bins (the 1% to 10™ bins) are referred to as upstream of TSSs, and the last 10 bins (the
16" to the 25! bins) are referred to as downstream of TSSs. The TSS is centered at the 13™ bin.

The binning technique was required for the Student’s t-test because a t-test needed at least two
samples per group. Thus, at least two bins were required of a t-test. Too large bins reduced the
specificity of genomic locations, while too small bins entailed insufficient number of repeats for further
analysis. The number of bins and bin size used in this paper were compatible with those in the

previous work [10].

Genomes of Living Organisms

Initially, the genomes of all available organisms at NCBI [11] were considered on December 21, 2013.
Next, we found that only the living organisms with at least about 1,000 known protein-coding
transcripts were suitable for our analysis. In addition, the transcript status must be ‘reviewed’,
‘validated’ or ‘provisional’. The 20 living organisms that passed the conditions were Ashbya gossypii,
Encephalitozoon cuniculi, Schizosaccharomyces pombe, Saccharomyces cerevisiae, Arabidopsis
thaliana, Glycine max, Solanum lycopersicum, Oryza sativa, Drosophila melanogaster,
Caenorhabditis elegans, Danio rerio, Gallus gallus, Canis lupus familiaris, Sus scrofa, Bos taurus,
Mus musculus, Rattus norvegicus, Pan troglodytes, Pongo abelii, and Homo sapiens (S1 Table). This

number of living organisms was comparable to those of Tandem Repeats Database [14].

Housekeeping and Tissue-Specific Genes

A total of 575 housekeeping genes and 7,261 tissue-specific genes in humans were identified by
Eisenberg and Levanon [15] and the Tissue-specific Gene Expression and Regulation (TiGER)
database [16], respectively. The list of housekeeping genes was downloaded from http://www.
compugen.co.il/supp_info/Housekeeping_genes.html. The list of tissue-specific genes was

downloaded from http:// bioinfo.wilmer.jhu.edu/tiger/download/ref2tissue-Table.txt.



HomoloGene

Although the housekeeping and tissue-specific genes in humans were identified, very few genes had
been reported in other living organisms. To compare across species, the HomoloGene Build 67 was
used to map the genes of other organisms to human genes [11]. Subsequently, the human genes
could be classified as housekeeping or tissue-specific genes [15,16]. Only the homolog genes of C. I.
familiaris, S. scrofa, B. taurus, M. musculus, R. norvegicus, P. troglodytes, P. abelii were available.
Note that a homolog of a human gene existed only if an organism was relatively close to humans.
Some species were not included in HomoloGene because of their limited or incomplete genomic

information (< 10,000 UniGene entries).

Gene Ontology (GO) Terms

A total of 14,271 GO terms [12] were downloaded from http://www.geneontology.org/gene-
associations/gene_association.goa_human.gz on March 29, 2014. Each GO term, which is
associated with a set of proteins, belonged to one of three domains: cellular component, molecular
function, or biological process. A mapping file between the proteins and genes was downloaded from
ftp://ftp.ebi.ac.uk/pub/databases/uniprot/current_release/knowledgebase/idmapping/idmapping.dat.gz
on March 30, 2014. The GO terms associated with less than 20 genes were discarded. Finally, 2,403
GO terms remained (S2 Table).

Statistical Selection of Genes and GO terms that were

enriched with upstream A-repeats

The number of upstream A-repeats of a single gene was the sum of the amount from bins 1 to 10. For
each species, the top 500 highly enriched genes were identified. Next, the correlation between
species was determined by a 2x2 contingency table. The row and the column counted the number of
homolog genes of the first and second species, respectively. The first row and the first column
counted the number of highly enriched genes (the top 500 genes), while the second row and the
second column counted the rest. The odds ratio (OR) and Pearson’s chi-squared p-value were

calculated according to the 2x2 table.

The number of upstream A-repeats of a single GO term (a set of gene) was obtained using the sum of
each gene. Additionally, the significance of the enrichment was determined by a paired t-test between
a gene set of interest (a GO term) and a set of all of the genes in the entire genome. Multiple
hypothesis testing was implemented due to the 2,403 GO terms. The multiple hypothesis correction
was performed using false-discovery rate (FDR) analysis [17]. The QVALUE package for R statistical

software was equipped with default parameters and the bootstrap option instead of the smoother

option for the estimation of 7, [18]. The estimation of 7, was denoted by 7%0 , Which was an

estimate of the overall proportion of true null hypotheses. The proportion of significant tests is 1 — 7%0 :



The obtained frO values were 0.47, 0.72, and 0.68 in H. sapiens, M. musculus and R. norvegicus,

respectively. When the g-value was restricted to < 0.05, the number of significant GO terms was
6.41% (154 + 2,403), 2.37% (57 + 2,403), and 2.04% (49 + 2,403) in H. sapiens, M. musculus and R.

norvegicus, respectively.

Note that Student’s t-test was frequently used throughout this study to compare the number of repeats
in two cases. First, an unpaired t-test was used to compare different regions (i.e., upstream vs.
downstream) of a gene set. Second, a paired t-test was used to compare the same region between
two sets of genes (i.e., housekeeping vs. tissue-specific genes). The default parameters of a t-test are

two-tailed distribution and two-sample unequal variance, if not paired.

Microarray Experiment Datasets

Two microarray experiments were selected from the Gene Expression Omnibus (GEO) [11,13]. The
public datasets described the alteration in gene expression that was subject to influenza A
(GSE24533) and Epstein-Barr virus (GSE45829) [19,20]. The regulated genes were identified by the
software CU-DREAM [21]. The CU-DREAM parameters are shown in S3 Table.

Results

The imbalance between the upstream and downstream

repeats is conserved in mammals.

The bin structure around transcription start sites (TSSs) is shown in Eig. 1. A sequence of 20,000 bp
is divided into 25 bins of 800 bp each. The TSS is centered in the 13™ bin. Bins 1 to 10 are referred to
as the upstream region, and bins 16 to 25 are referred to as the downstream region. The counting
and normalization methods are illustrated in 81 Fig. Bins 11 to 15 are the region of CpG islands
[22,23]. The CG-rich sequences automatically prevent the occurrence of A- and T-repeats. Thus, the
number of repeats drops very sharply and forms a V-shape (Figs. 2A and 2B). We excluded bins 11
to 15 in further analysis because the V-shape is symmetric between downstream and upstream and

therefore irrelevant to the imbalance.

Fig. 2. Genome-wide distribution of A- and T-repeats in 8 mammals. The repeats with lengths of
10 to 30 bp located around the TSSs throughout the entire genome are shown. (A,B) The horizontal
axis consists of 25 bins. The vertical axis represents the normalized number of repeats in base pairs
per gene. (C) An unpaired t-test compares the number of repeats between the upstream (bins 1 to 10)

and downstream (bins 16 to 25) regions, yielding the p-values as summarized in Table 1A.

All the eight mammals exhibited a similar pattern. Sense long A-repeats (10 to 30 bp) are more
abundant upstream (Fig. 2A), while sense long T-repeats (10 to 30 bp) are more abundant

downstream (Fig. 2B). The number of A- and T-repeats between the upstream (bins 1 to 10) and



downstream (bins 16 to 25) regions were compared by unpaired t-tests (Fig. 2C). The t-test p-values

are summarized in [Table 1A.

Table 1. The tabulation of t-test p-values. (A) The p-values of unpaired t-test in Figure 2C. (B) The
p-values of paired t-test in Figure 3A & 3B.

(A) Upstream vs. Downstream (B) Housekeeping vs. Tissue-specific genes
Unpaired t-test p-values Paired t-test p-values
Species
Long Long Short Short Long Long
A-repeat T-repeat A-repeat T-repeat A-repeat T-repeat

Mammals
C. I. familiaris 2.58E-05 3.31E-04 2.75E-07 9.86E-01 1.53E-02 4.46E-04
S. scrofa 8.48E-10 2.77E-02 NA NA NA NA
B. taurus 4.29E-10 8.22E-09 4.58E-13 4.12E-11 9.99E-04 9.95E-01
M. musculus 4.60E-11 4.55E-05 5.11E-15 1.76E-09 5.71E-06 4.64E-08
R. norvegicus 7.59E-10 1.02E-03 2.29E-13 1.84E-09 1.76E-07 5.30E-10
P. troglodytes 5.43E-08 1.05E-03 1.23E-07 2.74E-04 6.26E-02 6.82E-07
P. abelii 2.32E-10 3.92E-10 NA NA NA NA
H. sapiens 4.09E-13 1.15E-06 6.55E-19 1.95E-13 7.83E-07 1.03E-09
Non-mammals
A. gossypii 5.17E-01 5.96E-01 3.84E-07 5.70E-06 9.51E-01 4.11E-01
E. cuniculi 1.32E-01 2.47E-01 NA NA NA NA
S. pombe 2.62E-02 3.60E-01 6.90E-01 2.45E-01 1.42E-01 9.00E-01
S. cerevisiae 8.64E-02 5.84E-03 5.41E-01 3.76E-01 8.09E-01 5.55E-01
A. thaliana 2.53E-02 1.06E-03 7.20E-01 1.97E-04 1.03E-01 3.71E-01
G. max 1.32E-01 3.32E-01 NA NA NA NA
S. lycopersicum 1.76E-02 5.69E-02 NA NA NA NA
O. sativa 4.94E-01 1.34E-05 4.31E-01 6.48E-01 8.69E-01 4.12E-01
C. elegans 1.23E-01 4.84E-02 NA NA NA NA
D. melanogaster 3.76E-01 3.33E-03 NA NA NA NA
D. rerio 7.59E-01 4.98E-08 4.97E-03 4.59E-01 3.92E-03 9.36E-02
G. gallus 1.84E-05 1.73E-09 1.78E-11 2.42E-09 2.99E-03 3.55E-08

The imbalance between the upstream and downstream regions varies among species. The most
significant imbalance of A-repeats in mammals are found in H. sapiens, M. musculus, P. abelii, B.
taurus, R. norvegicus, S. scrofa, P. troglodytes, and C. I. familiaris, respectively (Table 1A). There is a
significant imbalance of A-repeats in a non-mammalian vertebrate (G. gallus). However, this
imbalance is not significant (p-value > 0.01) in another non-mammalian vertebrate (D. rerio) and in the

other non-mammalian organisms (Table 1A, S2 Fig.).

Although the normalization was conducted, the number of A- and T-repeats varies among the species.
The highest number is observed in S. scrofa and primates (H. sapiens, P. abelii and P. troglodytes),
while a lower number is in C. I. familiaris, R. norvegicus, M. musculus, and B. taurus (Figs. 2A and
2B). The number of A-repeats was correlated with body temperature, body mass, and circadian
period (Table 2).



Table 2. Correlations of number of A-repeats with body temperature, body mass, and circadian
period. The total number of A-repeats is the sum of bins 1 to 25. The circadian period, body
temperature, and body mass were taken from the website of Department of Psychology, Boise State

University, USA at URL: http://www.circadian.org/animal.html.

Mammals Total number of Body temperature Body mass Circadian period
A-repeats (bp/gene) (°C) (k@) (hours)
C. I. familiaris 48.70 39 30 24.4
B. taurus 22.03 38 800 unknown
M. musculus 33.94 36.9 0.03 23.6
R. norvegicus 36.66 37.3 04 24.2
H. sapiens 61.78 37 70 24.6
Correlation with A-repeats -0.0558 -0.6239 0.8532
P-value (two-tailed probability) 0.9290 0.2607 0.1468

The enrichment of long A- and T-repeats in housekeeping

genes is conserved in mammals

Despite the imbalance of repeats between the upstream and downstream regions, there is a
differential number of A-repeats between housekeeping and tissue-specific genes as shown in the
previous work [10]. Herein, we extended the scope of study from only humans to include other
mammals. The housekeeping and tissue-specific genes in non-human organisms were identified
using HomoloGene [11]. The differential number of repeats between housekeeping and tissue-
specific genes was determined using bins 1 to 10, bins 16 to 25, and a paired t-test (Figs. 3A and 3B).

The t-test p-values are summarized in [Table 1B.

Fig. 3. Comparison of the number of repeats between housekeeping (HK) and tissue-specific
(TS) genes in six mammals. The repeats in the upstream (bins 1 to 10) and downstream (bins 16 to
25) regions between HK and TS genes are compared. The paired t-test p-values are summarized in
Table 1B. (A) Short repeats (2 to 9 bp). (B) Long repeats (10 to 30 bp).

The previous findings in humans can be generalized to other mammals. Short A- and T-repeats (2 to
9 bp) are enriched in tissue-specific genes, whereas long A- and T-repeats (10 to 30 bp) are enriched
in housekeeping genes. In contrast, non-mammals do not show the differential number of repeats
between the two sets of genes because most of their p-values are not significant (Table 1B, S3 Fig.).
The enrichment of long A-repeats in housekeeping genes plus their frequency upstream in a wide
range of mammals suggests that long A-repeats may correlate with gene functions. Moreover, these

functions may be conserved only in mammals.

Genes enriched with upstream long A-repeats are common

among related organisms

We found that the genes highly enriched with upstream long A-repeats (10 to 30 bp) are shared

among related species. First, the top 500 genes enriched with upstream long A-repeats were
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identified from 12,504 homologous genes of H. sapiens, M. musculus, and R. norvegicus. Note that
only the set of organisms that share a large number of homolog genes are suitable for further analysis.
Second, two species were correlated by a 2x2 contingency table. Third, the odds ratio (OR) and
Pearson’s chi-squared p-values were obtained (Fig. 4, S4 Table). The correlation of genes across

species could be achieved through HomoloGene [11].

Fig. 4. Correlations of genes enriched with upstream long A-repeats (10 to 30 bp). Each 2x2
table associates the top 500 homologous genes between two species. (A) M. musculus vs. R.

norvegicus. (B) H. sapiens vs. M. musculus. (C) H. sapiens vs. R. norvegicus.

The significant and high values of the odds ratio (OR) in Fig. 4 suggest that the genes that are highly
enriched with upstream long A-repeats are shared among mammals. Moreover, two related species,
M. musculus and R. norvegicus, show a stronger correlation compared to H. sapiens with M.
musculus and R. norvegicus. A Venn diagram illustrates the exact number of enriched genes that are
shared by H. sapiens, M. musculus, and R. norvegicus (Fig. 5, S5 Table). The intersection of these
three species resulted in 10 genes: CAPZB, EIF2B1, EIF4H, GALR2, PSMG2, RNF114, SLC25A20,
TSNAXIP1, UBN1, and UBTF (written in human gene symbols and sorted in alphabetical order). The
non-identical but correlated gene sets that were identified in the three mammals suggest that A-
repeats may possess multiple and overlapping functions. Some of these functions might be shared
across the entire class of Mammalia, and some functions might be specifically developed and

conserved in related species.

Fig. 5. The intersection of the top 500 homologous genes. These genes were enriched with
upstream long A-repeats (10 to 30 bp) in H. sapiens, M. musculus, and R. norvegicus. A total of 10

genes were highly enriched in all three of the species.

Physiological functions of the upstream long A-repeats as

identified by a GO-based analysis

A-repeats are cis-regulatory elements and are ubiquitously found throughout the entire genomes [10].
Thus, A-repeats can regulate multiple genes simultaneously. To identify the physiological functions of
genes containing A-repeats, a statistical test was performed for each of 2,403 Gene Ontology (GO)

terms (see Material and Methods).

A Venn diagram illustrates the intersection of H. sapiens, M. musculus, and R. norvegicus (Fig. 6, S6
Table). Only 25 GO terms are significantly enriched with upstream long A-repeats. The 25 GO terms
were classified into three domains that consisted of 12 biological processes, 6 cellular components,
and 7 molecular functions. Most of the significant GO terms constitute the fundamental basis of cells,
for instance, gene expression, nucleus, and DNA/RNA binding. These terms are difficult to assign a

biological condition for an experimental group. In contrast, the viral terms are more convenient for



functional validation. The experimental group was set to be virus infection, and the control group was
chosen to be mock infection.

Fig. 6. The intersection of the significant Gene Ontology (GO) terms. These GO terms were
enriched with upstream long A-repeats (10 to 30 bp) in H. sapiens, M. musculus, and R. norvegicus.

A total of 25 GO terms were significantly enriched in all three of the species (g-value < 0.05).

The function of upstream long A-repeats was validated by

microarray experiments

To validate the function of upstream long A-repeats, we selected two viral microarray experiments in
Gene Expression Omnibus [11,13]. The first experiment was influenza A infection (GSE24533), and
the second experiment was Epstein-Barr virus infection (GSE45829). A microarray experiment
compared the gene expression between an experimental and a control group. As a result, the genes
were statistically classified into three sets: down-regulation (Dn), up-regulation (Up), and unchanged
expression (Nc). If A-repeats did not play any roles in virus infection, differential numbers of A-repeats

among Dn, Up, and Nc would not be observed. A differential number is a significant result.

The normalized number of upstream A-repeats in the three different gene sets (Dn, Up, and Nc) was
compared (Fig. 7, S7 Table). The significance of the differential number of A-repeats (bins 1 to 10)
was determined by a paired t-test. GSE24533 (influenza A) yielded the following p-values: 4.76e-04
(Dn vs. Nc) and 1.00e-01 (Up vs. Nc). GSE45829 (Epstein-Barr virus) yielded the following p-values:
6.60e-04 (Dn vs. Nc) and 2.51e-06 (Up vs. Nc). The results suggest that upstream long A-repeats are
statistically associated with gene regulation due to virus infection.

Fig. 7. Comparison of the number of upstream long repeats (10 to 30 bp, bins 1 to 10) between
the genes with regulated and unchanged expression levels. Dn, Up, Nc denote down-regulated,
up-regulated, and unchanged expression genes, respectively. (A) Influenza A infection dataset
(GSE24533) yielded the following paired t-test p-values: 4.76e-04 (Dn vs. Nc) and 1.00e-01 (Up vs.
Nc). (B) EBV infection dataset (GSE45829) yielded the following paired t-test p-values: 6.60e-04 (Dn
vs. Nc) and 2.51e-06 (Up vs. Nc).

Discussion

In the previous work [11], although only six model organisms (S. cerevisiae, D. melanogaster, C.
elegans, R. norvegicus, M. musculus, and H. sapiens) were investigated, the cis-regulatory roles of
upstream A-repeats and AGO proteins as trans-acting factors of mammals were identified. In this
paper, the investigation was extended to other mammals (C. I. familiaris, S. scrofa, B. taurus, P.
troglodytes, and P. abelii) and non-mammals (A. gossypii, E. cuniculi, S. pombe, A. thaliana, G. max,

S. lycopersicum, O. sativa, D. rerio, and G. gallus).
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The similar findings across the eight mammals suggest that the imbalance of A-repeats around TSSs
might be a common characteristic of mammalian genomes (Fig. 2, Table 1A). A lower degree of
imbalance was also observed in a non-mammalian vertebrate (G. gallus) but was not observed in
another non-mammalian vertebrate (D. rerio) (S2 Fig.). This suggests that the imbalance of A-repeats

may develop in vertebrates or its predecessors.

The enrichment of long A-repeats upstream of mammalian housekeeping genes (Fig. 3, Table 1B)
indicates that these repeats may play regulatory roles and mediate a large number of genes in
concert. Interestingly, the number of A-repeats varies greatly among species (Fig. 2). The numbers of
A-repeats does not correlate with body temperature or body mass as suggested in the previous
studies [24,25], but the number of A-repeats correlates with circadian period (r = 0.8532, p = 0.1468)
(Table 2). The p-value does not meet the significant threshold because of too small sample size.

However, the exact circadian periods of mammals are still largely unknown.

The strong correlation of highly enriched genes between related species (M. musculus vs. R.
norvegicus) provides additional evidence of repeat conservation (Fig. 4). The weaker correlation
between unrelated species (H. sapiens vs. M. musculus and H. sapiens vs. R. norvegicus) suggests

that the variability of A-repeats may correlate with the divergence of species.

The 10 genes that were commonly enriched with upstream long A-repeats in H. sapiens, M. musculus,
and R. norvegicus were identified (Fig. 8). The individual function of each gene was known; however,
their collective function that was subject to A-repeats was obscured. Therefore, we analyzed a set of
genes or a GO term instead of a single gene (Fig. 6). The 25 GO terms constitutes the fundamental
basis of cells, for instance, transcription and translation processes, primary cellular components
(nucleus, nucleolus, cytoplasm, and mitochondrion), and molecular functions, such as
DNA/RNA/protein binding. A brief summary of the 25 GO terms would be “DNA/RNA metabolisms”. At
least three GO terms are directly associated with virus infection. In fact, all viral strains are made of
either DNA or RNA, and thus, the viral terms overlap with DNA/RNA metabolisms.

A clue to the functional role of A-repeats may lie in the viral genomes. The observed to the expected
(O/E) number of mononucleotide repeats (MNRs) ratio in viruses positively correlates with the range
of hosts that the viruses can infect [26]. For instance, the O/E ratios for viruses in mammals have a
tendency to be higher than those of bacterial viruses. The MNRs in viral genomes, similarly to A-
repeats in mammals, may function as cis-regulatory elements, but viruses cannot produce
transcription factors by themselves. The large number of MNRs may allow viruses to exploit the host’s
transcription factors because A-repeats are common cis-regulatory elements in housekeeping genes
of mammals. Therefore, the MNRs in viral genomes may enhance the capability of viruses to operate
in a wide range of mammalian hosts. The absence of MNRs may increase the complexity of cis

elements, and require more specific transcription factors.
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The evidence for the functional role of upstream long A-repeats in viral infection is strengthened by
the results of two microarray experiments. Public datasets demonstrate that regulated genes contain
more repeats than non-regulated genes (Eig. 7). These results suggest that upstream A-repeats may
increase the susceptibility to alteration of gene expression due to influenza A and EBV infection. We
searched the highly-enriched genes (Fig. 5) in the literature on virology and found additional

supporting evidence.

CAPZB denotes capping protein (actin filament) muscle Z-line, beta. This gene encodes a member of
the F-actin capping protein family. CAPZB inhibits the growth of actin filaments by capping at the

barbed ends. The actin filament system plays a role in measles virus maturation [27].

EIF2B1 denotes eukaryotic translation initiation factor 2B, subunit 1 alpha. This gene might be
dysregulated by several strains of virus including Hepatitis C [28], Chikungunya [29], Dengue [30],
and simian immunodeficiency viruses [31]. This gene is also required for the translational suppression

of vesicular stomatitis virus [32].

EIF4H denotes eukaryotic translation initiation factor 4H. This gene crucially interplays with the

herpes simplex virus virion host shutoff protein [33-37].

GALR2 denotes galanin receptor 2. Galanin is an important neuromodulator in the brain,
gastrointestinal system, and hypothalamopituitary axis. The rotavirus infection of the murine small
intestine causes colonic secretion via galanin receptor 1 expression [38]. The mean diarrheal scores
were significantly reduced in Galr1 knockout mice [38]. However, the role of galanin receptor 2 in

rotavirus infection is still unknown.

RNF114 denotes ring finger protein 114. This gene plays a role in the immune responses to double-
stranded RNA. RNF114 enhances the dsRNA-induced production of type | interferon [39].

UBNL1 denotes ubinuclein 1. This gene encodes a member of the ubinuclein proteins that is a partner
of viral trans-activator EB1. UBN1 overexpression represses the Epstein-Barr Virus (EBV) productive
cycle [40].

UBTF denotes upstream binding transcription factor, RNA polymerase |. This gene is up-regulated
(4.5-fold change) after the medicinal treatment of chronic hepatitis C infection [41]. This gene also
exhibits differential expression between susceptible and resistant strains of mice after infection with
the H5N1 virus [42].

How does a virus alter gene expression via A-repeats? As a possible explanation, we suggest the
following hypothesis. Influenza virus infection causes the blockade of mMRNA transportation [43]. Only
virus RNAs are exported from the nucleus to the cytoplasm. Selective nuclear export is a general
strategy by which the virus seizes the host cells, although different viral strains use different
mechanisms [44]. Subsequently, an abundance of host mMRNAs with poly(A) tails is acquired in the

nuclei of the infected cells [45]. According to a previous report [10], upstream A-repeats and
12



Argonaute proteins are identified as cis-regulatory elements and trans-acting factors, respectively.
The binding activity between A-repeats and Argonaute can be reduced by transfecting peptide nucleic
acid (PNA) oligonucleotides. An oligo [A(15)] is made of 15 bases of adenines in a row [10]. The
synthetic PNA-A(15) competes with genomic A-repeats for the binding proteins. Thus, PNA-A(15)
behaves like an inhibitor of A-repeats. The accumulated poly(A) tails in nuclei due to the virus
infection provide a substantial supply of A-repeat inhibitor. As a result, the protein binding at upstream

A-repeats is reduced, and the expression of their host genes is altered.

In summary, we generalized the imbalance of A-repeats and their enrichment in housekeeping genes
to a wider range of mammals. A GO-based analysis identified 10 genes and 25 GO terms that are
enriched with upstream long A-repeats and shared among H. sapiens, M. musculus, and R.
norvegicus. Our findings demonstrate that upstream long A-repeats play crucial roles in the
fundamental basis of cells; these roles can be summarized as DNA/RNA metabolism. Our findings
also suggest a cis-regulatory role of A-repeats in response to virus infection. However, our
conjectures in the discussion are based on a computational approach. Further study is required to
elucidate the underlying mechanisms, e.g., involved proteins and the precise genomic locations of the

functional repeats.
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Supporting Information

S$1 Fig. Counting and normalization methods. A bin is defined as a genomic region of 800 bp.
Given a set of genes, the number of repeats in each bin is the sum of base pairs that fall into the bin.
The number of repeats is normalized by dividing by the total number of genes. Finally, the number of
repeats in each bin is measured in the unit of base pairs per gene.

S2 Fig. Genome-wide distribution of A- and T-repeats in 12 non-mammals. The repeats with
lengths of 10 to 30 bp located around the TSSs throughout the entire genome are shown. (A,B) The
horizontal axis consists of 25 bins. The vertical axis represents the normalized number of repeats in
base pairs per gene. (C) An unpaired t-test compares the number of repeats between the upstream
(bins 1 to 10) and downstream (bins 16 to 25) regions, yielding the p-values as summarized in Table
1A.

S3 Fig. Comparison of the number of repeats between housekeeping (HK) and tissue-specific
genes (TS) in 7 non-mammals. The repeats in the upstream (bins 1 to 10) and downstream (bins 16
to 25) regions between HK and TS genes are compared. The paired t-test p-values are summarized
in Table 1B. (A) Short repeats (2 to 9 bp). (B) Long repeats (10 to 30 bp).

S1 Table. The selected 20 living organisms from NCBI database. Only the organisms with more
than 1,000 known protein-coding transcripts were suitable for our analysis. In addition, the transcript
status must be ‘reviewed’, ‘validated’ or ‘provisional’.

S2 Table. The selected 2,403 Gene Ontology (GO) terms. Only GO terms with at least 20 genes
were selected.
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S3 Table. CU-DREAM parameters. The software CU-DREAM requires these parameters to analyze
the microarray datasets GSE24533 and GSE45829. CU-DREAM classifies genes into 3 classes:
down-regulation, up-regulation, and unchanged expression.

S4 Table. The top 500 homologous genes. These genes were enriched with upstream long A-
repeats (10 to 30 bp) in H. sapiens, M. musculus, and R. norvegicus. The genes in the contingency
tables of Fig. 4 are completely listed.

S5 Table. The intersection of the top 500 homologous genes. These genes were enriched with
upstream long A-repeats (10 to 30 bp) in H. sapiens, M. musculus, and R. norvegicus. The
intersected genes are completely listed. H, M, and R denote the sets of the top 500 genes in H.
sapiens, M. musculus, and R. norvegicus, respectively.

S6 Table. The intersection of the significant Gene Ontology (GO) terms. These GO terms were
enriched with upstream long A-repeats (10 to 30 bp) in H. sapiens, M. musculus, and R. norvegicus.
The intersected GO terms are completely listed. H, M, and R denote the sets of the significant GO
terms in H. sapiens, M. musculus, and R. norvegicus, respectively. A total of 2,403 GO terms included
in the study are completely listed with P-value and g-values.

S7 Table. The complete list of genes. The transcripts of these genes were down-regulated, up-
regulated, and unchanged expression in the microarray datasets GSE24533 and GSE45829.
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