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ABSTRACT

A-repeats are the simplest form of tandem repeats
and are found ubiquitously throughout genomes.
These mononucleotide repeats have been widely
believed to be non-functional ‘junk’ DNA. However,
studies in yeasts suggest that A-repeats play crucial
biological functions, and their role in humans
remains largely unknown. Here, we showed a non-
random pattern of distribution of sense A- and
T-repeats within 20 kb around transcription start
sites (TSSs) in the human genome. Different distri-
butions of these repeats are observed upstream and
downstream of TSSs. Sense A-repeats are enriched
upstream, whereas sense T-repeats are enriched
downstream of TSSs. This enrichment directly
correlates with repeat size. Genes with different
functions contain different lengths of repeats. In
humans, tissue-specific genes are enriched for
short repeats of <10 bp, whereas housekeeping
genes are enriched for long repeats of �10 bp. We
demonstrated that DICER1 and Argonaute proteins
are required for the cis-regulatory role of A-repeats.
Moreover, in the presence of a synthetic polymer
that mimics an A-repeat, protein binding to
A-repeats was blocked, resulting in a dramatic
change in the expression of genes containing
upstream A-repeats. Our findings suggest a

length-dependent cis-regulatory function of
A-repeats and that Argonaute proteins serve as
trans-acting factors, binding to A-repeats.

INTRODUCTION

A microsatellite or a tandem repeat (TR) is a concaten-
ation of the same nucleotide sequence, called a unit. In
other words, a TR is a repeat of the same unit of nucleo-
tides from the beginning to the end of the repeat (1,2). For
example, ‘AAAAA’ represents five repeats of ‘A’, whereas
‘CATCATCATCAT’ represents four repeats of ‘CAT’.
Traditionally, these repeats were believed to be generated
by DNA replication slippage and to have no function, and
they were called ‘junk’ or ‘selfish’ DNA (3). TRs have a
propensity for evolvability because there is a high degree
of variation within the TRs among related species
(4). Repeat variation can be measured in terms of repeat
size and sequence similarity (5). TRs are found ubiqui-
tously in both coding and non-coding regions. In coding
regions, TRs enable functional variability among genes.
In non-coding regions, specifically within gene promoters,
repeat variability correlates with variations in gene expres-
sion (4,6). This diversity of expression can produce
phenotypic variants. Several lines of evidence showing
phenotypic variations due to TRs have been reviewed
(2). The evolvability of gene modulation is vital for
coping with environmental changes and for the emergence
of new species. TRs in promoters mediate transcription in
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several ways (2). First, repeat units may serve as binding
sites for transcription factors. The number of binding sites
determines the rate of transcription. Second, the expan-
sion and shrinkage of TRs can change the distance
between two functional elements. Third, TRs can affect
chromatin structure and consequently mediate transcrip-
tion (2). A correlation between TR enrichment and
nucleosome-depleted regions suggests that TRs mediate
transcription by inhibiting nucleosome formation
(7). Finally, frequent deletions of mononucleotide
repeats in 30 or 50 untranslated regions (UTRs) were
observed in tumors with microsatellite instability. This ob-
servation also suggested that mononucleotide repeats in 30

or 50 UTRs may perform specific functions (8). Currently,
it is accepted that the number of units in trinucleotide
repeats in both coding and non-coding regions is a
crucial factor in the development of neurodegenerative
diseases and certain phenotypic traits (2).

Mononucleotide repeats are the simplest class of
TRs. In eukaryotes, poly(dA:dT) tracts are ubiquitously
distributed throughout the entire genome
(9) (Supplementary Figure S1). Extensive studies in
yeasts suggest that these non-coding repeats may
perform crucial biological functions (10). Poly(dA:dT)
tracts are correlated with nucleosome-depleted regions in
yeasts (7,11) and in humans (12,13). Moreover, these nu-
cleosome-depleted tracts are evolutionarily conserved
among four species of yeast (14). It is hypothesized that
one intrinsic property of poly(dA:dT) is to resist sharp
DNA bending (15). Thus, poly(dA:dT) tracts within
gene promoters can block nucleosome formation and
increase transcription factor accessibility. A recent study
showed that gene transcription can be fine-tuned by
varying poly(dA:dT) tract length and continuity
(16). However, transcriptional regulation is a dynamic and
competitive process involving nucleosomes, chromatin
structure and transcription factors (17).

Although the functional role of non-coding
poly(dA:dT) is well established, the mechanism underlying
this function remains largely unknown. In addition to the
theories about the intrinsic properties of poly(dA:dT), it
is believed that these poly(dA:dT) tracts may serve as cis-
regulatory elements or binding sites for trans-acting
factors. Protein complexes that form with a certain
repeat sequence may regulate specific biological functions.
However, no trans-acting poly(dA:dT) binding proteins
have been reported to date. Currently, it is well accepted
that small RNAs are key players in target recognition. In
addition, small RNAs can play a regulatory role in
controlling gene expression (18). The discovery of RNA
interference (RNAi), for which the 2006 Nobel Prize in
Physiology was awarded, suggests that small RNAs play
important roles in epigenetics (19,20). RNAi is
characterized by the binding of a small interfering RNA
to a messenger RNA (mRNA), which targets that mRNA
for degradation. As a result, the corresponding gene is
downregulated. During the first step of the RNAi
pathway, double-stranded RNAs or pre-microRNAs
are cleaved by the Dicer protein into small double-
stranded RNA fragments (20–25 bp). Second, a single-
stranded RNA is selected by Argonaute proteins and

then loaded onto an RNA-induced silencing complex
(RISC). Third, the RISC complex binds to the target
mRNA by recognizing its complementary sequence. In
contrast to RNAi, which functions at the post-transcrip-
tional level, promoter targeting by small RNAs may either
silence or activate gene transcription (21–24). Argonaute is
a family of proteins (25,26). In humans, members of the
Argonaute family are evolutionarily conserved and can be
subdivided into the Ago and the Piwi subfamilies. Only
Ago proteins are expressed ubiquitously, and they cooper-
ate with small RNAs for target recognition. Piwi proteins
are expressed exclusively in the germline. The Ago protein
family consists of four members: AGO1, AGO2, AGO3
and AGO4. Broadly, small RNAs serve as components of
a cellular surveillance system. Cells produce small RNAs
to help maintain the overall epigenetic state of the
genome.
The research question herein arose from our observa-

tion of sense A-repeats upstream of transcription start
sites (TSSs). We observed that sense A-repeats are often
more enriched upstream than downstream in humans and
mice, but not in yeasts. Although studies on poly(dA:dT)
tracts are largely conducted in yeasts, our observations
suggest that A-repeats may possess regulatory functions
distinct from those found in yeasts. Therefore, we set out
to investigate three specific aims. First, we aimed to
demonstrate that A-repeats are cis-regulatory elements
and correlate with gene expression. Second, we aimed to
identify the corresponding trans-acting factors, with Dicer
and members of the Ago family as our candidate proteins.
Third, we incorporated information from several public
databases in our experiments, allowing us to perform an
integrated genome-wide analysis of human sequence,
expression and gene regulation data.
To explore the role of mononucleotide repeats in

humans, we performed a computational analysis by
integrating data from a number of relevant databases,
including whole-genome sequences (27), Gene
Expression Omnibus (GEO) data sets (28) and Ago-
binding sites (29). Six model organisms were used in our
analysis: Saccharomyces cerevisiae, Caenorhabditis
elegans, Drosophila melanogaster, Rattus norvegicus, Mus
musculus and Homo sapiens (Supplementary Table S1).
The distribution frequency of mononucleotide repeats has
previously been investigated by counting poly(dA:dT)
tracts in double-stranded DNA (9). However, this previ-
ously used counting method might not be well suited to
uncovering biological functions because it does not reflect
the imbalance of A- and T-repeats between the two DNA
strands. In this study, poly(dA:dT) tracts were counted
separately as sense A- and sense T-repeats relative to
the TSS.

MATERIALS AND METHODS

UCSC genome browser database

The organisms included in our analysis are listed in
Supplementary Table S1. Their whole genomes were
downloaded from the UCSC Genome Browser Database
(27). We used human genome build 36 (hg18) because it is
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compatible with the CLIPZ database (29). Sequences
10 000 bp upstream and 10 000 bp downstream of a
TSS were extracted from the whole genomes for further
statistical analyses.

CLIPZ database

The CLIPZ database lists all the known binding sites of
Ago proteins in the whole genome of human embryonic
kidney (HEK)-293 cells (29). The database contains two
important files:

mapped_sequences RNA sequences bound by Argonaute (AGO1-4).
genome_mappings The locations of these RNA sequences, mapped

to the whole genome. The mapping begins at
chromosome 1, and the mapping is stopped
for RNA sequences that can be mapped to
>30 locations (mostly repeat sequences).

The Ago protein family members are AGO1, AGO2,
AGO3 and AGO4. We downloaded the following
files from http://test.mirz.unibas.ch/smirnaWeb/geneBio/
smiRNA/temp/10544043421949953483/samples in the fol-
lowing subfolders (October, 2011):

AGO1: /230/mapped_sequences, /230/genome_mappings
AGO2: /238/mapped_sequences, /238/genome_mappings
AGO3: /239/mapped_sequences, /239/genome_mappings
AGO4: /240/mapped_sequences, /240/genome_mappings

The numbers of mononucleotide repeats bound by Ago
proteins are listed in Supplementary Table S2.
The Ago-bound sequences from CLIPZ are highly

redundant. For instance, three reads, AAAC, AAACG,
AAACGT, are sequenced from the same source. In this
case, AAA is counted too many times. To remove any
possible bias, we excluded sequence reads that are con-
tained in other reads. The exclusion method is illustrated
in Supplementary Figure S2. This exclusion strategy will
eliminate the argument that Ago-bound A-repeats are
actually poly-A tails, which are numerous. If the poly-A
tails argument is valid, only the single longest A-repeat
will be counted because the other repeats will be excluded.

Housekeeping and tissue-specific genes

A total of 575 housekeeping genes in the human genome
were identified by Eisenberg and Levanon (30), and 7261
tissue-specific genes in the human genome were identified
in the Tissue-specific Gene Expression and Regulation data-
base (31). The list of housekeeping genes was downloaded
from http://www.compugen.co.il/supp_info/Housekeeping_
genes.html (October, 2011). The list of tissue-specific genes
was downloaded from http://bioinfo.wilmer.jhu.edu/tiger/
download/ref2tissue-Table.txt (October, 2011). The two
gene sets contain 122 overlapping genes.

GEO

We searched for microarray experiments that involved
DICER1 knockdown (KD) and AGO1-4 KD in the
GEO database (28) and found that microarray experiment
GSE4246 used the same HEK-293 cell line (32). Selected

experiments and samples are listed in Supplementary
Table S3. Both up- and downregulated genes were
identified using our software, called CU-DREAM
(33). We classified samples into experimental and control
groups and performed Student’s t-test on each probe. The
significance threshold was set at P< 0.01. Transcripts with
significantly higher or lower means of expression in the
experimental group compared with those in the control
group were considered up- or downregulated, respectively.
Transcripts without significant differences between experi-
mental and control groups were considered neutral
(neither up- nor downregulated).

Statistical methods

The imbalance between repeat enrichment upstream and
downstream of TSSs was determined using Student’s
t-test. The first 10 bins (bin 1–10) represent the sequence
2001–10 000 bp upstream, whereas the last 10 bins (bin
16–25) represent the sequence 2001–10 000 bp downstream
of the TSS. The five middle bins (bin 11–15) were not
analyzed because the numbers of A- and T-repeats drop
sharply in the immediate vicinity of the TSS. The number
of repeats was calculated as described in Supplementary
Figure S3. Finally, an unpaired t-test was conducted
between the numbers of repeats in the first and the last
10 bins.

Based on the results of microarray experiments,
we divided genes into three groups, downregulated
(Dn), upregulated (Up) and non-regulated (Nu -
neutral). Within a specific region around the TSS, we
expected to see the mean difference between the amount
of A-repeats in the first (Dn or Up) and second (Nu) sets.
Next, a permutation test was used to determine the stat-
istical significance of the original mean difference (34).
Every gene was labeled with ‘1st’ or ‘2nd’, indicating the
first or the second group. In each replicate, the labels were
randomly shuffled, and then the mean difference was
recalculated. A total of 1000 replicates were performed.
The permutation P-value is defined as the number of
times that the replicated mean difference was greater
than or equal to the original mean difference divided by
the total number of replicates (1000). If the dividend
equals zero, then the permutation P-value was considered
<0.001.

There are a total of 44 hypotheses per microarray ex-
periment, j{Length=1, Length=15 to 30}� {Dn versus
Nu, Up versus Nu}� {bin 1 to 10, bin 1, bin 2, bin 3, bin
4, bin 5, bin 6, bin 7, bin 8, bin 9, bin 10}j=44. Multiple
hypothesis correction was performed using false-discovery
rate (FDR) analysis (35). The QVALUE package for R
statistical software was used. All default settings were
maintained except that the range of l was set at [0, 0.5],
stepped by 0.05, and the bootstrap option was selected
instead of the smoother option for the estimation of �0
(36). The obtained �̂0�1, suggesting that the number of
significant P-values is high. When the q-value was re-
stricted to �0.05, the number of significant P-values was
82.05% (361/440). A more stringent restriction of q-value
to �0.01 yields 7.95% (35/440).
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We presented fold change instead of mean difference in
the figures because fold changes can be compared without
additional normalization. The fold change is defined as the
ratio between the number of A-repeats (number of bp per
gene) in the first and the second groups, respectively. The
numerical fold change, P-value and q-value data are
provided in Supplementary Table S4.

A(15) inhibitor transfection and microarray

HEK-293 cells were grown and maintained in Dulbecco’s
modified Eagle’s medium (Gibco-BRL) supplemented
with 2mM L-glutamine, 10% heat-inactivated fetal calf
serum and 10mg/ml antibiotic/antimycotic (Invitrogen)
before and after transfection. A peptide nucleic acid
(PNA) oligo containing a long A-repeat sequence [A(15)]
(37) was used to inhibit AGO binding to A-repeats. Here,
PNA oligos were modified by adding an 8-amino-3,
6-dioxaoctanoic acid to their 50 ends. Duplicate sets of
HEK-293 cells were transfected with either PNA-A(15)
or scramble (control) PNA oligo (PNA-ACgTTCg
CgCAACgA) at 50 nM using the TransIT-siQUEST
transfection reagent (Mirus). At 48 h after transfection,
RNAs were extracted and purified using Trizol
(Invitrogen) according to the manufacturer’s protocol.
cDNAs were prepared according to the manufacturer-
recommended protocols (Affymetrix and NuGEN).
Labeled cDNAs were hybridized to Affymetrix Human
Gene 1.0 ST arrays for 18 h at 45�C with rotation
for 18 h. The arrays were then washed and stained
using FS450_0007 fluidics protocol and scanned with
Affymetrix Gene ChIP Scanner 3000 7G. Scanned
images were inspected for hybridization efficiency, and
the data were converted to expression values from hybrid-
ization efficiency intensity to expression values. CEL files
from GeneChip Operating Software were imported into
expression console (EC) 1.2 software for array quality
control (QC). The matrix was created by Affymetrix
Power Tools—Release 1.14.3 on Windows 7. The
command used was ‘aptprobeset-summarize -a rma -d
HuGene-1_0-st-v1.r3.cdf -o out –cel-files cel_list.txt’. The
probe group file was HuGene-1_0-st-v1.r4.pgf, and the
meta-probe-set file was HuGene-1_0-st-v1.r4.mps. Data
obtained from two independent array hybridization ex-
periments were uploaded into Analyst from GeneChip�

Operating Software (Genedata AG; Basel, Switzerland)
and normalized simultaneously. Expression values were
estimated using the GC-RMA algorithm provided by
Genedata. Statistical analysis was performed using
Analyst. Genes were required to pass an N-way
ANOVA with a P< 0.05 and/or have a median fold
change of� 1.5 between one or more pairs of conditions.
All original microarray data were deposited in the NCBI
GEO database (series record GSE43185) (Supplementary
Table S3). The scanned images were inspected for hybrid-
ization efficiency, and CEL files generated from GeneChip
Operating Software were imported into EC 1.2 software
for array QC. RMA normalization was performed to
generate the QC metrics that we routinely use to determine
data quality. These include perfect match mean
(PM_Mean), background mean (Bgd_Mean), positive

and negative probes (POS versus NEG AUC), bacterial
spike controls and polyA controls.

Chromatin immunoprecipitation and PCR

For chromatin immunoprecipitation (ChIP) assays, human
HEK-293 cells were treated with PNA-A(15) and/or
scramble sequence and grown in a 75 cm2 flask to 80% con-
fluence. The cells were harvested, and ChIP assays were
carried out as previously described (38). Chromatin frag-
mentswere immunoprecipitated with anti-AGO2monoclo-
nal antibody (SC-32659, Santa Cruz Biotechnology)
or control non-immunized goat antibody (SC-2028, Santa
Cruz). Immunoprecipitated DNA fragments were analyzed
by PCR amplification and DNA electrophoresis.

Oligos

Two sets of oligos for AGO2-bound long A-repeat
locations:

(1) AGO2+, A-repeat+
NM_006068 AAggTTgTggATTCAAAgggA and TTTTA
AAgCAATAATTTCTCCCATCT

(2) AGO2+, A-repeat+
NM_005216 TCTAAgCTCAgTggCAAgACCTA and A
AAAACAACCACCACCACCCATg.

Two sets of oligos for AGO2-bound non-A-repeat
locations:

(1) AGO2+, A-repeat-
NM_007225 ACgCTggCATgggAAAACCAAg and ACT
TCTACCgAgTgCTCCTTAgA

(2) AGO2+, A-repeat-
NM_005481 TgTTgTATATgTgTgCgCgCgT and ATAA
AACCggCTCTTAggACCgT.

One set of oligos for AGO2-unbound sequences:

AGO2-, A-repeat-
NM_001143943 gCCTAATCAgCAAATTAggCA and T
TTTTATATACCCACACTACCTAg

RESULTS

A-repeats are not randomly distributed around TSSs

The distribution of sense A- and T-repeats within the
10 000 bp upstream and downstream of TSSs was
examined. A total sequence of 20 000 bp was divided into
25bins of 800 bp each. TheTSSwas centered in the 13th bin;
lower number bins contain upstream sequences, and higher
number bins contain downstream sequences (Figure 1A).
The distribution of sense A- and T-repeats is non-random
(Figure 1, Supplementary Figures S4–S9). The counting
method is illustrated in Supplementary Figure S3. In inver-
tebrates and yeast (Figure 1B–D), sense A-repeats are
clearly enriched at the TSS, except in C. elegans, in which
T-repeats are enriched at TSS but depleted in the 14th bin,
immediately downstream of the TSS. In mammals
(Figure 1E–G), the distribution of repeats drops sharply
at the TSS. Most strikingly, the distribution of A- and
T-repeats upstream and downstream of the TSS is not
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symmetrical. We defined an A-singleton as a single nucleo-
tide ‘A’ next to any other nucleotide base (C, G or T).
A-singletons (non-repeats) were used as a control group,
whereas A-repeats (length� 2) served as the experimental

group. Because the A-singletons are not repeats, differences
in the occurrence of A-singletons and A-repeats should
be attributable to the repetitive nature of the sequence.
Figure 2A and B show a comparison between A-singletons

Figure 1. Distributions of sense A- and T-repeats around TSSs. (A) Bin structure around TSS. There are 25 bins. Each bin covers 800 bp, and
10 000 bp upstream and 10 000 bp downstream of the TSS were analyzed. The TSS is centered in the 13th bin. (B–G) Distributions of sense A- and T-
repeats. Repeats with a length of 5–30 bp around TSSs in the whole genome are shown. The horizontal axis consists of 25 bins. The vertical axis
represents the number of base pairs normalized by the total number of genes. (B) S. cerevisiae. (C) C. elegans. (D) D. melanogaster. (E) R. norvegicus.
(F) M. musculus. (G) H. sapiens.
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and A-repeats (length=5–30) in humans, indicating that
long sense A-repeats are enriched upstream of TSSs
compared with downstream sequence, whereas long sense
T-repeats are enriched in the opposite direction. In
addition, the degree of asymmetry increases with repeat
length (Supplementary Figures S7–S9). Figure 3 shows
the result of an unpaired t-test between bins 1 to 10 and
bins 16 to 25. It is clear that the numbers of A- and
T-repeats in upstream and downstream repeats are not
equal. A- and T-repeats yield P-values of 2.97E-15 and
6.44E-10, respectively. The conservation of the imbalance
between the A- and T-repeat distribution upstream and
downstream of the TSS across several mammalian species
suggests that these mononucleotide repeats may have func-
tional roles in mammalian genomes.

The enrichment of A-repeats correlates with
gene functions

In yeasts, mononucleotide repeats are characteristic of
certain gene families. Poly(dA:dT) tracts are enriched in
the promoters of growth-related genes, whereas stress-
related genes tend to contain TATA boxes (10,17).
In the human genome, 575 housekeeping genes and
7261 tissue-specific genes were identified (30,31). The

frequencies of A- and T-repeats in these two categories
are dependent on repeat size. Short A- and T-repeats
(2–9 bp) are more abundant in tissue-specific genes
(Figure 4A and B, Supplementary Figures S10 and S11),
whereas long A- and T-repeats (10–30 bp) are more
abundant in housekeeping genes (Figure 4C and D,
Supplementary Figures S10 and S11). Our findings
suggest that non-random distributions of A- and
T-repeats around the TSS correlate with gene function.

A-repeats are preferential targets of Ago binding

In humans, the Ago proteins form a subfamily of the
Argonaute proteins (25,26). Ago is a ribonucleoprotein
that is required by the RISC (19,20). Ago proteins have
been shown to bind mononucleotide repeats (29). This
complex contains a small RNA and requires Dicer
protein for ribonucleoprotein assembly. The small RNA
guides the Ago–Dicer complex to specific gene targets. In
humans, Dicer is called DICER1, and the Ago subfamily
consists of AGO1, AGO2, AGO3 and AGO4. Recent data
from cross-linking and immunoprecipitation coupled with
deep sequencing provided the locations of all Ago-binding
sites across the whole genome of HEK-293 cells (29). We
counted the number of repeats in all sequence reads from

Figure 3. Box plots of numbers of A- and T-repeats in bins 1–10 and bins 16–25. The unpaired t-test was used to compare the mean difference
between upstream repeats (bins 1–10) and downstream repeats (bins 16–25).

Figure 2. Comparisons between A/T-singletons (length=1) and A/T-repeats (length=5–30 bp) around TSS in the whole genome. The horizontal
axis consists of 25 bins. Each bin covers 800 bp, with 10 000 bp upstream and 10 000 bp downstream of TSS in total. The TSS is centered in the 13th
bin. The vertical axis represents the number of base pairs normalized to the percentage of all nucleotides. (A) A-repeats. (B) T-repeats.
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this data set. Sequence reads that are part of other reads
were excluded. The exclusion method is illustrated in
Supplementary Figure S2. We found that all members of
the Ago protein family preferentially bind A-repeats.
Moreover, Ago-binding ability increases with repeat
length (Figure 5).

A-repeats are cis-regulatory elements

Ago proteins bind sequences around the TSS and control
transcription in human cells (21–24). Therefore, Ago-
bound repeats may serve as cis-regulatory elements
in mammals. DICER1 is an essential protein in Ago
complex assembly. DICER1 KD should inhibit all Ago
complexes, independent of Ago member or binding site
(Figure 6A and B). The genes in HEK-293 cells with
DICER1 KD (Supplementary Table S3) were grouped
into three categories: downregulated (Dn), upregulated
(Up) and non-regulated (Nu - neutral). The methods
used to calculate the fold change, P-values and q-values
are described in the ‘Materials and Methods’ section.
First, we analyzed HEK-293 cells that had been sub-

jected to DICER1 KD for 6 days (Figure 7A). At
A-singleton, repeat length=1, the fold change, i.e. the
ratio between the number of A-singletons in two groups
of genes, were almost constant at 1.0, indicating that

single A-nucleotides do not correlate with gene expression.
In contrast, A-repeats of 15–30 bp in length show distinct
fold changes, and each bin shows a similar pattern of de-
viation. In DICER1 KD HEK293 cells, A-repeats tend to
be enriched upstream of the TSS in downregulated genes
(fold change> 1) and tend to be depleted upstream of the
TSS in upregulated genes (fold change< 1). As shown in
the leftmost column of Figure 7A, integrating bin 1–10
together yields highly significant P< 0.001 and
q=6.67E-04 (length=15–30). Surprisingly, the first,
third and forth bins, which are 6801–10 000 bp upstream
far from TSS show striking fold changes. Two-day
DICER1 KD experiments yielded results similar to those
of the six-day DICER1 KD (Figure 7B). DICER1 KD
was also explored in other cell lines in a similar manner.
The results obtained from DICER1 KD in mouse embryo,
mouse liver and HeLa cell lines confirmed the regulatory
role of A-repeats. The presence of A-repeats upstream
of the TSS suppresses gene expression in DICER1 KD
(Figure 8A–C). However, the pattern of A-repeat distri-
bution was not the same as that in the HEK-293 cell line.
For example, in both mouse tissues, the seventh bin shows
the largest fold change.

Next, HEK-293 cell lines subjected to AGO1 KD,
AGO2 KD, AGO3 KD and AGO4 KD were analyzed

Figure 4. A comparison of human housekeeping and tissue-specific genes. (A and B) Short A- and T-repeats. (C and D) Long A- and T-repeats.
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(Figure 9A–D). The fold changes in the number of
A-repeats (A-singleton, length=1) remain constant at
1.0, suggesting no regulatory role for the A-singletons.
Long A-repeats (length=15–30) show fold changes of
greater or less than 1. In AGO1 KD, the fold change

pattern is consistent in each bin and is the opposite of
the pattern found in DICER1 KD. The genes that are
upregulated due to AGO1 KD are more enriched in
A-repeats (fold change> 1), whereas A-repeats in the
downregulated genes are more depleted (fold change< 1).
Although the overall P-values do not reach the statistical
significance, a striking enrichment of A-repeats appears in
the eighth bin, 3601–4400 bp upstream of the TSS (Up
versus Nu, P< 0.001, q=1.00E-03). In the AGO2 KD
and AGO3 KD experiments, the fold change pattern is
not consistent and varies in each bin. In addition, the cor-
responding P-values do not reach robust statistical signifi-
cance (all q< 0.05 but> 0.01). For the last Ago protein
analyzed, AGO4, no significant change was observed in
any inspected bin (all q> 0.05).

Ago proteins are trans-acting factors

To confirm the regulatory roles of Ago-bound A-repeat
sequences, we transfected HEK-293 cells with a synthetic
polymer mimicking the A-repeat, i.e. the PNA-AAAAAA
AAAAAAAAA [PNA-A(15)] oligo (Supplementary
Table S3). The injection of this polymer should inhibit
protein binding to A-repeats (Figure 6A and C). Using
ChIP, we showed that the PNA-A(15) interfered with

Figure 5. Ago protein affinity for A-, T-, C- and G-repeats. (A–D) A whole-genome comparison of mononucleotide repeats binding to Argonaute
proteins in the HEK-293 cell line. The vertical axis represents numbers of repeats of the same length, normalized to the overall base composition
(%A+%T+%C+%G=100%). The horizontal axis is repeat length.

Figure 6. Expected results of DICER1 KD and PNA-A(15) transfec-
tion. (A) In the initial state, three Ago complexes bind upstream of the
TSS. (B) DICER1 KD depletes all Ago binding, independent of target
sequences. (C) PNA-A(15) transfection depletes only Ago complexes
that bind to intact A(15).
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Ago binding to long A-repeat sequences (Figure 10A). We
tested five distinct locations. The first two locations were
AGO2-bound A(15) repeats (AGO2+, A-repeat+). The
second two locations were AGO2-bound unique se-
quences (AGO2+, A-repeat-). Finally, the third location
was a sequence that CLIPZ database listed as having no
AGO2 binding. The binding of AGO2 to known AGO2-
bound sequences (AGO2+) was confirmed. Moreover,
PNA-A(15) transfection specifically reduced AGO2
binding to the two genomic locations containing AGO2-
bound A(15) repeats (Figure 10A).
We also performed a microarray experiment to com-

pare the PNA-A(15)-transfected group and the scrambled
PNA-transfected control group. As shown in Figure 10B,
we counted only the repeats bound by Ago proteins
(AGO1-4). Ago proteins are thought to bind an
A-repeat if the repeat overlaps with at least 1 bp of an
Ago-bound sequence in the CLIPZ database (29). Both
sense and antisense overlaps were permitted. The Ago-
bound length indicates the length of the repeat that was
actually bound by Ago proteins, not the whole repeat
length. The difference in abundance of A-repeats among
the regulated genes due to PNA-A(15) transfection is
indicated by significant fold changes in several bins. The
most striking change is a dramatic fold change (8.55) in
the ninth bin, 2801–3600 bp upstream of the TSSs
(P=1.40E-02, q=1.28E-02). However, this fold change
does not imply that most upregulated genes contain AGO-

bound A-repeats (length� 15) in the ninth bin. Only 5 of
46 upregulated genes contain an A-repeat, but this ratio is
�9 times greater than that in the non-regulated genes
(143 of 11 878) (odds ratio=10.01, unadjusted Fisher’s
exact test P-value=2.51E-04). The list of all genes with
A-repeat sequences in the ninth bin and detailed calcula-
tions are shown in Supplementary Tables S5, S6 and S7.

The CLIPZ database provides information about Ago-
binding sites in HEK-293 cells. However, the binding sites
in the CLIPZ database may not be reliable because a read
sequence could be mapped to multiple genomic locations.
To find Ago-binding sites, each read sequence was aligned
with the whole-human genome starting from chromosome
1. None of the read sequences could be uniquely aligned to
a single binding site. The CLIPZ database displays
multiple binding sites. However, the alignment was
stopped if the number of binding sites exceeded a thresh-
old of 30, which typically occurs for common sequences.
Thus, the alignment halted immediately at chromosome 1
due to the detection of a number of binding sites, exceed-
ing the threshold. To improve the accuracy of our search
for binding site, we adjusted the threshold to <30 and
recalculated the fold change in the ninth bin of
PNA-A(15) transfection experiment (Figure 10C). We
observed that the fold change increased with the use of a
more stringent threshold. Using a threshold of 15, the fold
change reaches almost 20. In other words, A-repeats were
enriched in the upregulated genes 20 times. At thresholds

Figure 7. The fold changes in the number of A-repeats in Dn/Up and Nu, which denote downregulated, upregulated and non-regulated (neutral)
genes, respectively. The horizontal axis represents the bin location. The first column shows the sums of bins 1–10. The two numbers ‘p (q)’ in each
bar are the P-value and q-value, respectively. Single stars indicate low confidence (FDR or q� 0.05), and double stars indicate high confidence (FDR
or q� 0.01). (A) HEK-293 with DICER1 KD for 6 days. (B) HEK-293 with DICER1 KD for 2 days.
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of 10, 5 and 1, no read sequence passed the threshold limit,
and no fold change in A-repeat enrichment was observed.

DISCUSSION

Mononucleotide repeats are traditionally thought of
as junk DNA that serves no function. However, our
findings suggest a length-dependent cis-regulatory
function of A-repeats, with Ago proteins as trans-acting
factors. Nevertheless, other mechanisms, such as chroma-
tin organization or physical property of repeat sequences,
in addition to AGO-associated regulation may also direct
A-repeats regulate transcription. Further evaluation into

the precise role of repeats in mammalian promoter regions
is desirable.
Several lines of evidence, including the findings of this

study, suggest that sense A-repeats function as cis-regula-
tory elements and could play an important role in tran-
scriptional regulation. First, the distribution of A-repeats
within the genome is non-random. The enrichment of
A-repeats upstream of TSSs correlates with the biological
functions of the corresponding genes. An increase in the
number of upstream sense A-repeats in several species,
including rat, mouse and human, suggests that A-repeats
are evolutionarily conserved and may perform essential
functions in mammals. A sharp drop in the numbers of

Figure 8. The fold changes in the number of A-repeats between Dn/Up and Nu, which denote downregulated, upregulated and non-regulated
(neutral) genes, respectively. The horizontal axis represents the bin location. The first column shows the sums of bins 1–10. The two numbers ‘p (q)’
in each bar are the P-value and q-value, respectively. Single stars indicate low confidence (FDR or q� 0.05), and double stars indicate high
confidence (FDR or q� 0.01). (A) Mouse Embryo Dicer1 KD. (B) Mouse Liver Dicer1 KD. (C) HeLa DICER1 KD.
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Figure 9. The fold changes in the number of A-repeats between Dn/Up and Nu, which denote downregulated, upregulated and non-regulated
(neutral) genes, respectively. The horizontal axis represents the bin location. The first column shows the sums of bins 1–10. The two numbers ‘p (q)’
in each bar are the P-value and q-value, respectively. Single stars indicate low confidence (FDR or q� 0.05), and double stars indicate high
confidence (FDR or q� 0.01). (A) HEK-293 AGO1 KD. (B) HEK-293 AGO2 KD. (C) HEK-293 AGO3 KD. (D) HEK-293 AGO4 KD.
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mononucleotide repeats at the TSS occurs due to the
presence of CpG islands (39) around the TSSs of most
mammalian genes (40). It is also possible that repeats
are inherently incompatible with a defined TSS.
Additionally, a drop in the number of long A-repeats
can be observed downstream of the TSS. Because Ago
proteins preferentially bind A-repeats, these A-repeats
may function as targets recruiting the RNAi RISC
complex to transcribed mRNAs (in addition to their func-
tions as cis-regulatory elements); thus, the presence of
A-repeats within genes may be disadvantageous.

Second, A-repeats regulate gene expression through
DICER1 and AGO1-4 binding. DICER1 silencing
produced a consistent pattern and significant fold
change in almost every bin, whereas AGO1-4 KD
silencing produced different patterns of results. It is
possible that proteins within Ago complexes have both
distinct and shared functions and that some AGO subfam-
ily members may substitute for each other. For example,
both AGO1 and AGO2 are required for mammalian tran-
scriptional silencing (41). Moreover, Ago proteins may
cooperate with other factors, such as tissue-specific
factors, to control gene expression. We hypothesized

that the silencing of a single Ago protein at a time might
produce variable results. Here, we observed different
results when AGO1-4 was silenced. The non-random dis-
tribution of A-repeats between regulated and neutral
genes was more significant in AGO1 KD cells than in
AGO2-4 KD cells. Although AGO4 binds to A-repeats,
AGO4 KD failed to show any correlation with the non-
random distribution of A-repeats. Our findings suggest
that AGO1 may perform a non-redundant regulatory
role related to A-repeats that cannot be compensated by
any other member of the Ago subfamily. In contrast,
AGO4 may have only a minor role related to A-repeats
or may have a redundant function that can be performed
by other Ago proteins.
Third, the transfection of PNA-A(15) into HEK-293

cells altered the expression of genes enriched with
A-repeats. An increase in the expression of A-repeat-
enriched genes implies that trans-acting factor binding to
A-repeats normally inhibits gene transcription in HEK-293
cells. The transfected PNA-A(15) competes with genomic
A-repeats for binding to trans-acting factors, resulting in
lower levels of trans-acting factor binding to the genomic
A-repeats. A ChIP assay was conducted to demonstrate

Figure 10. Inhibition of AGO binding to A-repeats. (A) PNA-A(15) reduced AGO2 binding to long A repeats. ChIP assays for AGO2-bound
sequences were performed in HEK-293 cells transfected with control PNA (scramble) or test PNA-A(15) [A(15)] oligos. A control goat antibody was
used as the negative control for the AGO2-bound sequences. Distilled water and sonicated DNA input were used as negative and positive controls
for PCR, respectively. Reductions of AGO2 binding to A repeats in the presence of PNA-A(15) were demonstrated at AGO2 bound A-repeats using
two AGO2+ and A-repeat+ PCR primer sets (AGO2+, A-repeat+). No reduction of AGO2 binding to unique DNA sequences in the presence of
PNA-A(15) was observed using two AGO2+ and A-repeat-PCR primer sets (AGO2+, A-repeat–). No AGO2 binding to AGO2-negative locations
was detected (AGO2–, A-repeat–). (B) HEK-293 PNA-A(15) transfection. The fold changes in the number of A-repeats between Dn/Up and Nu,
which denote down/upregulated and non-regulated (neutral) genes, respectively. The horizontal axis indicates the bin location. The Ago-bound length
is the length of the repeat that is actually bound by Ago proteins, not the entire repeat length. The first column shows the sums of bins 1–10. The two
numbers ‘p (q)’ in each bar are the P-value and q-value, respectively. Single stars indicate low confidence (FDR or q� 0.05), and double stars indicate
high confidence (FDR or q� 0.01). (C) The fold changes in the number of A-repeats between upregulated (Up) and non-regulated (Nu) genes in the
ninth bin of HEK-293 PNA-A(15) transfected cells. The horizontal axis is the stringency threshold; lower numbers correspond to greater stringency.
AGO-bound sequences that can be aligned to a number of genomic loci greater than the stringency threshold were excluded from the fold-change
calculation.
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that AGO proteins bound A-repeats and that the presence
of PNA-A(15) decreased AGO-binding activity. However,
the effect of PNA-A(15) transfection is not identical to
those of DICER1 KD or AGO1-4 KD. This discrepancy
may be because PNA-A(15) cannot compete with AGOs
under all conditions. In particular, PNA-A(15) prevents
AGO binding to A-repeats for repeats �15 bp. PNA-
A(15) may fail to compete with AGO if a target A-repeat
is too short (<15 bp) and AGOs can partially bind to other
flanking sequences (Figure 6A and C).
Although there have been few studies investigating this

issue to date, we believed that the length variation of
A-repeats at certain loci may determine disease suscepti-
bility. The enrichment of upstream sense A-repeats
increases with repeat size. This size dependence may
provide a selective advantage for long repeats compared
with short repeats to support regulatory functions.
A-repeats and AGOs may be under cis-trans co-evolution
(42,43). Repeat length is a key factor for evolutionary
advantage. We found that AGO1-4 prefers to bind
A-repeats, and the binding preference increases with
repeat size (Figure 5A). A loss of the essential regulatory
functions of A-repeats may be disadvantageous.
Therefore, A-repeat mutations that disrupt these repeats
may be negatively selected. Moreover, genes with different
functions may contain repeats of different sizes and loca-
tions. Long A-repeats are often found in constitutively
expressed housekeeping genes. Therefore, in humans,
housekeeping genes may exploit similar nucleotide repeat
patterns to allow simultaneous gene expression. From
an evolutionary perspective, poly(dA:dT) tracts and
Argonaute proteins are found mostly in eukaryotes.
Therefore, it would be interesting to identify the point in
time during evolution when these cis-trans elements
emerged and acquired a function in transcription
regulation.
In conclusion, we report that the distribution of sense

A- and T-repeats around the TSS is non-random. The
distribution patterns in mice, rats and humans are similar
and are distinct from those of invertebrates and yeast. In
humans, different distributions of A- and T-repeats are
observed for housekeeping and tissue-specific genes.
Argonaute proteins bind to A-repeats and regulate gene
expression. Nevertheless, further research is required to
directly demonstrate and further elucidate the role of
poly(A) repeats in (mammalian) promoter sequences.
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