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RNA-dependent RNA polymerase (RdRP) plays key roles in RNA silencing to generate double-stranded RNAs. In model organ-
isms, such as Caenorhabditis elegans and Neurospora crassa, two types of small interfering RNAs (siRNAs), primary siRNAs and
secondary siRNAs, are expressed; RdRP produces secondary siRNAs de novo, without using either Dicer or primers, while pri-
mary siRNAs are processed by Dicer. We reported that human telomerase reverse transcriptase (TERT) has RdRP activity and
produces endogenous siRNAs in a Dicer-dependent manner. However, de novo synthesis of siRNAs by human TERT has not
been elucidated. Here we show that the TERT RdRP generates short RNAs that are complementary to template RNAs and have
5=-triphosphorylated ends, which indicates de novo synthesis of the RNAs. In addition, we confirmed short RNA synthesis by
TERT in several human carcinoma cell lines and found that TERT protein levels are positively correlated with RdRP activity.

Telomerase reverse transcriptase (TERT) is known as the cata-
lytic subunit of telomerase and is expressed at high levels in

cancer cells but only at low levels in normal human somatic cells.
TERT elongates telomeres by its RNA-dependent DNA polymer-
ase (RdDP) activity, using the telomerase RNA component
(TERC) as the template. TERT and TERC assemble and form tel-
omerase; however, there is a population of TERT proteins that are
not assembled into the telomerase complex (1). Several lines of
evidence indicate that TERT plays roles independent of telomere
maintenance; therefore, nonassembled TERT may be involved in
complexes other than telomerase.

RNA silencing is a sequence-specific gene regulatory mech-
anism mediated by double-stranded RNAs (dsRNAs). RNA-
dependent RNA polymerase (RdRP) is a key player in RNA
silencing, and the polymerase is found in a variety of organ-
isms, including fungi, plants, and worms (2). Although insects
and mammals lack sequence homologues of cell-encoded
RdRPs, phylogenetic and structural analyses of TERT revealed
that TERT is closely related to RdRPs of RNA viruses as well as
to retroviral RdDPs (3). In fact, we found that TERT generates
dsRNA in a primer-dependent manner and works as an RdRP
by a mechanism similar to that for cell-encoded RdRPs (4, 5).
Both viral RdRPs and cell-encoded RdRPs transcribe single-
stranded RNA (ssRNA) from template RNA, not only in a
primer-dependent manner but also in a primer-independent
manner. However, primer-independent initiation of RNA syn-
thesis by TERT, a human RdRP, remains to be elucidated.

To analyze the characteristics of the RdRP activity of human
TERT, we established an in vitro RdRP assay in which we ana-
lyzed the RdRP activity of TERT immune complexes immuno-
precipitated from cell lysates by use of an anti-human TERT
monoclonal antibody (MAb) (IP-RdRP assay) (5). Here we
investigated the detailed characteristics of RNAs processed
through the IP-RdRP assay. The results indicate that TERT
RdRP produces short RNAs in a primer-independent manner.
The relationship between TERT protein levels and the RdRP
activity of TERT was further confirmed in various carcinoma
cell lines.

MATERIALS AND METHODS
Reagents. The following reagents were used for the IP-RdRP assay: cOm-
plete EDTA-free protease inhibitor cocktail (Roche), 3=-dATP (TriLink
BioTechnologies), 3=-dCTP (TriLink BioTechnologies), 3=-dGTP (Tri-
Link BioTechnologies), 3=-dUTP (TriLink BioTechnologies), �-rubro-
mycin (Enzo Life Sciences), VX-222 (Selleckchem), and �-amanitin (Na-
calai Tesque). Pefabloc SC [4-(2-aminoethyl)benzenesulfonyl fluoride
hydrochloride] (AEBSF; Roche) was used for IP followed by the telomeric
repeat amplification protocol (IP-TRAP assay).

Antibodies. Anti-human TERT MAbs (clones 10E9-2 and 2E4-2)
were generated as reported previously (5). Briefly, sense and antisense
oligonucleotides corresponding to 304 to 460 amino acids of human
TERT were cloned into the plasmid pET-30a(�) (Novagen). A recombi-
nant carboxyl-terminally His-tagged TERT protein containing 157 amino
acids (positions 304 to 460) was overexpressed in Escherichia coli and
purified with a nickel-agarose column. Recombinant purified TERT was
used as an immunogen to stimulate production of anti-human TERT
MAbs in mice by using standard methodologies (5). A sequential screen-
ing strategy was used to identify hybridomas producing anti-human
TERT MAbs.

Primary antibodies used for immunoblotting were as follows: an anti-
phospho-histone H3 (Ser10) polyclonal antibody (06-570; Millipore), an
anti-SNAIL polyclonal antibody (ab17732; abcam), an anti-human
TWIST mouse MAb (clone Twist2C1a; Bio Matrix Research), and an
anti-�-actin mouse MAb (clone AC-15; Sigma-Aldrich). The following
antibodies were used for immunofluorescence analysis: an anti-human
TERT MAb (clone 2E4-2), an anti-TRF2 polyclonal antibody (IMG-
148A; Imgenex), an anti-human Ki-67 antigen mouse MAb (clone MIB-1;
Dako), Alexa Fluor 488-conjugated donkey anti-mouse IgG(H�L) (Life
Technologies), and Alexa Fluor 568-conjugated donkey anti-goat
IgG(H�L) (Life Technologies).
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Peptide array. A peptide array was created as described previously (5).
Seventy-five peptides derived from a truncated version of human TERT
(304 to 460 amino acids) were covalently bound to a continuous cellulose
membrane. The panel of peptides was then probed with an anti-human
TERT MAb (clone 2E4-2), and bound antibody was detected using a Pep
spot assay (Funakoshi) according to the manufacturer’s protocol.

Cell culture, mitotic cell synchronization, and transfection of small
interfering RNAs (siRNAs). The human cervical carcinoma cell line
HeLa, the simian virus 40 (SV40)-transformed human embryonic kidney
cell line 293T, and the human hepatocellular carcinoma (HCC) cell lines
HepG2, HLE, and HLF were cultured in Dulbecco’s modified Eagle’s me-
dium (DMEM) supplemented with 10% heat-inactivated fetal bovine se-
rum (IFS). The human ovarian carcinoma (OC) cell lines were cultured as
follows: RMG-I cells were cultured in Ham’s F-12 medium supplemented
with 10% IFS, TOV-21G cells were cultured in MCDB105-medium 199
(1:1) supplemented with 10% IFS, and PEO1 and PEO14 cells were cul-
tured in RPMI 1640 medium supplemented with 10% IFS and 2 mM
sodium pyruvate (Gibco).

Mitotic cell synchronization was performed as described previously
(5). Briefly, cells were switched to medium containing 2.5 mM thymidine
(Nacalai Tesque) and incubated for 24 h. Six hours after release, cells were
incubated in medium containing 0.1 �g/ml nocodazole (Invitrogen) for
14 h. After shake-off, mitotic cells were retrieved. For suppression of
TERT expression (see Fig. 2C, D, and G), HeLa cells were transfected with
siRNAs by use of Lipofectamine 2000 (Invitrogen). After 48 h of incuba-
tion, cells were treated with 0.1 �g/ml nocodazole (Invitrogen) for 16
h. 293T cells were transfected with siRNAs by use of Lipofectamine
2000 (Invitrogen) twice, with the transfections separated by 48 h, and
cells were harvested 24 h after the second transfection. The sequences
used for the indicated siRNAs were as follows (6): 5=-GUGUCUGUG
CCCGGGAGAATT-3= and 5=-UUCUCCCGGGCACAGACACTT-3=
for TERT siRNA 1 and 5=-GCAUUGGAAUCAGACAGCATT-3= and
5=-UGCUGUCUGAUUCCAAUGCTT-3= for TERT siRNA 2. Mission
siRNA universal negative control 1 (Sigma-Aldrich Japan) was used as
a negative control (NC).

MTT assay. Cells were seeded in 96-well dishes at 2.5 � 103 cells/well.
After 96 h of incubation, the amount of viable cells was quantified using a
cell proliferation kit I [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide (MTT) assay] (Roche) according to the manufactur-
er’s protocol.

Immunofluorescence. HeLa cells were seeded in 8-well CultureSlides
(BD Falcon) at 1.5 � 104 cells/well 1 day before transfection. TERT-
specific siRNAs (TERT siRNA 1 and TERT siRNA 2) or Mission siRNA
universal negative control 1 (Sigma-Aldrich Japan) was transfected twice,
with the transfections separated by 48 h, by use of Lipofectamine 2000
(Invitrogen). Cells were fixed for immunofluorescence staining 48 h after
the second transfection.

To synchronize HeLa cells in S phase, 1.4 � 104 HeLa cells/well were
seeded in 8-well CultureSlides (BD Falcon) and treated with 2 mM thy-
midine (Nacalai Tesque) for 14 h. Eleven hours after release, cells were
incubated with 2 mM thymidine (Nacalai Tesque) again for 14 h. Four
hours after release, cells were fixed for immunofluorescence analysis.

Immunofluorescence staining was performed as described previously
(5). The cells were observed by fluorescence microscopy (IX-81 micro-
scope without DSU disk; Olympus), spinning disk confocal microscopy
(IX-81 microscope with DSU disk; Olympus), or confocal microscopy
(Fluoview FV10i microscope; Olympus).

Silkworm pupae overexpressing recombinant human TERT
(rTERT). Human TERT was expressed in the silkworm-baculovirus sys-
tem produced by ProCube (Sysmex Corp.). The TERT gene was inserted
into a transfer vector (Sysmex Corp.), based on the pUC19 vector, for
Bombyx mori nucleopolyhedrovirus (BmNPV). This transfer vector was
cotransfected with baculovirus DNA (BmNPV CPd strain) (7) into a
Bombyx mori-derived cell line (BmN) (8). After 7 days of incubation, the
recombinant baculovirus was injected into the bodies of silkworm pupae,

which were harvested 6 days after infection. In total, 5 ml of homogeni-
zation buffer (20 mM Tris-HCl [pH 7.4], 150 mM NaCl, 0.5% NP-40, 1
mM phenylmethylsulfonyl fluoride [PMSF], 1 mM dithiothreitol [DTT],
and phenylthiourea) was added per pupa, and pupae were homogenized
using an SH-IIM homogenizer (Elmex). The homogenates were immedi-
ately centrifuged at 100,000 � g at 4°C for 1 h. The supernatants, contain-
ing TERT proteins, were collected and used for the IP-immunoblot (IP-
IB) and IP-RdRP assays.

Partial purification of rTERT. Twenty milligrams of silkworm lysate
overexpressing rTERT was incubated with 40 �l of anti-FLAG M2–aga-
rose (Sigma) overnight at 4°C. The beads were washed three times with
lysis buffer A (0.5% NP-40, 20 mM Tris-HCl [pH 7.4], and 150 mM NaCl)
and eluted with FLAG peptides (Sigma). The eluate was then incubated
with 10 �g of an anti-human TERT MAb (clone 10E9-2) and 40 �l of
Pierce protein A plus agarose (Thermo Scientific) overnight at 4°C to
obtain partially purified rTERT.

IP-IB assay of TERT. For human cell lines, 1 � 107 cells were lysed in
1 ml of lysis buffer A. After sonication, lysates were cleared of insoluble
material by centrifugation at 21,000 � g at 4°C for 15 min. One milliliter
of lysate was preabsorbed with 40 �l of Pierce protein A plus agarose for 30
min at 4°C. Preabsorbed lysate was mixed with 10 �g of an anti-human
TERT MAb (clone 10E9-2) and 40 �l of Pierce protein A plus agarose and
incubated overnight at 4°C. Immune complexes were washed three times
with lysis buffer A, eluted in 2� SDS loading buffer (2% �-mercaptoeth-
anol, 20% glycerol, 4% SDS, and 100 mM Tris-HCl [pH 6.8]), and then
subjected to SDS-PAGE on 8% polyacrylamide gels. An anti-human
TERT MAb (clone 2E4-2) and MouseTrueBlot Ultra (eBioscience) were
used for immunoblotting.

The amount of immunoprecipitated TERT proteins was estimated by
SDS-PAGE after Coomassie brilliant blue staining against bovine serum
albumin (BSA). With 10 �g of an anti-human TERT MAb (clone 10E9-2),
66 ng of rTERT was obtained from a lysate containing 20 mg of protein.
ImageJ software was used to quantify the amounts of endogenous TERT
proteins on the immunoblots.

Synthetic RNAs. Synthetic RNAs used as templates for the IP-RdRP
assay were as follows: RNA 1, 5=-GGGAUCAUGUGGGUCCUAUUACA
UUUUAAACCCA-3=, and RNA 2, 5=-GGGUUUAAAAUGUAAUAGGA
CCCACAUGAUCCCA-3=. The synthetic RNAs had hydroxyl groups at
both the 5= and 3= ends. There are no sequences identical to that of either
RNA 1 or RNA 2 in the human or Bombyx mori genome. A 3=-fold-back
structure was not predicted for RNA 1 or RNA 2 (9). Synthetic RNAs were
reported as templates for RNA polymerization by Q� replicase, a virus-
encoded RdRP (9).

IP-RdRP assay. The IP-RdRP assay was performed as described pre-
viously (5). For IP-RdRP assay of human cell lines, 1 � 107 cells were lysed
in 1 ml of lysis buffer A. After sonication, lysates were cleared of insoluble
material by centrifugation at 21,000 � g at 4°C for 15 min. One milliliter
of lysate, prepared from either cell cultures or silkworm pupae, was pre-
absorbed with 40 �l of Pierce protein A plus agarose for 30 min at 4°C. The
preabsorbed lysate was mixed with 10 �g of an anti-human TERT MAb
(clone 10E9-2) and 40 �l of Pierce protein A plus agarose and incubated
overnight at 4°C. Immune complexes were washed four times with 1�
acetate buffer (10 mM HEPES-KOH [pH 7.8], 100 mM potassium acetate,
and 4 mM MgCl2) containing 10% glycerol, 0.1% Triton-X, and 0.06�
cOmplete EDTA-free protease inhibitor cocktail and once with AGC so-
lution {1� acetate buffer containing 10% glycerol and 0.02% 3-[(3-chol-
amidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS)} con-
taining 2 mM CaCl2. The bead suspension was treated with 0.25 U/�l
micrococcal nuclease (MNase) at 25°C for 15 min. Immunoprecipitates
were subsequently washed twice with AGC solution containing 3 mM
EGTA and once with 1� acetate buffer containing 0.02% CHAPS. Finally,
40 �l of reaction mixture was prepared by combining 20 �l of the bead
suspension, 6 �l of [�-32P]UTP (3,000 Ci/mmol) or [�-32P]ATP (3,000
Ci/mmol), 25 ng/�l (final concentration) of RNA template, and supple-
ments and was incubated at 32°C for 2 h. The final concentrations of
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ribonucleotides were 1 mM ATP, 0.2 mM GTP, 10.5 �M UTP, and 0.2
mM CTP. The resulting products were treated with proteinase K to stop
the reaction, purified several times with phenol-chloroform until the
white interface disappeared, and precipitated using ethanol. For the UTP
incorporation assay, RdRP products were treated with RNase I (2 U; Pro-
mega) at 37°C for 2 h to digest ssRNAs, followed by proteinase K treat-
ment, phenol-chloroform purification, and ethanol precipitation. The IP-
RdRP products were electrophoresed in a 10% polyacrylamide gel
containing 7 M urea and detected by autoradiography. The amounts of
products were compared by densitometry (ImageJ). The amount of prod-
uct generated with nocodazole-treated HeLa cells was used for normaliza-
tion.

IP-TRAP assay. For the TRAP assay using immunoprecipitated
TERT, the TERT protein was immunoprecipitated as described for the
IP-RdRP assay, without sonication. Immune complexes were washed
three times with lysis buffer A and then suspended in 35 �l of TRAP lysis
buffer (pH 7.5) (10 mM Tris-HCl, 1 mM MgCl2, 1 mM EGTA, 0.5%
CHAPS, 10% glycerol, 100 �M Pefabloc SC, and 0.035% 2-mercaptoeth-
anol). The TRAP assay was performed with 2 �l of the suspension as
described previously (5).

RT-qPCR. A cell lysate of nocodazole-treated HeLa cells was prepared
as described for the IP-RdRP assay, and total RNA was extracted from the
lysate by use of acid phenol-CHCl3 (Ambion) followed by ethanol precip-
itation. The TERT immune complex was immunoprecipitated from the
cell lysate, treated with MNase, and washed as described for the IP-RdRP
assay. Total RNA was then extracted from the TERT immune complex by
use of TRIzol reagent (Invitrogen) according to the manufacturer’s in-
structions. Reverse transcription was performed using PrimeScript re-
verse transcriptase (RT; TaKaRa) with pd(N)6 random hexamers (GE
Healthcare). A TaqMan gene expression assay (Hs03454202_s1; Applied
Biosystems) was used for quantitative PCR (qPCR) analysis of TERC.

Next-generation sequencing. Ten batches of IP-RdRP products were
pooled into one library for efficiency. The library for deep sequencing of
IP-RdRP products was constructed using a NEBNext multiplex small
RNA library prep set for Illumina sequencing (New England BioLabs)
essentially according to the manufacturer’s instructions. Libraries were
sequenced using a HiSeq 2000 sequencer (Illumina).

Ten batches of IP-RdRP products and the 3= SR adaptor for Illumina
sequencing were mixed and denatured at 98°C for 1 min. Thereafter, 3=
adaptor ligation was performed using the denatured mixture, 3= ligation
reaction buffer, and 3= ligation enzyme mix at 25°C for 1 h. Half the
amount (0.5 �l) of SR RT primer for Illumina sequencing was added to
the mixture, and then the mixture was denatured at 98°C for 1 min. To
remove pyrophosphate from the 5= ends of triphosphorylated RNA, the
RNA mixture was incubated with RNA 5= pyrophosphohydrolase (RppH)
(New England BioLabs) and simultaneously incubated with 5= SR adaptor
for Illumina sequencing, 5= ligation reaction buffer, and 5= ligase enzyme
mix for 5= adaptor ligation at 25°C for 1 h. After the rest of the SR RT
primer for Illumina sequencing was added, the mixture was denatured at
70°C for 2 min, and then reverse transcription and 12 PCR cycles were
performed according to the manufacturer’s protocol. The PCR products
were purified by PAGE extraction, and six additional PCR cycles were
performed to obtain sufficient amounts of products for sequencing with a
HiSeq 2000 instrument.

Adapter sequences were identified and removed from sequencing
reads for all libraries. Sequences of 6 nucleotides (nt) or longer were
aligned to the RNA templates (RNA 1 and RNA 2) used for the IP-RdRP
assay by using the blastn program of NCBI BLAST (version 2.2.28�).

Immunoblotting. Immunoblot analysis was performed as described
previously (5).

Statistics. Simple regression analyses were performed using Statcel3
software (OMS Publishing). P values of �0.05 were considered signifi-
cant.

RESULTS
Endogenous TERT is related to RdRP activity as well as telome-
rase activity. We reported previously that TERT protein expres-
sion is enriched in the mitotic phase in HeLa cells (5). To immu-
noprecipitate and detect endogenous TERT, we generated a series
of anti-human TERT MAbs (clones 10E9-2 [5] and 2E4-2) (Fig. 1)
(5). We performed immunoprecipitation (IP) with clone 10E9-2
followed by immunoblotting with clone 2E4-2 and confirmed that
TERT protein expression was enriched in HeLa cells treated with
nocodazole, in concordance with our previous report (5) (Fig.
2A). To investigate the detailed mode of action of RdRP activity by
TERT, we modified the original IP-RdRP assay (5) by using a
chemically synthesized RNA of 34 nt (RNA 1), which is more
uniform than RNAs transcribed by T7 or SP6 RNA polymerases in
vitro, as the template. Production of radioactive products was ob-
served specifically in HeLa cells treated with nocodazole (Fig. 2B).
This result suggested that RNA 1 would be utilized as a template
for TERT RdRP activity and that endogenous TERT detected by
immunoblotting would be responsible for the product synthesis.
To further validate the specificity of the antibodies, expression of
endogenous TERT in HeLa and 293T cells was suppressed by use
of TERT-specific siRNAs, and IP (clone 10E9-2) followed by im-
munoblotting (clone 2E4-2) (Fig. 2C) and the telomerase assay
(Fig. 2D) was performed. Suppression of TERT expression by
TERT-specific siRNAs eliminated the TERT protein signal in im-
munoblots (Fig. 2C) and the telomerase activities (Fig. 2D) for
both cell lines. The results demonstrate that endogenous TERT is
immunoprecipitated by clone 10E9-2 and detected by clone
2E4-2. The specificity of clone 2E4-2 was further confirmed by
immunocytochemistry. Distinct nuclear staining, which was di-
minished by use of TERT-specific siRNAs, was observed in HeLa
cells stained with clone 2E4-2 (Fig. 2E). In addition, the nuclear
staining was colocalized with TRF2 in HeLa cells synchronized at
S phase (Fig. 2F). The immunofluorescence results again demon-
strated specific detection of endogenous TERT by clone 2E4-2.
Furthermore, TERT-specific siRNAs eliminated the IP-RdRP
products (Fig. 2G), indicating that the radioactive products were
produced by TERT.

De novo RNA synthesis by TERT RdRP. To determine
whether the products found in the IP-RdRP assay were indeed
RNA strands produced by polymerase activity, we investigated
the requirement for ribonucleotides in this assay. Exclusion of
ribonucleotides abolished almost all the products found in the
IP-RdRP assay for HeLa cells treated with nocodazole (Fig.
3A). Production was also inhibited by 3=-deoxyribonucleotide
5=-triphosphates (3=-dNTPs), a type of chain-terminating ri-
bonucleotides, in a dose-dependent manner (Fig. 3B). These
results indicate that all four types of ribonucleotide triphos-
phates are required to synthesize the IP-RdRP products and
that the products are not generated by the terminal transferase
activity (10) but by the polymerase activity.

We next investigated whether RdRP activity of TERT is re-
sponsible for RNA synthesis. First, we performed the IP-RdRP
assay with either a telomerase inhibitor (�-rubromycin) (11) or
dimethyl sulfoxide (DMSO; control). We previously confirmed
that �-rubromycin inhibits telomerase activity (5), and as shown
in Fig. 3C, RNA synthesis in this assay was remarkably inhibited by
�-rubromycin. We next used VX-222, an RdRP inhibitor for
NS5B of hepatitis C virus (HCV) (12). VX-222 fully inhibited
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RNA synthesis, while the same amount of VX-222 did not affect
telomerase activity (Fig. 3D). These results strongly suggest that
the TERT RdRP produces RNAs in the IP-RdRP assay. RNA poly-
merase II (Pol II) is reportedly responsible for RdRP activity in
Saccharomyces cerevisiae (13) and mice (14); therefore, we ex-
cluded the possibility that Pol II is responsible for RNA produc-
tion in this assay. For this purpose, we performed the IP-RdRP
assay with �-amanitin, a well-characterized Pol II inhibitor. We
found no effects of �-amanitin on RNA synthesis (Fig. 3E), which
suggests that Pol II is not responsible for RNA synthesis in this
assay. Taken together, our results confirmed that human TERT
synthesizes short RNAs through its RdRP activity.

We next investigated how short RNAs are synthesized by TERT
RdRP. Since no primers were provided as supplements in our
IP-RdRP assay and the 3=-fold-back structure was not predicted
for the template RNA 1 (9), short RNA synthesis in the IP-RdRP
assay was assumed to be primer independent (de novo). RNA spe-
cies synthesized de novo carry characteristic 5=-triphosphate ter-
mini, while siRNAs cleaved by Dicer bear monophosphorylated 5=
ends (15–17). To determine whether the short RNA products have
a 5=-triphosphate structure, we performed the IP-RdRP assay with
[�-32P]ATP, which specifically labels products with 5=-triphos-
phate termini (17). We found radioactive IP-RdRP products spe-
cifically in HeLa cells treated with nocodazole (Fig. 3F). The
lengths of the products were identical to those observed in the

IP-RdRP assay using [�-32P]UTP (Fig. 2B). This result indicates
the de novo synthesis of RNA species by TERT RdRP in the assay.

As described above, there are two populations of TERT pro-
teins: those that assemble with TERC and those that do not (1). To
examine whether TERC plays any roles in de novo RNA synthesis,
we monitored the TERC level in immune complexes prepared for
the RdRP assay. As shown in Fig. 3G, we were unable to detect
TERC in the TERT immune complexes used for the RdRP assay,
suggesting that TERT synthesized the RNAs independently of
TERC.

Some types of small silencing RNAs demonstrate a character-
istic bias in the arrangement of residues as well as in their length.
To clarify the characteristics of the primary structure of RNAs
synthesized by TERT RdRP, we investigated these RNAs by deep
sequencing. We first analyzed IP-RdRP products of rTERT pro-
duced by silkworm pupae (Bombyx mori) to elucidate the funda-
mental characteristics of TERT RdRP products. We partially pu-
rified rTERT from silkworm pupae by IP with clone 10E9-2 and
then performed the RdRP reaction (Fig. 4A). Intriguingly, rTERT
demonstrated a remarkable template RNA preference in the RdRP
reaction. Specifically, rTERT effectively produced RNAs from
template RNA 1 but not from template RNA 2 (Fig. 4A). rTERT
and template RNA 2 did not synthesize any RNA products; there-
fore, we used this combination as a negative control (NC) and
prepared two sets of IP-RdRP products for deep sequencing: the
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FIG 1 Confirmation of the specificity of anti-human TERT MAbs. (A) Peptides used to map the TERT epitope (5). The truncated version of human TERT
(amino acids [a.a.] 304 to 460) used to generate MAbs was divided into 75 peptides. (B) Epitope mapping for clone 2E4-2 by use of the peptide array. Numbers
indicate specific peptides.
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FIG 2 Enzymatic activities of endogenous TERT. Endogenous TERT was immunoprecipitated from HeLa and 293T cells by use of an anti-human TERT MAb
(clone 10E9-2). An anti-human TERT MAb (clone 2E4-2) was used for immunoblotting. (A) IP-IB of endogenous TERT. HeLa cells were treated with
nocodazole (manipulated) or DMSO (unmanipulated). The signals at 	52 kDa indicate heavy chains of IgG. (B) IP-RdRP assay using HeLa cells treated
with nocodazole or DMSO. [�-32P]UTP and a synthetic RNA (RNA 1) were used. (C and D) HeLa cells treated with nocodazole or 293T cells were transfected
with TERT-specific (TERT siRNA 1 and TERT siRNA 2) or NC siRNA. (C) IP-IB of endogenous TERT. The signals at 	52 kDa indicate heavy chains of IgG. (D)
IP-TRAP assay. IC, internal control. (E) Immunofluorescence of HeLa cells transfected with TERT-specific (TERT siRNA 1 and TERT siRNA 2) or NC siRNA.
TERT was immunostained with an anti-human TERT MAb (clone 2E4-2). (F) Colocalization of endogenous TERT with TRF2 in HeLa cells. An anti-human
TERT MAb (clone 2E4-2) and an anti-TRF2 antibody were used for staining. DAPI, 4=,6-diamidino-2-phenylindole. (G) IP-RdRP assay using [�-32P]UTP and
synthetic RNA (RNA 1). HeLa and 293T cells were prepared in the same way as that for panels C and D.
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FIG 3 TERT RdRP generates short RNA strands de novo. The IP-RdRP assay was performed with HeLa cells treated with nocodazole, using [�-32P]UTP (A to
E) or [�-32P]ATP (F). Synthetic RNA (RNA 1) was used as a template. (A) IP-RdRP assay. All four types of ribonucleotides (control) or rUTP alone [rNTP (
)]
was added. (B) Supplemented ribonucleotides in the IP-RdRP assay were replaced by 3=-dNTPs at the indicated concentrations. (C) Suppression of RNA
synthesis by a telomerase inhibitor. �-Rubromycin was used as an inhibitor in the IP-RdRP assay. (D) Suppression of RNA synthesis but not telomerase activity
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products from RNA 1 (designated rTERT-RNA 1) and those from
RNA 2 (designated rTERT-RNA 2) (Table 1, library 1). For library
construction, we treated the IP-RdRP products with RppH (18) to
enable the ligation of 5= adapters to de novo-synthesized RNAs,
which have 5=-triphosphate ends (Fig. 4B). In total, 182 or 104

million sequences were obtained from each IP-RdRP product
(Table 1). Among them, sequences of 6 nt or longer were mapped
onto the template RNAs used in the IP-RdRP assay. The sequences
used for mapping were classified into five categories (type A to D
and “other”) (Table 1) according to their sequence identity or
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similarity to either template RNA or its complementary strand.
We specifically focused on type D sequences, which are completely
complementary to a part of the template RNA sequence. Because
the silkworm genome does not contain any sequences that are
nearly identical to RNA 1 or RNA 2, type D sequences found in
the libraries should be the antisense products of synthetic tem-
plate RNAs. Consistent with the IP-RdRP assay results (Fig. 4A),
the number of type D sequences was 14-fold higher in the rTERT-
RNA 1 set than in the rTERT-RNA 2 set (251,672 versus 17,945)
(Table 1). The length distribution of type D sequences traced the
features of the IR-RdRP assay (Fig. 4A and C); there was a pre-
dominance of rTERT-RNA 1 over rTERT-RNA 2, with the highest
counts for 	30-nt products, indicating successful library con-
struction for the IP-RdRP products. We next investigated if there
were any biases in residues at the 5= or 3= ends of type D sequences
(�20 nt) of the rTERT-RNA 1 set. In total, 88.3% of type D se-
quences in rTERT-RNA 1 possessed purine residues at their 5=
ends (A, 17.7%; G, 70.7%) (Fig. 5A and B). As for 3= ends, 84.6%
of type D sequences terminated with C, and 60.0% of them were
placed at the 5= end of template RNA 1 (Fig. 5A and C).

We next sequenced IP-RdRP products prepared from HeLa
cells treated with DMSO or nocodazole, using RNA 1 as the tem-
plate (DMSO-RNA 1 and nocodazole-RNA 1 of library 2) (Table
1). The sequencing library was constructed with RppH treat-
ment as indicated in Fig. 4B. It is noteworthy that nocodazole-
RNA 1 demonstrated a remarkably larger number of type D
sequences than DMSO-RNA 1 (4,287,182 versus 118,320) (Table
1). The results were consistent with the IP-RdRP assay using ra-
dioactivity (Fig. 2B and 3F). The size distribution of type D se-
quences indicated the specific production of 20- to 30-nt RNAs by
TERT, which was enriched in cells in the mitotic phase (Fig. 4D).
The human genome does not contain consecutive sequences of 19
nt or longer that are identical or complementary to template RNA
1. Therefore, we concluded that type D sequences of 19 nt or
longer were not due to contamination with cellular RNAs but
were the products of the IP-RdRP assay. Specifically, the products
were RNA strands newly synthesized by TERT RdRP, using RNA 1
as the template. We further investigated the 5= and 3= ends of type
D sequences (�20 nt) of nocodazole-RNA 1. Nocodazole-RNA 1
demonstrated an apparently different distribution of 5=-terminal

residues from that of rTERT-RNA 1: 68.0% of sequences started
with a purine residue (A, 33.9%; G, 34.1%), while 32.0% pos-
sessed a U at the 5= end (Fig. 5A and B). In addition to 5= ends, the
3= ends of type D sequences were more varied in nocodazole-RNA
1 than in rTERT-RNA 1 (Fig. 5A and C).

TERT protein levels correlate with RdRP activity. We found
an association between TERT protein levels and RdRP activity, as
well as telomerase activity, in both HeLa and 293T cells (Fig. 2). To
clearly demonstrate the relationship between TERT protein levels
and RdRP activity, the levels of rTERT protein (Fig. 6A) and its
RdRP activity (Fig. 6B) were analyzed in various amounts of silk-
worm lysate. The results indicate a significant positive correlation
between the level of rTERT and RdRP activity (Fig. 6C).

Since we were able to calculate the rTERT level and RdRP ac-
tivity in vitro, we monitored the TERT levels and RdRP activities
in human cancer cell lines. We first calculated that up to 1,500
molecules of TERT were expressed per HeLa cell, consistent with a
previous report (1). TERT protein levels and RdRP activities were
then analyzed in human ovarian carcinoma (OC) and hepatocel-
lular carcinoma (HCC) cell lines. TERT expression levels varied
among the cell lines (Fig. 6D and G); TERT protein levels obtained
from each IP were high (	30 ng) for HepG2 and HLE cells but low
(�1 ng) for TOV-21G and HLF cells. Short RNA products of the
IP-RdRP assay were found in OC and HCC cell lines with moder-
ate to high levels of TERT proteins (RMG-I, PEO1, PEO14,
HepG2, and HLE), while these products were almost absent in cell
lines with low levels of TERT (TOV-21G and HLF) (Fig. 6E).
Telomerase activity results were comparable to the RdRP product
results: moderate to high levels of telomerase activity were de-
tected in the cell lines with RdRP products, and telomerase activity
was very weak in the cell lines with little product (Fig. 6F). The
association between the levels of TERT proteins and RdRP prod-
ucts was in agreement with the results obtained using HeLa cells
treated with or without nocodazole (Fig. 2A and B), as well as with
the results for TERT suppression in both HeLa and 293T cells (Fig.
2C, D, and G). Simple regression analysis revealed a positive cor-
relation between levels of endogenous TERT protein and RdRP
activity (Fig. 6G). Taken together, these data suggest that TERT
protein levels are the rate-limiting factor for the RdRP activity.

We next examined characteristics of OC and HCC cell lines
and TERT protein/RdRP activity. We analyzed cell proliferation
as gauged by cell growth (Fig. 6H), Ki-67 expression (Fig. 6I), and
phospho-histone H3 (Ser10) levels (Fig. 6J) and metastatic poten-
tialities as gauged by the expression levels of epithelial-mesenchy-
mal transition (EMT)-related genes, such as SNAIL and TWIST1
(Fig. 6J). In these analyses, however, we were unable to find any
conclusive relationships between TERT protein/RdRP activity
and cell proliferation or EMT-related gene expression.

DISCUSSION

RNA polymerization by telomerase was first described for Tetra-
hymena (19). Using the telomerase RNA components as the tem-
plate, Tetrahymena telomerase incorporated rGTP as well as dTTP
to synthesize the chimeric product [d(TT)r(GGGG)]n, which was
complementary to the template RNA. DNA elongation from the
RNA primer by Tetrahymena telomerase was also described in the
same study (19), which indicated the competency of the enzyme to
bind dsRNAs. We previously reported an RNA primer require-
ment for synthesis of dsRNA by human TERT through its RdRP
activity (4). A fundamental difference between DNA and RNA

TABLE 1 Classification of sequences obtained by deep sequencinga

Sequence
typeb

No. of reads

Library 1 Library 2

rTERT-
RNA 1

rTERT-
RNA 2

DMSO-
RNA 1

Nocodazole-
RNA 1

A 1,159,555 14,776 31,355 8,804
B 39,340,949 43,335,025 93,651,643 54,932,629
C 0 0 0 0
D 251,672 17,945 118,320 4,287,182
Other 141,370,214 60,833,729 68,867,660 102,515,449
Total reads 182,122,390 104,201,475 162,668,978 161,744,064
a The RNA products of the IP-RdRP assay were analyzed by deep sequencing. The
obtained sequences (�6 nt) were mapped to the template sequence and classified into
five categories (type A to D and “other”), as indicated. The number of total reads
indicates the number of sequences used for mapping.
b Type A, completely identical to template RNA; type B, completely identical to a part
of the sequence of template RNA; type C, completely complementary to template RNA;
type D, completely complementary to a part of the sequence of template RNA.
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polymerases is that RNA polymerases do not necessarily require
primers to initiate nucleotide polymerization, while DNA poly-
merases do. Indeed, both viral RdRPs and cell-encoded RdRPs
initiate cRNA strand synthesis in either a primer-dependent or
-independent manner (15, 16, 20, 21). The biological significance
of primer-independent RNA polymerization by these RdRPs has
been demonstrated. For example, RdRPs of RNA viruses use a

primer-independent (de novo) initiation mechanism for complete
replication of their genomes (22, 23). RdRPs in Caenorhabditis
elegans, specifically RRF-1 and EGO-1, perform de novo synthesis
of 22-nt RNAs, known as secondary siRNAs, which contribute to
amplification of RNA silencing signals triggered by primary
siRNAs (15, 16). In this study, we confirmed the occurrence of de
novo RNA synthesis by the RdRP activity of TERT, suggesting that
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TERT shares common features with viral and cell-encoded RdRPs
in the initiation step of RNA polymerization and that there may be
unknown biological processes mediated by the de novo-synthe-
sized RNAs in human cells expressing TERT.

Functional small RNAs are often classified based on their
length and nucleotide bias. For instance, C. elegans expresses three
different classes of small RNAs: 26G-, 22G-, and 21U-RNAs (24,
25). The names of these RNAs reflect the size of each RNA and the
preference for a G or U residue at the 5= end. Among these RNA
classes, 22G-RNAs are secondary siRNAs synthesized de novo by
RdRP (25, 26). In addition to 22G-RNA in C. elegans, viral RdRPs
usually start de novo RNA synthesis with purine residues (22, 23).
Specifically, G is the most universal initiation nucleotide, and a
complementary C at or near the 3= terminus of the RNA template
is recognized as the initiation site by viral RdRPs (21). The RNA
templates used in this study have a 5=-CCCA-3= sequence at the 3=
end, and we found that 70.7% of cRNA strand synthesis in the
rTERT-RNA 1 set was initiated with G residues, most of which
were mapped on the 5=-CCCA-3= sequence. This result indicates
that TERT preserves the common property of RdRPs in priming
de novo RNA synthesis.

The preference for 5= purine residues in nocodazole-RNA 1,
however, was lower than that reported for RdRP of C. elegans
(RRF-1). In a sequencing analysis of the RNA products of RRF-1,
more than 90% of the products possessed a purine residue at the 5=
end (17). The proportion of 5= purines in nocodazole-RNA 1
(68.0%) was also lower than that in rTERT-RNA 1 (88.3%). Con-
versely, stringency in the initiation nucleotide would be relaxed in
endogenous TERT (nocodazole-RNA 1) compared to rTERT
(rTERT-RNA 1). These results imply that there is a mechanism(s)
that enhances the flexibility of de novo RNA synthesis by endoge-
nous TERT and thereby increases the diversity of RNA species
produced in human cells.

Increased TERT expression and subsequent telomerase activa-
tion are common features of human cancers. A recent study by
Borah et al. demonstrated that both TERT mRNA and protein
levels correlate strongly with telomerase activity in urothelial car-
cinoma cell lines (27). As a counterpart to research focusing on
telomerase activity, we analyzed the protein levels and RdRP ac-
tivity of endogenous TERT in OC and HCC cells in this study, and
we found that TERT protein levels were positively correlated with
RdRP activity. It will be important to revisit why most human
cancers express TERT based on the understanding that TERT is a
multifunctional protein; not only telomere maintenance by telo-
merase activity but also RNA regulation by RdRP activity would
be crucial for human carcinogenesis.

In the past decade, many different types of functional small
RNAs have been reported, and we now know that these RNA-
related pathways regulate diverse physiological and pathological
processes. As found in plants and worms, de novo synthesis of
RNAs by TERT RdRP might shed further light on the mechanism
underlying RNA silencing in human cells, especially malignant
cells. Given that the TERT expression level is critical for the carci-
nogenic process of various cancers (27–30), in addition to its au-
thentic telomerase activity, the RdRP activity of TERT might be a
novel promising molecular target for cancer treatment.
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