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ABSTRACT

TERC is an RNA component of telomerase. However,
TERC is also ubiquitously expressed in most hu-
man terminally differentiated cells, which don’t have
telomerase activity. The function of TERC in these
cells is largely unknown. Here, we report that TERC
enhances the expression and secretion of inflam-
matory cytokines by stimulating NK-�B pathway in
a telomerase-independent manner. The ectopic ex-
pression of TERC in telomerase-negative cells alters
the expression of 431 genes with high enrichment
of those involved in cellular immunity. We perform
genome-wide screening using a previously identified
‘binding motif’ of TERC and identify 14 genes that are
transcriptionally regulated by TERC. Among them,
four genes (LIN37, TPRG1L, TYROBP and USP16)
are demonstrated to stimulate the activation of NK-
�B pathway. Mechanistically, TERC associates with
the promoter of these genes through forming RNA–
DNA triplexes, thereby enhancing their transcription.
In vivo, expression levels of TERC and TERC target
genes (TYROBP, TPRG1L and USP16) are upregu-
lated in patients with inflammation-related diseases
such as type II diabetes and multiple sclerosis. Col-
lectively, these results reveal an unknown function
of TERC on stimulating inflammatory response and
highlight a new mechanism by which TERC modu-
lates gene transcription. TERC may be a new target
for the development of anti-inflammation therapeu-
tics.

INTRODUCTION

Human telomerase RNA component (TERC) is a 451 nt
long, noncoding RNA (lncRNA) that is an essential com-
ponent of telomerase. TERC serves as a template for re-
verse transcriptase TERT, which adds GGTTAG repeats to
chromosome ends (1). TERC is expressed in all telomerase

positive cells, including human stem cells and most cancer
cells (2,3). However, TERC is also ubiquitously expressed
in terminally differentiated human somatic cells, which do
not express TERT and therefore have no telomerase activ-
ity (4). The function of TERC in these cells remains largely
unknown. In telomerase positive cells, the level of TERC
is often higher than that required to form telomerase with
TERT (5,6). For telomerase negative cancers, termed alter-
native lengthening of telomeres (ALT) cancers, TERC is of-
ten detected, but TERT is lacking (7). TERC has been con-
sidered for a long time as a nonfunctional RNA waiting
for TERT to form active telomerase. However, recent dis-
coveries hypothesized that TERC may play a role beyond
telomerase. For instance, Gazzaniga et al. found that TERC
has telomerase independent anti-apoptotic functions in hu-
man T cells (8). In addition, it has been reported that TERC
is involved in regulating ATR-mediated DNA damage sig-
nals and in activation of DNA-PKcs that phosphorylates
hnRNP A1 in a telomerase independent manner (9,10).

LncRNAs may regulate gene expression in different ways.
For instance, lncRNAs can modulate the epigenetic status
of target genes, influencing their transcription (11). In addi-
tion, lncRNA may up- or downregulate gene transcription
in cis by associating with their promoters (12). In this sce-
nario, recent studies found that lncRNA-chromatin interac-
tion is highly sequence dependent with many ‘binding mo-
tifs’ exiting in lncRNA (13). It is thus proposed that using its
binding motif, lncRNA may hybridize with targeted genes
and regulate their transcription. Indeed, it has been demon-
strated that many lncRNA–DNA interactions are mediated
by formation of RNA–DNA triplexes (14–16). Although
the ‘binding motif ’ of TERC was identified years ago and it
is hypothesized that as a typical lncRNA, TERC may par-
ticipate in the regulation of gene transcription, whether and
how many genes are transcriptionally regulated by TERC
still remained elusive.

Here, we reported a new function of TERC as an
lncRNA. It stimulates the NF-�B pathway and increases
the expression and secretion of inflammation cytokines. By
screening the genome for potential TERC binding sites in
promoters, we identified 30 genes, of which four (LIN37,
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TPRG1L, TYROBP and USP16) were validated to be tran-
scriptionally regulated by TERC. Interestingly, these four
genes, including three first defined, were related to activa-
tion of NF-�B pathway and cellular inflammation. In ad-
dition, in vivo study showed that expression level of TERC
as well as its downstream genes TYROBP, TPRG1L and
USP16 were upregulated in patients with chronic inflam-
mation disease.

MATERIALS AND METHODS

Reagents

Antibodies to phosphorylated STAT3, STAT3, phosphory-
lated p65 and p65 were purchased from Beyotime (Shang-
hai, China). The AKT inhibitor perifosine, NF-�B cofac-
tor I�B inhibitor bay11-7082, and STAT3 inhibitor Stat-
tic were from EFEbio (Shanghai, China). LPS was from
Sigma. TNF-� was from PeproTech. ELISA kits for cy-
tokines were purchased from 4A Biotech (Beijing China).

Cell culture, vectors, and transfections

Cells were cultured in Dulbecco’s modified Eagle’s medium
(Gibco) with 10% fetal bovine serum, 100 U/ml penicillin
and 100 �g/ml streptomycin. To generate TERC stably
overexpressing cell line, 293T cells were transfected with
pBabe-TERC or empty pBabe plasmid and the retrovi-
ral packaging plasmids pCMV-VSV.G and pCMV-Gag-Pol
(Addgene) using calcium phosphate precipitation. The vi-
ral supernatants were collected 72 h after transfection, ul-
tracentrifuged at 40 000 rpm for 2h at 4◦C, and then used to
infect U2OS cells. Forty-eight hours later, cells were selected
with 2 �g/ml puromycin for 3 days. The retained cells were
cultured in 1 �g/ml puromycin to produce a polyclonal cell
population. The NF-�B luciferase plasmid was a gift from
Prof. Jun Cui at Sun Yat-sen University. Plasmid contains
a firefly luciferase gene driven by minimal TATA promoter
with NF-�B response elements.

SiRNAs were used to knock down genes. SiRNA trans-
fection was carried out with Lipofectamine RNAiMAX
(Invitrogen) according to the manufacturer’s instructions.
Experiments were performed 72 h after siRNA transfection.
The sequences of siRNAs are as follows: TERC si1: GUCU
AACCCUAACUGAGAAGG; TERC si2: CCGUUCAU
UCUAGAGCAAAC; Lin37 si1: GCAGCGAUCCAACA
CAUAU; Lin37 si2: CCAACACAUAUGUGAUCAA; SL
C26A1 si1: GCAACACCCAUGGCAAUUA; SLC26A1
si2: GCCUCUAUACGUCCUUCUU; TPRG1L si1: CC
AUUUCCUACGGAGAAUU; TPRG1L si2: GGAAUC
CCUGGUCUACCAA; TYROBP si1: GGUGCUGACA
GUGCUCAUU; TYROBP si2: UCCUUCACUUGCCU
GGACG; USP16 si1: CCAUGAGCCAGUUUCUUAA;
USP16 si2: GCAGAUGCUAAUUUCUCUU;

RNA sequencing and data analysis

The RNA sample preparation, sequencing and data anal-
ysis were performed as previously reported (17). The genes
with log2-fold change ≥2 or ≤–2 as well as FDR<0.01 were
considered up- or downregulated genes, respectively. The

Gene Ontology and KEGG pathway analyses were per-
formed for upregulated genes in TERC-U2OS cells using
the online tool DAVID (18,19).

Potential TERC binding site search in the promoter database

Promoter sequences of Homo sapiens were downloaded
from Eukaryotic Promoter Database (https://epd.vital-it.
ch/index.php) (20). Promoters containing at least 10 con-
tinuous nucleotides of ‘GGCCACCACCCC’ or its reverse
complement sequence were defined as potential binding
sites of TERC.

ChIRP-PCR assay

The ChIRP pull down assay was performed exactly as
previously reported (13,21) using odd probes of TERC and
lacZ. The product was detected by PCR with primers tar-
geting promoters containing potential TERC binding sites.
The potential target genes and PCR primer sequences are
as follows: Lin37: F 5’-TTGGTCAGGATGCGAGATT-
3’, R 5’-TCCTCCGCCTTTGGTTGT-3’; TPRG1L:
F 5’-GCAAGGCGGAGCCAATCG-3’, R 5’-
ACCCCTTACCGACCCCGAC-3’; TYROBP: F
5’-CAAGTGAAGGAGGAAGTCTGA-3’, R 5’-
CCTGATTCTTTCTTGGGTTTT -3’; USP16: F 5’-
TCAGAGCCGATGGTCCCG -3’, R 5’- CTCCGTCTTC-
CTCCTGGTGA -3’.

Electrophoretic mobility shift assay

Oligonucleotides were synthesized (Generay, China) and
annealed into dsDNA in binding buffer (10 mM Tris–HCl
pH7.4, 125 mM NaCl, 6 mM MgCl2). Oligonucleotides
were heated at 95◦C for 3 min and cooled down to 50◦C
with every 5◦C interval (90, 85, 80◦C...) helding for 3 min. In
vitro TERC transcription was performed using High Yield
Transcription Kit (Ambion), 450 nt Scramble sequence was
used as a control. 1pmol of dsDNA was incubated with dif-
ferent amounts of TERC in binding buffer for 2 h at 42◦C.
The samples were analyzed on 2% agarose gel at 4◦C.

Melting profiles

The ds-promoter segments of LIN37, TPRG1L, TYROBP
and USP16 (in Table 1) were formed and mixed with or
without TERC or TERC1–49nt at the ratio of 1:1 (mole).
The melting profile was obtained in q-PCR working buffer
containing SYSB green I in LightCycler 480 (Roche). Sam-
ples were incubated at 60◦C for 1 min, and then increased
to 95◦C at the rate of 2.5◦C/s. Fluorescence intensity was
detected at 0.2◦C interval.

ELISA and Western blotting

For detection of cytokine secretion, U2OS cells were treated
with 10 ng/ml TNF-�, whereas B2-17 cells were treated
with 1 �g/ml LPS for 6 h. The culture medium was collected
and cytokines were detected using corresponding ELISA
kits. For Western blotting, U2OS cells were treated with
or without TNF-� for indicated times. To inhibit NF-�B
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or STAT3 pathway, U2OS cells were treated with indicated
inhibitors for 6 h. The culture medium was collected for
ELISA analysis, and the cells were collected for Western
blotting.

TERC expression in clinical samples

Processed gene expression profiles of clinical samples
(GSE54350, GSE65561 and GES66988) were downloaded
from GEO database (Gene Expression Omnibus). Expres-
sion levels of TERC and its target genes were analyzed.

Mapping of TERC-ChIRP fragments to genome

TERC CHIRP-seq dataset was downloaded from published
article (13). The original dataset included 2198 fragments
located in hg18. These fragments were re-localized in hg19.
The nearest transcription start sites (TSSs) were identified.
The distance between fragment and TSS was calculated and
defined as “distance to TSS”.

Quantitative RT-PCR

Total RNA was isolated using TRIzol (Takara). Approxi-
mately 1 �g RNA per sample was used to generate cDNA
by reverse transcription. Real-time PCR was carried out
with q-PCR buffer containing SYBR Green I in Light-
Cycler 480 (Roche). All PCR primer sequences were from
PrimerBank (22).

Luciferase reporter assays

HEK293T cells were plated in 96-well plates ( 1×104

per well) and transfected with plasmids encoding NF-�B
luciferase reporter (firefly luciferase plasmid), pRL-TK-
luc (renilla luciferase plasmid) and pBabe-TERC (Full-
length TERC). For knockdown experiment, siTERC was
transfected into HEK293T cells. Cells were harvested at
48 h after transfection and luciferase activity was measured
with Dual-Luciferase Assay kit (Promega) according to the
protocol provided by manufacturer. The firefly luciferase in-
tensity of NF-�B reporter was first normalized to renilla
luciferase and then divided by corresponding control to ob-
tain a relative activity of NF-�B luciferase (Folds).

Immunofluorescence (IF)

Cells were grown on coverslip, washed with PBS and fixed in
4% paraformaldehyde for 15 min at room temperature, and
then permeabilized in 0.5% Triton X-100 at room tempera-
ture for 30 min. The cells were washed thrice with 1× PBST
and blocked with 5% goat serum for 1 h at room temper-
ature. The cells were incubated sequentially with anti-p65
antibody overnight at 4◦C and secondary antibody conju-
gated with DyLight 488 for 1 h at room temperature. The
coverslip was washed with PBST, mounted with DAPI, and
visualized using a Zeiss microscope.

RESULTS

TERC promotes cellular inflammatory response

To explore the biologic functions of TERC beyond serving
as a template for telomerase extension, we ectopically ex-
pressed TERC in telomerase negative U2OS cells in which
endogenous TERC was in the minutest amount and TERT
was undetectable. Differentially expressed genes were then
examined by RNA-seq. The result showed that 431 genes
were up- or downregulated with log2-fold change ≥2 or
≤–2, respectively (Supplementary Table S1). Upregulated
genes were then subjected to Gene Oncology (GO) anal-
ysis. Strikingly, 8 of 15 enriched GO terms were related
to immunology, including immune response, chemokine-
mediated signaling pathway, macrophage chemotaxis, and
inflammatory response (Figure 1A). Alternatively, when up-
regulated genes underwent KEGG pathway analysis, 22 out
of 28 KEGG terms were related to immunology such as im-
mune system, immune related diseases or inflammation re-
lated pathway (Figure 1B). These results strongly suggested
that TERC is involved in cellular immune in a direct or in-
direct manner.

To further explore this hypothesis, we stimulated TERC-
U2OS and control pBabe-U2OS cells with TNF-� and de-
tected the expression and secretion of inflammatory fac-
tors. The results showed that mRNA levels of five cytokines
(IL-6, IL-8, IL-32, TNF-� and CSF2) were upregulated in
TERC-U2OS compared to pBabe-U2OS (Figure 1C). Ac-
cordingly, secreted cytokines (IL-6, IL-8 and CSF2) in cul-
ture medium were also increased (Figure 1D). Conversely,
when TERC was depleted by siRNAs in human astrocy-
toma B2–17cells (siRNA with a scramble sequence was used
as a control), both the expression and secretion level of cy-
tokines significantly decreased (Figure 1E and F). Because
B2–17 are telomerase positive cells, to exclude the engage-
ment of telomerase in the inflammatory response, TERT
was knocked down (Figure 1G) and cytokine secretion was
determined. Our results showed that in contrast to knock-
down of TERC, depletion of TERT only slightly decreased
the secretion of CSF2 and had no effect on IL-6 and IL-8
(Figure 1F). To further confirm the role of TERC in the in-
flammatory response, TERC was knocked down in human
normal fibroblast BJ cells, which do not express TERT and
therefore do not have telomerase activity. We observed that
depletion of TERC significantly decreased secretion of IL-6,
IL-8 and CSF2 in response to immune stimulation (Figure
1H).

Activation of the NF-�B signaling pathway by TERC

The NF-�B signaling pathway plays a fundamental role in
inflammatory response, governing the release of inflamma-
tory factors (23). We noticed that NF-�B signaling path-
way was enriched by KEGG pathway analysis in TERC
overexpressing cells (Figure 1B). To explore whether TERC-
induced stimulation of inflammatory response is mediated
by NF-�B pathway, inhibitors of p65 cofactors I�B and
STAT3 (Bay11-7082 and Stattic, respectively) were used to
treat TERC-U2OS. Indeed, both Bay11-7082 and Stattic,
but not the AKT inhibitor perifosine, suppressed the in-
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Enriched GO terms of up-regulated genes after TERC overexpression
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Figure 1. TERC promotes inflammatory response. (A) Enriched biological processes after TERC overexpression. Gene ontology was analyzed for upregu-
lated genes in TERC-U2OS compared to pBabe-U2OS. GO terms in blue boxes were immune related biological processes. (B) Enriched signaling pathways
after TERC overexpression. KEGG pathway enrichment was analyzed with upregulated genes in TERC-U2OS compared to pBabe-U2OS. Different cate-
gories of pathways were boxed and labeled. (C) The mRNA levels of cytokines after TERC overexpression in U2OS cells. The stable cell lines pBabe-U2OS
and TERC-U2OS were stimulated with TNF-� for 1 h, and cells were collected for qPCR. (D) The secreted cytokines after TERC overexpression in U2OS
cells. The stable cell lines pBabe-U2OS and TERC-U2OS were stimulated by TNF-� for 6 h, and culture medium was collected for ELISA. (E) The mRNA
levels of cytokines after TERC knockdown in B2–17 cells. The cells were transfected with indicated siRNAs for 72 h and treated with LPS during the last
1 h of transfection. Cells were then collected for qPCR. (F) The secreted cytokines in B2–17 cells after TERC or TERT knockdown. Cells were transfected
with indicated siRNAs for 72 h and treated with LPS during the last 6 h of transfection. Culture medium was then collected for ELISA. (G) The knock-
down efficiency of TERT. The B2–17 cells were transfected with TERT siRNAs for 72 h, and cells were collected for qPCR. (H) The secreted cytokines
in BJ after TERC knockdown. Cells were transfected with indicated siRNAs for 72 h and treated with TNF-� during the last 6 h of transfection. Culture
medium was collected for ELISA. All values are means ± SEM of more than three independent experiments (*P < 0.05, **P < 0.01,***P < 0.001).
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Figure 2. TERC activates the NF-�B pathway. (A) Inhibition of NF-�B or STAT3 activation by inhibitors in TERC-U2OS. TERC-U2OS cells were treated
with inhibitors of AKT, I�B and STAT3 (Perifosine, Bay11–7082 and Stattic, respectively) for 6h, and cells were collected for Western blotting of indicated
proteins. (B-D) The TERC promotion of cytokine secretion was counteracted by inhibitors of p65 cofactors I�B and STAT3. Stable cell lines pBabe-
U2OS and TERC-U2OS were treated with TNF-� plus indicated inhibitor for 6 h, and culture medium was collected for IL-6, IL-8 and CSF2 detection
by ELISA. (E) Total and phosphorylated p65 were upregulated by TERC. PBabe-U2OS and TERC-U2OS cells were treated with TNF-� for indicated
times. Total and phosphorylated levels of p65 were determined by Western blotting. (F) Quantification of (E). Protein levels in (E) were quantified and
normalized by actin. (G) Inhibited nuclear translocation of p65 in TERC depleted cells. B2–17 cells were transfected with TERC siRNA or NC for 72
h and then treated with TNF-� (10 ng/ml) for 20 min. Immunofluorescence (IF) using p65 antibody was performed to determine the amount of p65 in
nucleus and cytoplasm. (H) Quantification of (G). Nuclear p65 (Fluorescence intensity) was quantified as a percentage of overall p65 in cell. ∼100 cells
were counted for each experiment. (I, J) NF-�B luciferase reporter assay for analysis of activation of NF-�B in TERC overexpressed (I) and depleted cells
(J). HEK293T cells were transfected with TERC/pBabe (I) or siTERC/NC (J) together with NF-�B-luc and pRL-TK. Luciferase activity was determined
48 h after transfection. All values are means ± SEM of more than three independent experiments (*P < 0.05, **P < 0.01, ***P < 0.001).
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Figure 3. TERC targets gene’s promoters using its binding motif. (A) Schematic diagram of TERC targeting to gene’s promoters that contain the sequence
of TERC binding motif. (B). Distribution of TERC targeted fragments on genome. The fragment was classified according to its distance to the nearest TSS.
(C) The mRNA levels of 30 genes with TERC binding motif in their promoters in TERC-U2OS vs pBabe-U2OS cells. (D–F). Determination of mRNA
levels of top 6 genes in (C) that have the highest fold change (up- and downregulation) in response to TERC expression. Gene expression was tested in
indicated cells with or without TERC knockdown. Each panel represents different cells as indicated. All values are means ± SEM of more than three
independent experiments (*P < 0.05, **P < 0.01, ***P < 0.001).

crease of IL-6, IL-8 and CSF2 induced by TERC overex-
pession (Figure 2A–D).

Furthermore, we observed that NF-�B subunit p65 and
phosphorylated p65 (p-p65) were higher in TERC-U2OS
than in control pBabe-U2OS, suggesting the activation of
the NF-�B pathway (Figure 2E, 0min). When cells were fur-
ther stimulated with TNF-�, the level of p65 and p-p65 in
TERC-U2OS were continuously higher than pBabe-U2OS
throughout the activation procedure, suggesting that TERC
stimulates activation of NF-�B pathway (Figure 2E, F).
Upon activation of NF-�B pathway, p65 migrates from cy-
toplasm to nucleus where it functions to initiate the tran-

scription of target genes (24). The amount of p65 in nu-
cleus is indicative of activation extent of NF-�B pathway.
We observed that in response to TNF-� treatment, TERC-
depleted cells display much less p65 in nucleus than control
cells, demonstrating that TERC positively regulates the ac-
tivation of NF-�B pathway (Figure 2G, H). Moreover, we
also performed luciferase reporter assay, in which NF-�B
response element is placed in TATA promoter that drives
the transcription of luciferase. The result showed that com-
pared to control cells, overexpression of TERC increases lu-
ciferase activity, whereas knockdown of TERC decreases its
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Table 1. Promoters containing potential TERC binding site

Gene Name Gene Promoter Seq. from EPD

ALPL actcgggccccgcggccgcctttataaggcggcgggggtggtggcccggGCCGCGTTGCG
LIN37 taataggaacaagctactgccgaaggggcccgcccacagaagggtggtgGCCACGGTCCA
DUSP21 agatgggagtggtgagaggagacagaaagagggtggtggccgatagctgGTCCTCTTTCT
MSL1 gcggccagcgagggcagatggaagagTATGAGGAAGAGCCCTCTCGGGGGTGGTGGCGGC
SLC26A1 cagagtccagggcacagaccactgcctgcaggttggcgccaccacccccACTCTCCCCGC
TPRG1L ccgcggggcggggccgggggcgcggccgggtggtggcggtggctgcggcgacggcggtcG
TYROBP ccctgtctcctcctcccttctgccaccacccgcctcagacttcctccttCACTTGCCTGG
RRAGA gagatcgccgccggaagtgggtggtggcggggacgcagcggctccctccCGGAAAGCGAG
CIZ1 ggcaaaatggcgaaatccctctctacaaaaaatacaaacattagccagggtggtggcggg
CNOT2 agggagggagggggtgtgtatgggggtggtggtggACCGGACGTAAAGCGTCGCTGTACT
RPH3A aggagggagagggggtggtggaggagggagagagggtgggagaaggagtgatgaagatgg
CHD3 ggggaggcgggcgggcggtgggtgggggggtggtgggggggccAGAGCCACAGGATGGCT
USP16 GGGAGGTGGGGGTGGGGTGGTGGTGGCCTAGCCACTTCCCATAATGCCGCGTTCCGGAAG
RAD17 CGAATATTTGAGCTTAGTATTCCCTGTTCACTGTGTGGGGTGGTGGTGGGTCGGCTAGGA
CCR3 aggtggtggcctgcccctccccgcaggcactctgtcccagggagaaatcagaactcttta
GBA2 CACGGCCACTTCTGCATCCAGGTGGGGATGCTGGCACTGAAGGTGGTGGCCCTTCTGGGA
CERCAM GGAGCCGGGGAAGCCCGGGAGGTGGTGGCCGAGTGGGCGCCGCCCCTCTGGGTCTGCGGC
PYGO2 ttgctccccctccccgcagcgctcagtggtggtggccgcgacgagttccGGTTCCGGTTG
CEP63 GCCTCGCAGGCCACCACCATCCGCACCGTACGACAGGCCGTCCCTCAGCTGCGGCTTCCT
LCN15 caggtggtggcctgggctataaagctggccccctggggcttggggactcAGCACCAGGGG
MTERFD3 ggaagcaaatgcagctggtgcaggagagggaaatgggaattagggtggtGGCAGAGCCCA
ACTR8 cccctggtggggggAGTGCGGAAGCGGTCGTTCTTTTCCGGGTGGTGGCGCGCCGGGACG
SCRN1 tcccactcctctccacctccactgccaccaccctgcaccaagccaccaccatctccagcc
EML3 CTCGGGGTGGTGGTACGGCGCCCTTCGCGCGCGCCCCGGGGTGCTTCCCCTTCCCCTCTC
ASTL GTAACCTAATTGCAGAACCGGCACCACCACCCCCTCTTAAATAGCAGCTGctccacctcc
SNAI1 CCACCACCCCCCCGGAGTACTTAAGGGAGTTGGCGGCGCTGCTGCATTCATTGCGCCGCG
ALG3 aagcggaacctaagtgtcgaaggttcgggtttccgggggtggtgggcccACACAAGCGGC
UNC5A GCCCACCACCCCAAGCCCCTCCCTGGGGGAGCCTCAGGCATCGCCCAGAGGGATTCCCGG
APOM acacacccaccaccccgcggctccgcccccgacttccccacggaccgtcACTTCCGGTCT
TMEM139 acctacccgctccggcccttcccaccaccccccaccccatctactttctACAGTCTGTGG

Underline indicates potential binding sites
Lower case indicates upstream of TSS

activity (Figure 2I and J). Altogether, these data confirmed
that TERC promotes the activation of NF-�B pathway.

TERC regulates gene transcription by targeting its promoter

We next explored how TERC stimulates the NF-�B path-
way. As a typical lncRNA, we speculated that TERC may
regulate gene transcription by targeting specific sites in the
genome. Indeed, using chromatin isolation by RNA pu-
rification (ChIRP), it was previously reported that TERC
targets the genome with a high preference for the se-
quence 5′-GGCCACCACCCC-3′ (termed the binding mo-
tif) (13), which is exactly complementary to the sequence
5′-GGGGUGGUGGCC-3′ at site 25–36 of TERC. This
strongly suggested that TERC binds to genomic DNA using
its binding motif, which may form a triplex structure with
target DNA (Figure 3A).

To survey the locations of TERC target sites, we down-
loaded 2198 TERC-ChIRP fragments from published study
(13) and mapped them to the human genome. The distance
to the nearest transcription start site (TSS) of each frag-
ment was calculated. Most fragments (TERC targeted sites)
were located within ±1000 bp of TSSs (Figure 3B), suggest-
ing that TERC tends to target gene’s promoters. Then, we
screened potential binding sequences using a TERC binding
motif in Eukaryotic Promoter Database (EPD) (20), which
contains all identified promoters and sequences adjacent to
TSSs. As a result, as many as 30 sequences on gene pro-
moters were identified that were listed in Table 1. We then
verified whether the transcription of these genes was altered

by TERC using pBabe-U2OS and TERC-U2OS cells. 14 of
30 genes exhibited up- or downregulated transcription in
response to TERC expression (Figure 3C). The top six up-
or downregulated genes were LIN37, SLC26A1, TPRG1L,
TYROBP, USP16 and UNC5A. Among them, four genes
(LIN37, TPRG1L, TYROBP and USP16) showed consis-
tent downregulation when TERC was knockdown in B2–
17, HeLa and 293T cells (Figure 3D–F). We thus focused
on these four genes.

TERC binds to gene’s promoters by forming RNA–DNA
triplexes

To investigate whether TERC binds to promoters of LIN37,
TPRG1L, TYROBP and USP16 in vivo, ChIRP-PCR was
performed, in which biotin-labeled oligonucleotides were
used to pull down TERC and associated chromatin (13,21).
PCR was then performed using primers that cover the
TERC binding site in the gene’s promoter (Table 1). The
results showed that promoters of four genes were enriched
by ChIRP, demonstrating association of these promoters
with TERC (Figure 4A).

To further validate the interaction between TERC and
promoters, electrophoretic mobility shift assay (EMSA)
was carried out in vitro by incubating TERC and synthe-
sized 59 bp double-stranded (ds) DNA that is from in-
dicated gene promoter and consists of binding motif se-
quence of TERC. Indeed, shifted bands were observed for
all four tested promoters, but not for scramble sequence
(Figure 4B). In addition, with increased TERC, shift bands
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Figure 4. RNA–DNA triplex formation between TERC and gene’s promoters. (A) TERC binds to the promoter of indicated gene in vivo. TERC ChIRP was
performed using TERC probe. LacZ probe was used as control. Promoters of the indicated genes were detected by PCR. (B) TERC binds to the promoters
of indicated genes in vitro. EMSA was performed to detect the triplex formation between synthesized gene promoters containing TERC binding motif and
TERC. RNA with random sequence was used as control. Products were analyzed on 2% agarose gels. (C) Triplex formation in a dose dependent manner.
Two picomoles of indicated gene promoters were incubated with increasing amounts of TERC. Products were analyzed on 2% agarose gels. (D) Expression
levels of indicated genes after RNH1 knockdown. U2OS cells were transfected with siRNH1 for 72 h, and corresponding mRNAs were detected by qPCR.
(E) Melting temperature decreased after triplex formation at neutral pH. Melting temperatures of gene’s promoters were detected in the presence or absence
of TERC or TERC1–49. All values are means ± SEM of more than three independent experiments (*P < 0.05, **P < 0.01, ***P < 0.001).

(RNA–DNA) gradually increased and free promoter DNA
decreased accordingly (Figure 4C).

TERC may form R-loop or triplex with targeted ds-
promoters. To test the possibility that TERC may form
R-loops by hybridizing with targeted DNA, we knocked
down the RNH1 gene in TERC-U2OS cells. RNase H is
an enzyme that digests RNA in Watson–Crick RNA–DNA
hybrids (25). It is speculated that gene expression levels
should be altered by either overexpression or knockdown
of RNase H if they are regulated by R-loop (26). In con-
trast to this, we observed no change in the expression levels
of four genes when RNase H was knocked down (Figure
4D). In addition, we observed that melting temperatures of
ds-promoters were reduced by approximately 1◦C after in-
cubating with TERC or 49 nt TERC fragments that contain
the binding motif (Figure 4E). This is consistent with the
previous report that melting temperature decreases during
conformation change from double-strand DNA into RNA–
DNA triplexes (27). Altogether, these results suggested that
TERC may target gene’s promoters by forming RNA–DNA
triplexes.

TERC-targeted genes activate the NF-�B pathway

Because NF-�B component such as p65 or STAT3 is not
direct target of TERC, we hypothesized that TERC stim-
ulates the NF-�B pathway in an indirect manner, poten-
tially through promoting the expression of targeted genes.
We thus tested identified four genes for their ability to ac-
tivate the NF-�B pathway. Four genes (LIN37, TPRG1L,
TYROBP and USP16) were individually knocked down
in TERC-U2OS cells. We found that while knockdown of
LIN37, TPRG1L and USP16 decreased the level of p65
and p-p65, the knockdown of LIN37, TPRG1L and TY-
ROBP decreased the level of STAT3 and phosphorylated
STAT3 (p-STAT3) (Figure 5A, B). Consistently, ELISA as-
say showed that knockdown of LIN37, TPRG1L, TYROBP
and USP16 counteracted enhanced secretion of IL-6 by
TERC (Figure 5C). Altogether, these results demonstrated
that TERC modulates the inflammatory response through
regulating a group of genes such as LIN37, TPRG1L, TY-
ROBP and USP16. While TYROBP has been previously re-
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Figure 5. TERC activates NF-�B pathways through targeting immune-related genes. (A) The knockdown efficiency of indicated genes. The TERC-U2OS
cells were transfected with indicated siRNAs for 72 h, and corresponding mRNAs were detected by qPCR. (B) P65 and STAT3 were downregulated by
knockdown of TERC targeted genes. The TERC-U2OS cells were transfected with indicated siRNAs for 72 h. Total and phosphorylated p65 and STAT3
expressions were determined by western blotting. (C) The TERC promotion of IL-6 secretion was counteracted by knockdown of TERC targeted genes.
PBabe-U2OS and TERC-U2OS cells were transfected with indicated siRNAs for 72 h and treated with TNF-� during the last 6 h of transfection. Culture
medium was collected for IL-6 detection by ELISA. All values are means ± SEM of more than three independent experiments (*P < 0.05, **P < 0.01,
***P < 0.001).

ported to be involved in the activation of the inflammatory
response (28–31), the other three genes are newly identified.

The expression of TERC and its targeted genes are upregu-
lated in inflammation related disease

Because TERC regulates the expression of inflammation
related genes in vitro, we then investigated its potential
immune-regulation function in patients. First, we analyzed
TERC levels in type II diabetes and multiple sclerosis, both
displaying increased chronic inflammation (32,33). The ex-
pression levels of TERC in CD14+ cells from type II di-
abetes and multiple sclerosis patients were significantly
higher than normal people (Figure 6A and B). We also ex-
amined the expression level of LIN37, TPRG1L, TYROBP
and USP16 in CD14+ cells from patients and normal peo-
ple. For diabetic patients, TPRG1L and TYROBP were up-
regulated, whereas TYROBP and USP16 were upregulated
in multiple sclerosis patients (Figure 6C and D). Consis-
tently, the expression of inflammatory cytokines such as
IL-8 and TNF-� in diabetic patients and IL-6, IL-8, CSF2
and TNF-� in multiple sclerosis patients increased (Figure

6E and F). Therefore, the elevated inflammatory response
is positively correlated with increased expression of TERC
and TERC target genes in patients.

DISCUSSION

A high incidence of TERC mutation and an increased copy
number of TERC genes has been reported to associate with
the pathogenesis of the inherited disorder dyskeratosis con-
genital (DC), aplastic anemia (AA) (34,35) and other ge-
netic diseases (36–38). Interestingly, both DC and AA pa-
tients also display immune abnormalities (39,40). More-
over, many mutations in TERC do not affect its function as
an RNA template and telomerase activity (41–43), imply-
ing that TERC may have noncanonical functions beyond
telomerase. In this study, we revealed that TERC stimulates
cellular inflammatory response in a telomerase independent
manner. The evidence supporting this includes: (i) RNA-seq
data indicated that expression of immune-related genes are
regulated by TERC; (ii) overexpression of TERC in telom-
erase negative U2OS cells resulted in increased expression
and secretion of inflammatory factors; (iii) knockdown of
TERC, but not TERT, in telomerase positive cells decreased
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Figure 6. The expression levels of TERC and TERC targeted genes in inflammation related diseases. (A) TERC was upregulated in CD14+ cells of diabetic
patients. Data were downloaded from the GEO database (GSE54350 & GSE65561), and TERC expression levels were analyzed (n ≥ 10, *P < 0.05, **P <

0.01). (B) TERC was upregulated in CD14+ cells of multiple sclerosis patients. Data were downloaded from the GEO database (GSE66988), and TERC
expression levels were analyzed (n ≥ 10, *P < 0.05, **P < 0.01). (C) Expression levels of TERC targeted genes in CD14+ cells of diabetic patients. Data
analysis is the same as (A). (D) Expression levels of TERC targeted genes in CD14+ cells of multiple sclerosis patients. Data analysis is the same as (B).
(E) Expression levels of cytokines in CD14+ cells of diabetic patients. Data analysis is the same as (A), except that ‘n’ of IL6 is 6 because IL6 is missing in
GSE65561. (F) Expression levels of cytokines in CD14+ cells of multiple sclerosis patients. Data analysis is the same as (B).

secretion of inflammatory factors; (iv) overexpression of
TERC led to activation of the NF-�B signaling pathway in
the absence of allothogenic stimulation; (v) TERC upreg-
ulated the expression of LIN37, TPRG1L, TYROBP and
USP16 that is linked to the activation of NF-�B signaling
pathway, leading to increased inflammatory response and
(vi) high TERC levels corresponded to high inflammation
states in patients with type II diabetes or multiple sclerosis.

LncRNAs may regulate gene expression in different man-
ners (11). For example, eRNA, which is transcribed from
enhancers, promotes chromatin accessibility by remodeling
the chromatin (44), whereas lncRNA Khps1, HOTAIR and
MEG3 regulate gene transcription by recruiting chromatin

modifiers to target sites (13–16). A previous study identified
the sequence ‘GGCCACCACCCC’ as a binding motif in
TERC that may associate with genomic DNA (13). Here, we
found that TERC associated sequences were largely located
near the TSSs of genes (Figure 3B). Following this route,
we identified 30 potential promoters TERC may bind to.
Among them, 4 genes were experimentally verified to be
transcriptionally regulated by TERC (LIN37, TPRG1L,
TYROBP and USP16). Similar to many other lncRNAs
(13–16), we demonstrated that TERC formed triplexes with
promoter sequences of these genes and thereby promoted
their transcription. It should be noted that identified four
genes are representative of 14 genes, which are transcrip-
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tionally regulated by TERC (Figure 3). Considering that di-
rect association is one of manners by which lncRNA regu-
lates gene transcription, the total number of genes regulated
by TERC might be much greater than 14. Further investi-
gation is thus needed to identify whole genes regulated by
TERC.

Except for TYROBP, which was previously reported to
engage in inflammatory response, the other three genes are
newly identified that could activate the NF-�B signaling
pathway. Because p65 and STAT3 are not directly regulated
by TERC, we hypothesized that TERC stimulates inflam-
matory response in an indirect manner, i.e., through tran-
scriptional activation of inflammatory related genes that
then activate NF-�B signaling pathway. In the absence of
TERC, cells were less sensitive to immune stimulation by
TNF-� or LPS (Figure 1F, H). Therefore, we defined TERC
as a positive modulator of NF-�B mediated inflammatory
response.

It was previously discovered that TERC is implicated in
angiogenesis, metastasis and proliferation of cancer cells
by regulating the global gene expression (45,46). Similarly,
we revealed that TERC promotes cellular inflammatory re-
sponse by upregulating the expression of immune-related
genes such as LIN37, TPRG1L, TYROBP and USP16 in
human normal and cancer cells. Moreover, we observed that
in patients with chronic inflammation such as Type II dia-
betes and multiple sclerosis, the expression of TERC is up-
regulated. Accordingly, the expression of TERC-targeted
genes (TPRG1L, TYROBP and USP16) as well as secreted
inflammatory factors (IL-6, IL-8, CSF2 and TNF-�) are
upregulated, which may contribute to increased inflamma-
tory level in patients. In this context, TERC may be a poten-
tial target for anti-inflammatory therapeutics for patients
with chronic inflammation.

CONCLUSIONS

Here, we found that TERC regulates immune-related gene
transcription by forming triplex with their promoters. In
this way, four genes were identified that promote cellular in-
flammatory response by enhancing the activation of NF-�B
signaling pathway. The axis of TERC/targeted-genes/NF-
�B/inflammatory response exists in patients with chronic
inflammatory disease.

DATA AVAILABILITY

The raw RNAseq data of pBabe-U2OS and TERC-U2OS
(hTR-U2OS in the website) have been submitted to GEO
database. The GEO accession number is GSE125024. The
link of the dataset is: https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE125024.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

We would like to thank Jincun Zhao for critical reading of
the manuscript and providing helpful suggestions on exper-
imental design. We also thank Jun Cui for kindly provid-
ing the NF-�B firefly luciferase plasmid, pRL-TK renilla

luciferase plasmid, and for helpful suggestions on experi-
mental design.
Author Contributions: H. Liu and Y. Zhao designed the
study, analyzed the data and wrote the paper. H. Liu and Y.
Yang performed the majority of the experiments. J. Liu an-
alyzed the clinical samples. Y. Ge offered ideas and helped
to analyze the data. Y. Zhao supervised the project and re-
vised the manuscript. All authors read and approved the
manuscript.

FUNDING

National Natural Science Foundation of China Grants
[81771506, 31571410]; National Key R&D Program of
China [2018YFA0107000]; Guangzhou Municipal People’s
Livelihood Science and Technology Plan [201803010108].
Funding for open access charge: National Natural Science
Foundation of China Grants [81771506, 31571410]; Na-
tional Key R&D Program of China [2018YFA0107000];
Guangzhou Municipal People’s Livelihood Science and
Technology Plan [201803010108].
Conflict of interest statement. None declared.

REFERENCES
1. Feng,J., Funk,W.D., Wang,S.S., Weinrich,S.L., Avilion,A.A.,

Chiu,C.P., Adams,R.R., Chang,E., Allsopp,R.C., Yu,J. et al. (1995)
The RNA component of human telomerase. Science, 269, 1236–1241.

2. Kim,N.W., Piatyszek,M.A., Prowse,K.R., Harley,C.B., West,M.D.,
Ho,P.L., Coviello,G.M., Wright,W.E., Weinrich,S.L. and Shay,J.W.
(1994) Specific association of human telomerase activity with
immortal cells and cancer. Science, 266, 2011–2015.

3. Morrison,S.J., Prowse,K.R., Ho,P. and Weissman,I.L. (1996)
Telomerase activity in hematopoietic cells is associated with
self-renewal potential. Immunity, 5, 207–216.

4. Yi,X., Tesmer,V.M., Savre-Train,I., Shay,J.W. and Wright,W.E. (1999)
Both transcriptional and posttranscriptional mechanisms regulate
human telomerase template RNA levels. Mol. Cell Biol., 19,
3989–3997.

5. Xi,L. and Cech,T.R. (2014) Inventory of telomerase components in
human cells reveals multiple subpopulations of hTR and hTERT.
Nucleic Acids Res., 42, 8565–8577.

6. Blasco,M.A., Rizen,M., Greider,C.W. and Hanahan,D. (1996)
Differential regulation of telomerase activity and telomerase RNA
during multi-stage tumorigenesis. Nat. Genet., 12, 200–204.

7. Cairney,C.J., Hoare,S.F., Daidone,M.G., Zaffaroni,N. and
Keith,W.N. (2008) High level of telomerase RNA gene expression is
associated with chromatin modification, the ALT phenotype and
poor prognosis in liposarcoma. Br. J. Cancer, 98, 1467–1474.

8. Gazzaniga,F.S. and Blackburn,E.H. (2014) An antiapoptotic role for
telomerase RNA in human immune cells independent of telomere
integrity or telomerase enzymatic activity. Blood, 124, 3675–3684.

9. Kedde,M., le Sage,C., Duursma,A., Zlotorynski,E., van Leeuwen,B.,
Nijkamp,W., Beijersbergen,R. and Agami,R. (2006)
Telomerase-independent regulation of ATR by human telomerase
RNA. J. Biol. Chem., 281, 40503–40514.

10. Ting,N.S., Pohorelic,B., Yu,Y., Lees-Miller,S.P. and Beattie,T.L.
(2009) The human telomerase RNA component, hTR, activates the
DNA-dependent protein kinase to phosphorylate heterogeneous
nuclear ribonucleoprotein A1. Nucleic Acids Res., 37, 6105–6115.

11. Dykes,I.M. and Emanueli,C. (2017) Transcriptional and
Post-transcriptional gene regulation by long Non-coding RNA.
Genomics Proteomics Bioinformatics, 15, 177–186.

12. Chen,X., Sun,Y., Cai,R., Wang,G., Shu,X. and Pang,W. (2018) Long
noncoding RNA: multiple players in gene expression. BMB Rep., 51,
280–289.

13. Chu,C., Qu,K., Zhong,F.L., Artandi,S.E. and Chang,H.Y. (2011)
Genomic maps of long noncoding RNA occupancy reveal principles
of RNA-chromatin interactions. Mol. Cell, 44, 667–678.

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE125024
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkz584#supplementary-data


Nucleic Acids Research, 2019, Vol. 47, No. 15 8095

14. Mondal,T., Subhash,S., Vaid,R., Enroth,S., Uday,S., Reinius,B.,
Mitra,S., Mohammed,A., James,A.R., Hoberg,E. et al. (2015) MEG3
long noncoding RNA regulates the TGF-beta pathway genes through
formation of RNA–DNA triplex structures. Nat. Commun., 6, 7743.

15. Postepska-Igielska,A., Giwojna,A., Gasri-Plotnitsky,L., Schmitt,N.,
Dold,A., Ginsberg,D. and Grummt,I. (2015) LncRNA Khps1
regulates expression of the proto-oncogene SPHK1 via
triplex-mediated changes in chromatin structure. Mol. Cell, 60,
626–636.

16. Kalwa,M., Hanzelmann,S., Otto,S., Kuo,C.C., Franzen,J., Joussen,S.,
Fernandez-Rebollo,E., Rath,B., Koch,C., Hofmann,A. et al. (2016)
The lncRNA HOTAIR impacts on mesenchymal stem cells via triple
helix formation. Nucleic Acids Res., 44, 10631–10643.

17. Liu,H., Liu,Q., Ge,Y., Zhao,Q., Zheng,X. and Zhao,Y. (2016)
hTERT promotes cell adhesion and migration independent of
telomerase activity. Sci. Rep., 6, 22886.

18. Huang da,W., Sherman,B.T. and Lempicki,R.A. (2009) Systematic
and integrative analysis of large gene lists using DAVID
bioinformatics resources. Nat. Protoc., 4, 44–57.

19. Huang da,W., Sherman,B.T. and Lempicki,R.A. (2009)
Bioinformatics enrichment tools: paths toward the comprehensive
functional analysis of large gene lists. Nucleic Acids Res., 37, 1–13.

20. Dreos,R., Ambrosini,G., Perier,R.C. and Bucher,P. (2015) The
Eukaryotic Promoter Database: expansion of EPDnew and new
promoter analysis tools. Nucleic Acids Res., 43, D92–D96.

21. Chu,C., Quinn,J. and Chang,H.Y. (2012) Chromatin isolation by
RNA purification (ChIRP). J. Vis. Exp., 61, 3912.

22. Wang,X., Spandidos,A., Wang,H. and Seed,B. (2012) PrimerBank: a
PCR primer database for quantitative gene expression analysis, 2012
update. Nucleic Acids Res., 40, D1144–D1149.

23. Iliopoulos,D., Hirsch,H.A. and Struhl,K. (2009) An epigenetic switch
involving NF-kappaB, Lin28, Let-7 MicroRNA, and IL6 links
inflammation to cell transformation. Cell, 139, 693–706.

24. Pahl,H.L. (1999) Activators and target genes of Rel/NF-kappaB
transcription factors. Oncogene, 18, 6853–6866.

25. Cerritelli,S.M. and Crouch,R.J. (2009) Ribonuclease H: the enzymes
in eukaryotes. FEBS J., 276, 1494–1505.

26. Chen,L., Chen,J.Y., Zhang,X., Gu,Y., Xiao,R., Shao,C., Tang,P.,
Qian,H., Luo,D., Li,H. et al. (2017) R-ChIP using inactive RNase H
reveals dynamic coupling of R-loops with transcriptional pausing at
gene promoters. Mol. Cell, 68, 745–757.

27. Hashem,G.M., Wen,J.D., Do,Q. and Gray,D.M. (1999) Evidence
from CD spectra and melting temperatures for stable
Hoogsteen-paired oligomer duplexes derived from DNA and hybrid
triplexes. Nucleic Acids Res., 27, 3371–3379.

28. Lanier,L.L., Corliss,B.C., Wu,J., Leong,C. and Phillips,J.H. (1998)
Immunoreceptor DAP12 bearing a tyrosine-based activation motif is
involved in activating NK cells. Nature, 391, 703–707.

29. Bostanci,N., Thurnheer,T. and Belibasakis,G.N. (2011) Involvement
of the TREM-1/DAP12 pathway in the innate immune responses to
Porphyromonas gingivalis. Mol. Immunol., 49, 387–394.

30. Chen,X.X., Tang,L., Fu,Y.M., Wang,Y., Han,Z.H. and Meng,J.G.
(2017) Paralemmin-3 contributes to lipopolysaccharide-induced
inflammatory response and is involved in lipopolysaccharide-Toll-like
receptor-4 signaling in alveolar macrophages. Int. J. Mol. Med., 40,
1921–1931.

31. Varanat,M., Haase,E.M., Kay,J.G. and Scannapieco,F.A. (2017)
Activation of the TREM-1 pathway in human monocytes by
periodontal pathogens and oral commensal bacteria. Mol. Oral
Microbiol., 32, 275–287.

32. Donath,M.Y. and Shoelson,S.E. (2011) Type 2 diabetes as an
inflammatory disease. Nat. Rev. Immunol., 11, 98–107.

33. Dendrou,C.A., Fugger,L. and Friese,M.A. (2015) Immunopathology
of multiple sclerosis. Nat. Rev. Immunol., 15, 545–558.

34. Marrone,A., Sokhal,P., Walne,A., Beswick,R., Kirwan,M., Killick,S.,
Williams,M., Marsh,J., Vulliamy,T. and Dokal,I. (2007) Functional
characterization of novel telomerase RNA (TERC) mutations in
patients with diverse clinical and pathological presentations.
Haematologica, 92, 1013–1020.

35. Vulliamy,T.J., Marrone,A., Knight,S.W., Walne,A., Mason,P.J. and
Dokal,I. (2006) Mutations in dyskeratosis congenita: their impact on
telomere length and the diversity of clinical presentation. Blood, 107,
2680–2685.

36. Biron-Shental,T., Kitay-Cohen,Y., Tene,T., Sharony,R. and Amiel,A.
(2012) Increased TERC gene copy number in amniocytes from fetuses
with trisomy 18 or a sex chromosome aneuploidy. Gene, 506, 46–49.

37. Laish,I., Katz,H., Sulayev,Y., Liberman,M., Naftali,T.,
Benjaminov,F., Stein,A., Kitay-Cohen,Y., Biron-Shental,T.,
Konikoff,F. et al. (2013) Increased TERC gene copy number and cells
in senescence in primary sclerosing cholangitis compared to colitis
and control patients. Gene, 529, 245–249.

38. Mohamad Ashari,Z.S., Sulong,S., Hassan,R., Husin,A., Sim,G.A.
and Abdul Wahid,S.F. (2014) Low level of TERC gene amplification
between chronic myeloid leukaemia patients resistant and respond to
imatinib mesylate treatment. Asian Pac. J. Cancer Prev., 15,
1863–1869.

39. Baran,I., Nalcaci,R. and Kocak,M. (2010) Dyskeratosis congenita:
clinical report and review of the literature. Int. J. Dent. Hyg., 8, 68–74.

40. Li,J., Ge,M., Lu,S., Shi,J., Li,X., Wang,M., Huang,J., Shao,Y.,
Huang,Z., Zhang,J. et al. (2017) Pro-inflammatory effects of the Th1
chemokine CXCL10 in acquired aplastic anaemia. Cytokine, 94,
45–51.

41. Vulliamy,T.J., Kirwan,M.J., Beswick,R., Hossain,U., Baqai,C.,
Ratcliffe,A., Marsh,J., Walne,A. and Dokal,I. (2011) Differences in
disease severity but similar telomere lengths in genetic subgroups of
patients with telomerase and shelterin mutations. PLoS One, 6,
e24383.

42. Collopy,L.C., Walne,A.J., Cardoso,S., de la Fuente,J., Mohamed,M.,
Toriello,H., Tamary,H., Ling,A.J., Lloyd,T., Kassam,R. et al. (2015)
Triallelic and epigenetic-like inheritance in human disorders of
telomerase. Blood, 126, 176–184.

43. Yamaguchi,H., Sakaguchi,H., Yoshida,K., Yabe,M., Yabe,H.,
Okuno,Y., Muramatsu,H., Takahashi,Y., Yui,S., Shiraishi,Y. et al.
(2015) Clinical and genetic features of dyskeratosis congenita, cryptic
dyskeratosis congenita, and Hoyeraal-Hreidarsson syndrome in
Japan. Int. J. Hematol., 102, 544–552.

44. Mousavi,K., Zare,H., Dell’orso,S., Grontved,L., Gutierrez-Cruz,G.,
Derfoul,A., Hager,G.L. and Sartorelli,V. (2013) eRNAs promote
transcription by establishing chromatin accessibility at defined
genomic loci. Mol. Cell, 51, 606–617.

45. Li,S., Rosenberg,J.E., Donjacour,A.A., Botchkina,I.L., Hom,Y.K.,
Cunha,G.R. and Blackburn,E.H. (2004) Rapid inhibition of cancer
cell growth induced by lentiviral delivery and expression of
mutant-template telomerase RNA and anti-telomerase
short-interfering RNA. Cancer Res., 64, 4833–4840.

46. Li,S., Crothers,J., Haqq,C.M. and Blackburn,E.H. (2005) Cellular
and gene expression responses involved in the rapid growth inhibition
of human cancer cells by RNA interference-mediated depletion of
telomerase RNA. J. Biol. Chem., 280, 23709–23717.


