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ABSTRACT

Telomere erosion causes cell mortality, suggesting
that longer telomeres enable more cell divisions.
In telomerase-positive human cancer cells, how-
ever, telomeres are often kept shorter than those of
surrounding normal tissues. Recently, we showed
that cancer cell telomere elongation represses in-
nate immune genes and promotes their differentia-
tion in vivo. This implies that short telomeres con-
tribute to cancer malignancy, but it is unclear how
such genetic repression is caused by elongated
telomeres. Here, we report that telomeric repeat-
containing RNA (TERRA) induces a genome-wide al-
teration of gene expression in telomere-elongated
cancer cells. Using three different cell lines, we found
that telomere elongation up-regulates TERRA sig-
nal and down-regulates innate immune genes such
as STAT1, ISG15 and OAS3 in vivo. Ectopic TERRA
oligonucleotides repressed these genes even in cells
with short telomeres under three-dimensional cul-
ture conditions. This appeared to occur from the
action of G-quadruplexes (G4) in TERRA, because
control oligonucleotides had no effect and a non-
telomeric G4-forming oligonucleotide phenocopied
the TERRA oligonucleotide. Telomere elongation and
G4-forming oligonucleotides showed similar gene
expression signatures. Most of the commonly sup-
pressed genes were involved in the innate immune
system and were up-regulated in various cancers.
We propose that TERRA G4 counteracts cancer ma-
lignancy by suppressing innate immune genes.

INTRODUCTION

Telomeres are specialized structures at the ends of eukary-
otic linear chromosomes that protect these ends from DNA
nucleases and DNA double-strand break repair by ho-
mologous recombination and nonhomologous end-joining
(1). They consist of many tandem repeats of guanine-
rich (G-rich) motifs, such as the hexameric repeats of
TTAGGG/CCCTAA in vertebrates (1).

Telomeres do not encode a protein and are considered
to be transcriptionally silent. However, transcription of
these regions, which gives rise to the G-rich long non-
coding RNA known as telomeric repeat-containing RNA
(TERRA), has been reported (2). TERRA transcripts were
shown to interact with telomerase through their comple-
mentary sequences to the template of human telomerase
RNA (hTR/hTERC), and TERRA-mimicking oligonu-
cleotides inhibit telomerase activity in vitro (3). TERRA has
been proposed to repress its own transcription through reg-
ulating the structural maintenance of telomeres and hete-
rochromatin formation at telomeres (4). While several func-
tions have been reported for TERRA, its biological signifi-
cance remains elusive.

The telomere G-rich strand runs 5 to 3’ toward the
distal ends of chromosomes. Such G-rich single-stranded
DNA/RNA sequences, including telomeric sequences and
TERRA, self-associate in vitro to form four-stranded struc-
tures called G-quadruplexes (G4), which are noncanonical
nucleic acid secondary structures (1,5). These structures are
thought to influence replication and transcription by inter-
rupting the action of DNA/RNA polymerases (5). Accu-
mulating evidence for the in vivo formation of G4 structures
also suggests that they have as yet unidentified physiological
importance (5,6).

The human telomere length ranges from 5 to 10 kb
in somatic cells and 15 to 20 kb in germ cells. Because
DNA polymerases cannot begin synthesis de novo, some
portions of telomeres are lost during the DNA replication
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of each cell cycle. This is known as the end replication
problem. Eventually, critically shortened telomeres fail to
protect chromosomal ends against the DNA damage re-
sponse, resulting in cellular senescence or apoptosis (7,8).
To overcome this, most human cancer cells (80-90%) acti-
vate telomerase (9) to elongate their telomeres (10). Thus,
longer telomeres confer immortality to cancer cells. How-
ever, cancer cells often maintain shortened telomeres even
after telomerase reactivation (7,11,12). Recently, we ad-
dressed this phenomenon and demonstrated that telom-
ere elongation affects transcription in a genome-wide man-
ner and promotes cancer cell differentiation in vivo (13).
Gene ontology analysis revealed that telomere length sig-
nificantly enriched those transcripts that coded for pro-
teins involved in the immune response. Moreover, according
to the Oncomine®) database (Www.oncomine.org), expres-
sion of these genes is up-regulated in several cancers (13),
while most were suppressed in telomere-elongated (i.e. well-
differentiated) cancer cells compared with parental cells
(13). Well-differentiated cancers often have a better progno-
sis in clinical settings, which at least partially explains why
human cancer cells keep telomeres short. Cancer cells with
short telomeres might induce immune response genes to
remain undifferentiated and therefore enhance tumor ma-
lignancy. In this scenario, longer telomeres would suppress
those gene expressions and alleviate the malignancy of the
cancer. However, it remains unclear how long telomeres that
do not encode proteins regulate a genome-wide alteration of
gene expression.

In this study, we show that telomere elongation in hu-
man cancer cells upregulates TERRA signal detected by
northern blot analysis, while telomeric RNA/G4-forming
sequences suppress innate immune gene expression in three-
dimensional (3D) culture conditions. Based on these obser-
vations, we propose that one of the physiological roles of
TERRA is to regulate gene expression in a genome-wide
manner and epigenetically modulate the cellular phenotype.

MATERIALS AND METHODS
Cell culture, retroviral transduction and viral infection

Cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM, Nacalai Tesque, Kyoto, Japan) contain-
ing 10% heat-inactivated fetal bovine serum (FBS) and 0.1
mg/ml kanamycin. Retroviral infection was performed es-
sentially as previously described (13). Briefly, retroviral su-
pernatants were prepared by the transient transfection of
GP2-293 cells with control pLNCX2 (Clontech, Palo Alto,
CA, USA) or a series of human telomerase reverse tran-
scriptase (WTERT) vectors with a pVSV-G packaging vec-
tor encoding the viral envelope protein (Clontech). Hu-
man prostate cancer PC-3, breast cancer HBC4 and gas-
tric cancer MKN74 cells were infected with the retrovi-
ral supernatant in the presence of 8 wg/ml polybrene. In-
fected cells were selected with 400 pwg/ml of G418. Af-
ter positive antibiotic selection, overexpression of exoge-
nous hTERT was verified using western blot analysis and
the telomeric repeat amplification protocol (TRAP) assay
as detailed below. To excise the exogenous hTERT, PC-
3/mock and PC-3/LhTERTL cells (at population doubling
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[PD] 40) were infected with a recombinant adenovirus, Ax-
CANCre (TaKaRa, Kyoto, Japan) (14), at a multiplicity of
infection of 40. After viral adsorption for 60 min, cells were
extensively washed with DMEM containing 10% FBS. We
verified the identities of cell lines used in this study by DNA
fingerprint analysis of short tandem repeat loci. Test of the
mycoplasma contamination by the PCR method showed
negative in all established cell lines.

Western blot analysis

Cell lysates were prepared and western blot analysis per-
formed as previously described (13) with the following pri-
mary antibodies: rabbit anti-hTERT (1531-1, 1:1,000; Epit-
omics Inc. Cambridge, UK) or mouse anti-glyceraldehyde-
3-phosphate dehydrogenase (GAPDH; 10R-G109a, 1.0
pg/ml; Fitzgerald Industries, Sudbury, MA, USA).

Telomere Southern blot analysis and telomerase assay

Terminal restriction fragments were detected using South-
ern blot analysis with a 3*P-labeled (CCCTAA), probe, as
previously described (15). Telomerase activity was detected
using the TRAP assay (9). The telomeric products were
separated using Tris-borate-EDTA polyacrylamide gel elec-
trophoresis and visualized by staining with SYBR green
(TaKaRa).

Generation of subcutaneous xenografts in nude mice

Animal experiments were approved by the Institutional An-
imal Care and Use Committee of the Japanese Foundation
for Cancer Research and conducted in accordance with in-
stitutional guidelines. Cells were mechanically dissociated
by trypsinization to obtain single-cell suspensions and were
diluted in Hanks’ balanced salt solution (Gibco, Life Tech-
nologies, Paisley, UK). Then, 1 x 10° cells were subcuta-
neously injected into 5-week-old female nude mice with a
BALB/c genetic background (Charles River Laboratories
Japan, Inc., Yokohama, Japan). When the tumor reached
at least 5 mm in diameter, mice were euthanized and the tu-
mor tissue was collected.

RNA extraction and northern blot analysis

RNA extraction from cell cultures and tumor xenografts
was performed using the RNeasy kit and TissueLyser (Qia-
gen, Hilden, Germany) according to the manufacturer’s in-
structions. Northern blot analysis was performed essentially
as previously described (2). Briefly, RNA (1-4 pg) was de-
natured with formaldehyde load dye (Ambion, Austin, TX,
USA) for 15 min at 96°C, then loaded onto 1.0% formalde-
hyde agarose gels and separated by electrophoresis. 3P-
labeled telomeric and B-actin probes were synthesized from
pSP73-Styl1 (15) and the B-actin-human antisense con-
trol template (Wako, Osaka, Japan) respectively, using the
random primed DNA labeling kit (Roche Applied Science,
Basel, Switzerland). For control R Nase treatments, samples
were incubated for 15 min at 96°C then 18 h at 37°C with 1
mg/ml RNase A (Qiagen).


http://www.oncomine.org

2024 Nucleic Acids Research, 2015, Vol. 43, No. 4

Quantitative real-time polymerase chain reaction (PCR)

Gene transcripts were detected by quantitative real-time
PCR (qPCR) analysis with a LightCycler® 480 real-time
PCR system (Roche Applied Science). The amplification
conditions used were an initial denaturation at 95°C for 5
min, followed by 45 cycles of denaturation at 95°C for 10
s, annealing at 60°C for 30 s and extension at 72°C for 1
s. Amplification was monitored using Universal ProbeLi-
brary probes, which were labeled with fluorescein as de-
scribed in the manufacturer’s instructions (Roche Applied
Science). All primers and probes for each target gene were
taken from the Universal ProbeLibrary Assay Design Cen-
ter (https://qpcr.probefinder.com/organism.jsp).

Oligonucleotides and circular dichroism spectra

Synthetic telomeric RNA, r(UUAGGGUU
AGGGUUAGGGUUAGGG), control RNA,
r(UUACCCUUACCCUUACCCUUACCC),

telomeric DNA d(TTAGGG), d(TTAGGG)?,
d(TTAGGG)*, d(TTAGGG)®, d(TTAGGG)®, con-
trol DNA, d(TTACCC)*, d(TTACCC)®, and AS1411,
d(GGTGGTGGTGGTTGTGGTGGTGGTGG)  (16),
were purchased from Greiner Bio-One Co., Ltd. (Tokyo,
Japan). Synthetic Cy3-labeled telomeric RNA Cy3-
r(UUAGGGUUAGGGUUAGGGUUAGGG), control
RNA, Cy3-r(UUACCCUUACCCUUACCCUUACCCQ),
were also purchased from Greiner Bio-One Co., Ltd.
Solutions of 150 mM KCI mixed with each oligonucleotide
were heated to 95°C for 5 min, cooled slowly at 1°C/min to
room temperature and stored at 4°C before use. Circular
dichroism (CD) spectra were obtained from three scans
on a J-820 spectropolarimeter (Jasco, Tokyo, Japan),
with a 2-nm bandwidth, 100-nm/min scan speed and a
0.1-nm step resolution. The CD spectra were measured in
a nitrogen environment over 200-320 nm to ascertain the
formation of G4 structures in telomeric RNA and AS1411.

Oligonucleotide transfection

Lipofectamine® RNAiIMAX (Invitrogen) was used in re-
verse transfection experiments to transfect 1.0 g (approxi-
mately 100 pmol per well) of the oligonucleotides described
above into 0.8 x 10° cells (two-dimensional, 2D culture)
or 3.0 x 10° cells (3D culture) as described in the man-
ufacturer’s instructions (Invitrogen). Cells were then incu-
bated in a 12-well flat bottom plate (2D culture, Iwaki, AGC
Techno Glass, Shizuoka, Japan.) or a 24-well EZ-BindShut
II plate (3D culture, Iwaki) in I ml DMEM containing 10%
heat-inactivated FBS and harvested 72 h after transfection.

Fluorescence in situ hybridization

Cells were fixed with 2% paraformaldehyde phosphate-
buffered saline for 10 min and permeabilized with 0.5%
Nonidet P-40. Fluorescence in situ hybridization (FISH)
analysis with a Cy3-labeled telomere-specific (CCCTAA);
peptide nucleic acid probe (Greiner Bio-One) was per-
formed essentially as previously described (17).

Microarray and bioinformatic analyses

Total RNA was quantified using the Agilent 2100 Bioan-
alyzer (Agilent Technologies, Palo Alto, CA), then labeled
and hybridized onto the GeneChip Human Genome U133
Plus 2.0 array (Affymetrix, Santa Clara, CA) according to
the manufacturer’s instructions. Data normalization, statis-
tical analysis, gene ontology analysis and genome browsing
were performed using GeneSpring GX software (Agilent
Technologies). All samples were summarized by the Robust
Multichip Analysis (RMA) normalization method. The up-
regulated and downregulated probe set identifiers were used
as the input and enrichment was analyzed separately. The
results showed significant enrichment using Fisher’s ex-
act test, and multiple testing correction was performed us-
ing the Benjamini-Hochberg False Discovery Rate method.
The P-value for each GO term reflects the enrichment in
frequency of that GO term in the input probe list relative to
all probes in background list.

Data-mining

Expression of G4-induced suppression signature (G4SS)
genes in various human cancer was queried using the On-
comine database (http://www.oncomine.org) in February
2014. This is a publicly available database summarizing mi-
croarray experiments across tissue types. The number of sig-
nificant unique microarray results with changes >2.0-fold
(P < 0.0001 by a two-tailed z-test) with increased (red) or
decreased (blue) expression in tumors relative to normal tis-
sues were used. The results were extracted directly from the
Oncomine analysis and have not been repeated manually.

Data access

The microarray data reported in this study have been de-
posited in Gene Expression Omnibus (www.ncbi.nlm.nih.
gov/geo/) and are accessible through GEO Series accession
number GSE56177 (telomere elongation in xenograft) and
GSES56239 (G4-forming oligonucleotide in 3D).

RESULTS

Telomere elongation suppresses the up-regulation of innate
immune genes in tumors

Previously, we demonstrated that the expression of many in-
nate immune genes, such as STATI, ISG15 and OAS3, was
up-regulated in xenograft tumors formed after the subcu-
taneous injection of human prostate PC-3 cells into nude
mice. Telomere elongation was found to suppress this up-
regulation (13). Although long telomeres in yeast and hu-
man cells induce the so-called ‘telomere position effect’
(TPE), which results in transcriptional silencing of genes
near telomeres (18-20), chromosomal loci of the innate im-
mune genes affected by telomere elongation are randomly
distributed along chromosome arms, and there is no prefer-
ence for the distal ends of the chromosomes (13). Thus, TPE
does not seem to account for the transcriptional suppres-
sion of innate immune genes in telomere-elongated PC-3
cells. We hypothesized that telomere length modulates gene
expression in a TPE-independent manner.


https://qpcr.probefinder.com/organism.jsp
http://www.oncomine.org
http://www.ncbi.nlm.nih.gov/geo/

First, we examined whether suppression of the innate
immune genes in telomere-elongated PC-3 cells was repro-
ducible in other cell lines. Therefore, we enhanced telom-
erase activity and elongated telomeres in three human can-
cer cells, PC-3, HBC4 and MKN74, all of which retained
rather short telomeres (see mock in Figure 1A). Human
telomerase is a ribonucleoprotein consisting of two essen-
tial components, hTR and hTERT (21). Expression of hTR
is ubiquitous in human cells, and regulation of telomerase
activity is controlled at the level of hTERT transcription
(21). Therefore, we established sublines that overexpressed
exogenous hTERT (PC-3/LhTERTL, HBC4/hTERT and
MKN74/hTERT) (Figure 1A). The up-regulation of
telomerase activity and substantial telomere elongation
in these cells compared with control cells (PC-3/mock,
HBC4/mock and MKN74/mock) was confirmed (Fig-
ure 1A). hTERT has been suggested to possess a non-
telomeric function through a mechanism independent of
telomerase activity (22,23). To distinguish the effect of elon-
gated telomeres from that of hTERT overexpression, we
established PC-3/LhTERTL /cre+ cells derived from PC-
3/LhTERTL cells by removing the hTERT transgene af-
ter telomere elongation using the Cre/loxP system (13).
The prominent difference between PC-3/mock/cre+ and
PC-3/LhTERTL /cre+ cells is therefore the telomere length
(Figure 1A), although we cannot exclude the possibility that
hTERT overexpression could induce heritable chromatin
changes elsewhere.

To test whether the up-regulation of innate immune genes
was suppressed in telomere-elongated cells, we designated
STATI, ISGI5 and OAS3 as representative of the innate
immune category genes. PCR analysis confirmed that ex-
pression of these genes was up-regulated in vivo in xenograft
tumors of PC-3, HBC4 and MKN74 cells, whereas telom-
ere elongation substantially suppressed this up-regulation
(Figure 1B), as observed previously in PC-3 cells (13). This
effect of long telomeres was not observed in conventional
adherent (2D) culture conditions (Figure 1B). As a control,
GAPDH expression in both 2D culture and in vivo xenograft
tumors was not substantially different in each sample (Fig-
ure 1B, bottom). These observations indicate that telomere
elongation suppresses the up-regulation of specific innate
immune genes in multiple human cancer cells in vivo.

Telomere elongation enhances the levels of TERRA signals in
human cancer cells

Yehezkel et al. previously reported that the levels of
TERRA are elevated in human induced pluripotent stem
cells accompanying telomerase activation and telomere
elongation (24). We therefore speculated that long telomeres
might influence TERRA expression in cancer cells. To ex-
plore this possibility, we monitored TERRA expression in
telomere-elongated cells by northern blotting analysis (Fig-
ure 2A). RNAs were extracted from cells cultured under
conventional 2D conditions and from in vivo xenograft tu-
mors, and telomere elongation was shown to up-regulate
the intensities of TERRA signals in both 2D cultures and
xenograft tumors (Figure 2A). The observed bands on the
northern blots disappeared upon treatment with RNase
A (Supplementary Figure S1), indicating that these sig-
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nals were derived from RNAs rather than from contami-
nated DNAs. These results suggest that forced elongation
of telomeres up-regulates the TERRA signals in multiple
human cancer cell lines.

Telomeric RNA suppresses innate immune gene expression in
3D culture conditions

We surmised that TERRA might play a key role in sup-
pression of the innate immune gene expression in telomere-
elongated cells. To test this hypothesis, we examined the ef-
fect of a synthetic 24mer telomeric RNA oligonucleotide
consisting of the same sequence as TERRA (uuaggg re-
peats), using uuaccc repeats as a control RNA. We intro-
duced these oligonucleotides into parental PC-3, HBC4 and
MKNT74 cells that retained short telomeres. We then ex-
amined the expression of the marker genes STATI, ISGI5,
0AS3 and GAPDH as a control, by qPCR analysis after
72 h of oligonucleotide introduction. In these experiments,
cells were incubated in either conventional 2D dishes or 3D
culture plates, which more closely recapitulate the in vivo en-
vironment because cells are permitted to interact with their
surroundings in all dimensions. In conventional 2D culture
dishes, no difference was seen in the expression levels of the
four genes in any cell lines (Figure 2B). However, in 3D cul-
ture plates, all of the three marker genes were up-regulated
in the no oligonucleotide- or control RNA-transfected cells
compared with those in 2D culture dishes (Figure 2B). Im-
portantly, the up-regulation of these marker genes did not
occur in telomeric RNA-transfected cells (Figure 2B). The
oligonucleotides examined had no effect on GAPDH ex-
pression either in 2D or 3D culture conditions (Figure 2B,
bottom panel). We evaluated that transfection efficiency
of Cy3-labeled RNA oligonucleotides, and obtained simi-
lar results between telomeric and control oligonucleotides
(Supplementary Figure S2A). These results demonstrate
that transfection of telomeric RNA oligonucleotide sup-
presses the expression of specific genes in 3D culture condi-
tions. Loss of the up-regulation of these genes in telomere-
elongated cells under 3D culture conditions is reminiscent
of that in xenograft tumors (Figure 1B). Telomere FISH
analysis found no difference in the telomeric signal intensity
between oligonucleotide-transfected and control cells (Sup-
plementary Figure S2B), suggesting that telomeric RNA
suppresses the expression of specific genes independently of
the cellular telomere length.

G4-forming oligonucleotides suppress specific gene expres-
sion

To examine the length effect of telomeric repeats on the
suppression of the marker genes above, we transfected
PC-3 cells with various telomeric DNA oligonucleotides
that have different numbers of telomere repeats (Supple-
mentary Figure S3). First, similar suppression patterns
were observed in four repeats (24mer) telomeric DNA
and RNA oligonucleotide-transfected cells (Supplementary
Figure S3A). Interestingly, one or two telomeric repeats
(hexamer or 12mer) DNA oligonucleotides did not in-
duce such gene suppression, whereas 6 and 25 telomeric
repeats (36mer and 150mer) DNA oligonucleotides sup-
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Figure 2. G4-forming nucleic acids suppress the up-regulation of innate immune gene expression in 3D cultures. (A) Northern blot analysis of RNAs from
2D cultures and xenograft tumors. Signals were detected with TERRA and beta-actin (ACTB) mRNA probes. (B) Relative expression levels of STATI,
ISG15, OAS3 and GAPDH mRNA in G4-forming oligonucleotide-transfected cells in conventional 2D dishes and 3D cultures were analyzed by qPCR
and normalized to ACTB mRNA levels. Error bars indicate standard deviations (7 = 3). (C) CD spectra of telomeric RNA, control RNA and AS1411 in

150 mM KClI solution.

pressed the gene expression in 3D culture conditions (Sup-
plementary Figure S3B and SC). Since the suppressive effect
of the oligonucleotides corresponded to the ability to form
G4(s) within a molecule, these results imply that telomeric
oligonucleotide-induced gene suppression is caused by G4.

To investigate the possibility that the G4 structure is
involved in telomeric RNA-induced gene suppression, we
used a nontelomeric, well-known G4-forming 26mer DNA
AS1411 (formerly known as AGRO100) (16). AS1411 is a
DNA aptamer that associates with nuclear factor-«B (NF-
kB) essential modulator and inhibits NF-kB activation (16).
It is currently undergoing phase II clinical trials for cancer

treatment (25). Nuclear magnetic resonance studies have re-
vealed that in potassium solution AS1411 forms G4 struc-
tures with several different topologies that mimic extracel-
lular fluid (26). We measured the CD spectra of AS1411
and telomeric RNA oligonucleotides in 150 mM KCI so-
lution to determine information about the effects of nu-
cleotide sequences and different cations on G4 structures
(Figure 2C). The waveforms of each oligonucleotide and
peak were consistent with those in previous reports (26,27),
suggesting that the oligonucleotides form G4 structures,
at least in vitro. In 2D culture conditions, no difference
was seen in the expression of the innate immune genes in
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oligonucleotide-introduced cells (Figure 2B). However, in
3D culture conditions, transfection of AS1411 into PC-3,
HBC4 and MKN74 cells suppressed the upregulation of
STATI, ISG15 and OAS3, as seen with telomeric RNA
(Figure 2B). By contrast, no difference was observed in
GAPDH expression (Figure 2B, bottom). These results in-
dicate that the observed gene suppression was induced by
G4 secondary structures, regardless of their primary se-
quences or the sugar moieties present in the molecules (i.e.
whether DNA or RNA). Moreover, the transfection of G4-
forming oligonucleotides appeared to mimic the suppres-
sion of marker genes in in vivo xenografts of telomere-
elongated cells (Figures 1B and 2B).

G4-forming oligonucleotides mimic the genome-wide alter-
ation of gene expression profiles of TERRA-overexpressing
cells in vivo

We next compared the gene expression profiles of TERRA-
overexpressing cells in in vivo xenografts and G4-forming
oligonucleotide-transfected cells in 3D culture conditions.
First, we analyzed the similarity of altered gene expres-
sion patterns between two different G4-forming oligonu-
cleotides. The comparison of telomeric RNA (versus con-
trol RNA) and AS1411 (versus no oligonucleotide) gene ex-
pression profiles identified several hundreds of probes with
>2.0-fold expression changes in each of the three cancer cell
lines (Figure 3A). Approximately half of those probes iden-
tified overlapped between telomeric RNA- and AS1411-
transfected cells (199, 184 and 115 probes in PC-3, HBC4
and MKN74 cells, respectively). These findings strongly
suggest that the genome-wide regulation of gene expression
by G-rich oligonucleotides is mediated by G4 structures in
the oligonucleotides.

We then compared the gene expression profiles of
PC-3, HBC4 and MKN74 cells in both G4-forming
oligonucleotide-transfected cells in 3D cultures (Fig-
ure 3B) and telomere-elongated cells overexpressing
TERRA in in vivo xenografts (Figure 3C). We identified
41 probes (all down-regulated; Figure 3D) in G4-forming
oligonucleotide-transfected cells, and 36 (two up-regulated
probes and 34 down-regulated probes; Figure 3E) in
telomere-elongated cells with >2.0-fold expression changes
(Figure 3B and C). Most of the 41 probes identified in
G4-forming oligonucleotide-transfected cells were also
suppressed in telomere-clongated cells (Figure 3D, top
of heat map). Similarly, most of the 36 probes identified
in telomere-elongated cells were also suppressed by G4-
forming oligonucleotides under 3D culture conditions
(Figure 3E, top of heat map). These results indicate that
the ectopic introduction of G4-forming oligonucleotides
can mimic the genome-wide gene expression profiles
of telomere-elongated cancer cells, which overexpress
endogenous TERRA.

G4-induced suppression signature genes reside in innate im-
mune system categories and are overexpressed in malignant
tumors

We identified 26 probes that overlapped between the
41 probes identified in G4-forming oligonucleotide-

transfected cells and 36 probes identified in telomere-
elongated cells (Figure 4A). We hereafter refer to these
probes (representing 18 genes) as ‘G4-induced suppres-
sion signature (G4SS) genes’. Gene ontology analysis
revealed that the innate immune response-related cate-
gories were significantly enriched in the G4SS genes out
a total of 54 675 probe sets (P < 1E-7 by Fisher’s exact
test; Figure 4B). These categories were also significantly
enriched by any of the probe sets in each of the three
G4-forming oligonucleotide-transfected cell lines (P <
1E-7 by Fisher’s exact test, data not shown). Similarly,
the top three categories, all related to type I interferon
(G0:0034340, response to type I interferon; GO:0071357,
cellular response to type I interferon and GO:0060337,
type I interferon signaling pathway), and several other cat-
egories (GO:0009615 in PC-3, GO:0009615, GO:0045087,
GO:0006955, GO:0006952 and GO:0002376 in HBC4,
GO:0009615, GO:0045087, GO:0051707, GO:0009607,
GO:0006955, GO:0019221, GO:0006952, and GO:0002376
and GO:0034097 in MKN74) were significantly enriched
by any of the probe sets in each of the telomere-elongated
cell lines line (P < 1E-7 by Fisher’s exact test).

According to the Oncomine database, most of the G4SS
genes exhibited increased expression in various tumors
compared with respective normal tissues (Figure 4C). This
suggests that the G4SS genes may contribute to cancer ma-
lignancy in vivo, and that G4-forming sequences, includ-
ing TERRA, have a negative effect on human cancer cells
through the suppression of innate immune genes.

DISCUSSION

In the present study, we demonstrated that telomere elon-
gation suppressed the induction of specific innate immune
gene expression in multiple human cancer cells in vivo
xenografts (Figure 1). We focused on TERRA and found
that this telomeric noncoding RNA plays a key role in the
phenomenon. First, telomere elongation was shown to en-
hance TERRA signals detected by northern blot analysis
in three different cancer cell lines (Figures 1A and 2A).
After Cre recombinase-mediated shutdown of the forced
expression of hTERT, PC-3/LhTERTL /cre+ cells still ex-
hibited the enhanced TERRA levels and suppressed innate
immune gene expression (Figures 1 and 2A). Moreover,
no alterations in hTERT expression were observed in G4-
forming oligonucleotide-transfected cells (Figure 3E, bot-
tom probe). These results suggest that specific gene suppres-
sion in vivo and increased TERRA levels are accompanied
by telomere elongation in multiple cancer cells.

Telomeric RNA oligonucleotides suppressed the induc-
tion of STATI, ISGI5 and OAS3 expression in 3D cul-
ture conditions, mimicking the cellular environment of in
vivo tumors (Figure 2B). Because this suppression was
not observed in conventional 2D culture dishes, we spec-
ulated that the tumor microenvironment is an important
factor for telomeric RNA-mediated gene suppression. It is
possible that control RNA (uuaccc)* oligonucleotide hy-
bridizes to the endogenous TERRA. However, the telom-
eric cytosine-rich strand sequence (i.e. complementary se-
quence of TERRA) is (uaaccc)?, 17% mismatch to the
control RNA. Furthermore, TERRA can self-assemble to
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Figure 3. Comparison of gene expression profiles between G4-forming oligonucleotide-transfected cells in 3D cultures and telomere-elongated cells
in in vivo xenografts. (A) Gene expression profiles were compared between telomeric RNA versus control RNA, as well as between AS1411 versus no
oligonucleotide-transfected cells. With changes of >2.0-fold, the expression of 199 (PC-3), 184 (HBC4) and 115 (MKN74) probes was affected by both
telomeric RNA and AS1411. (B) Identification of regulated gene sets in G4-forming oligonucleotide-transfected cells. With changes of >2.0-fold, the ex-
pression of 41 probes was affected in three cancer cell lines. (C) Identification of regulated gene sets in telomere-elongated cells. With changes of >2.0-fold,
the expression of 36 probes was affected in three cancer cell lines. (D) Hierarchical cluster analysis (Pearson centered, average linkage) using 41 identi-
fied genes in G4-forming oligonucleotide-transfected cells (left) as shown in Figure 3B. Heat map colors indicate gene expression patterns in telomere-
elongated (i.e. TERRA signal-enhanced) cells. (E) Hierarchical cluster analysis (Pearson centered, average linkage) using 41 identified genes in G4-forming

oligonucleotide-transfected cells (left) as shown in Figure 3B. Heat map colors indicate gene expression patterns in G4-forming oligonucleotide-transfected
cells.
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Figure 4. G4-induced suppression signature (G4SS) and its global association with human cancer. (A) Identification of G4SS genes affected by both G4-
forming oligonucleotide transfection in 3D culture and telomere elongation in in vivo xenografts with expression changes >2.0-fold. (B) Gene ontology
(GO) analysis of G4SS genes. Enriched GO categories were sorted by increasing P value (a total of 54 675 probe sets, P < 0.0001, Fisher’s exact test).
All enriched categories were related to the innate immune system. (C) Disease summary of 18 G4SS genes using the Oncomine database, which indicates
the number of significant unique microarray results with changes of >2.0-fold (P < 1E-7 by the two-tailed -test) with increased (red) or decreased (blue)
expression in tumors relative to normal tissues.

form four-stranded G-quadruplexes, which would inter-
rupt intermolecular hybridization with this control oligonu-
cleotide. Thus we consider that the control RNA (uuaccc)®
oligonucleotide has only a negligible effect, if any, on en-
dogenous TERRA. Indeed, no differences were observed in
the innate immune gene expression between control RNA
and no oligonucleotide-transfected cells in 3D culture con-
ditions (Figure 2B).

Strikingly, this suppression was similarly induced by the
nontelomeric G-rich DNA aptamer AS1411. CD spectra of
telomeric RNA and AS1411 indicated that both oligonu-
cleotides form G4 structures at least in vitro, which appear
to suppress the induction of specific innate immune genes
in cancer cells. Again, we speculate that the enhanced lev-
els of TERRA cause this suppression in telomere-elongated
cells in vivo. Although the longest telomeric oligonucleotide
examined in this study is 150mer, still shorter than the en-

dogenous TERRA, the former mimics the latter in terms of
its ability to form multiple (up to six) G4s within a molecule.

Genome-wide microarray analyses showed that G4-
forming oligonucleotides induced specific and very simi-
lar expression patterns to those in telomere-elongated and
TERRA-overexpressing cancer cells (Figure 3). A com-
mon property of these nucleotides is their single-stranded
state and the presence of tandem arrays of G4-forming
sequences. Because the transcriptional alteration in G4-
forming oligonucleotide-transfected cells was induced with-
out telomere elongation, we reasoned that TERRA could
play a key role in the alteration of genome-wide gene expres-
sion in telomere-elongated cells through its G4 secondary
structure.

Nucleic acids often influence cellular gene expression and
innate immune systems. One example is the RNA inter-
ference or small interfering RNA machinery. Unmethy-



lated CpG DNA in the bacterial genome can be recog-
nized by Toll-like receptor (TLR) 9, which in turn acti-
vates genes of the innate immune system (28,29). Similarly,
foreign viral RNA can stimulate innate immune responses
through TLR3, TLR7, or RIG-I-like receptors (28). In this
study, three cancer cell lines upregulated the innate im-
mune genes without any nucleic acids in 3D culture con-
ditions (Figure 2B). Thus, this does not seem to be the
classical antiviral-type response to nucleic acids. Further-
more, our GeneChip microarray (Figure 3 and (13)) and
RT-gPCR (Figure 2B) analyses clearly indicate that the
oligonucleotides per se do not upregulate the innate im-
mune genes in 2D culture conditions. Meanwhile, the telom-
ere RNA and AS1411 DNA oligonucleotides inhibited (not
enhanced) the upregulation of those innate immune genes
(Figures 2B, 3 and 4): this is reminiscent to that telom-
eric repeats have ability to downregulate the bacterial CpG-
induced immune activation, where the suppression corre-
lates with G4 formation (29). Therefore, although the stim-
uli in 3D culture conditions are different from bacteria or
viruses, they may share the same activating pathway, which
is downregulated by the G4-forming oligonucleotides. Al-
though the underlying mechanism has not yet been ad-
dressed, Tseng et al. demonstrated by in-cell optical imag-
ing that exogenous G4-forming oligonucleotides, including
AS1411, localize mainly at the lysosomes and mitochon-
dria (6). Based on these observations, we propose that the
G4-forming sequence-mediated regulation of transcription
does not result from a direct effect on nuclear genomes but
occurs through G4 recognizing proteins such as nucleolin
(AS1411 putative target) (16,25) or TLS/FUS (TERRA pu-
tative target) (30).

ISG15, one of the three representative marker genes used
in this study, is located near the p-arm telomere of chromo-
some 1 (1p36.33). The ISG15 gene is the first human en-
dogenous gene that has been identified whose expression is
inversely correlated with telomere length (31). Since the ex-
pression of genes located between ISG15 locus and its dis-
tal telomere was not altered by telomere length, it seems
that the classical TPE is not involved in the regulation of
ISG15 expression (13,31). Recently, Robin et al. reported
a novel TPE mechanism, called ‘TPE over long distances’,
under which telomere length influences the gene expression
through the formation of chromatin loops (32). 3D-FISH
demonstrated that ISG15 gene and the telomeric end of
the same chromosome arm are adjacent in cells with long
telomeres and separated in cells with short telomeres (32).
The G4-forming sequences, including TERRA, may regu-
late the expression of ISG15 (and many other genes, such
as G4SS genes) through the formation of chromatin loop
structure.

Our meta-analysis using the Oncomine database revealed
that most of the G4SS genes were overexpressed in vari-
ous malignant tumors (Figure 4C). These findings suggest
that G4-forming sequences may possess some tumor sup-
pressive potential. Indeed, our previous studies showed that
telomere elongation induces cancer cell differentiation in
vivo (13). In clinical settings, well-differentiated tumors of-
ten have a good prognosis. Moreover, AS1411 is the first
oligodeoxynucleotide aptamer to reach phase II clinical tri-
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als for treatment of relapsed or refractory acute myeloid
leukemia, and for renal cell carcinoma (25).

Because of its ability to form noncanonical four-stranded
structures, G4-forming motifs on nuclear double-stranded
genomic sequences are thought to inhibit DNA replication
by interrupting DNA polymerases, and to regulate tran-
scription by switching RNA polymerases (5). Meanwhile,
our findings demonstrate that TERRA, single-stranded en-
dogenous transcripts and exogenous G4-forming oligonu-
cleotides alter specific gene expression at distinct intracellu-
lar sites from the nuclear genome in human cancer cells in
vivo and in 3D culture conditions. These results indicate that
single-stranded RNAs containing the G4-forming sequence
may have physiological significance. In particular, the G4-
forming sequence is highly conserved among most eukary-
otic organisms, while TERRA (and its template telomeres)
repeat sequences can form many G4 structures. In conclu-
sion, we propose a new model for the role of G4-forming
RNAs, including TERRA, that influence eukaryotic cellu-
lar behaviors through the regulation of gene expression.
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