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ABSTRACT

Several studies have described functional peptides
encoded in RNA that are considered to be noncod-
ing. Telomerase RNA together with telomerase re-
verse transcriptase and regulatory proteins make up
the telomerase complex, the major component of
the telomere length-maintaining machinery. In con-
trast to protein subunits, telomerase RNA is ex-
pressed constitutively in most somatic cells where
telomerase reverse transcriptase is absent. We show
here that the transcript of human telomerase RNA
codes a 121 amino acid protein (hTERP). The ex-
istence of hTERP was shown by immunoblotting,
immunofluorescence microscopy and mass spec-
troscopy. Gain-of-function and loss-of-function ex-
periments showed that hTERP protects cells from
drug-induced apoptosis and participates in the pro-
cessing of autophagosome. We suggest that hTERP
regulates crosstalk between autophagy and apopto-
sis and is involved in cellular adaptation under stress
conditions.

INTRODUCTION

Noncoding RNAs are defined as regulatory RNAs that do
not possess a coding region for protein synthesis (1). How-
ever, more precise analyses have revealed that long noncod-
ing RNAs often contain small open reading frames (ORFs)

(2,3), and many long noncoding RNAs have been found in
polysome-containing fractions via ribosome profiling ap-
proaches (4,5). The regulatory functions of several peptides
encoded in noncoding RNAs were recently determined (6–
8). Such peptides may be involved in the regulation of dif-
ferent aspects of the development of organisms, the main-
tenance of cellular homeostasis, cell differentiation, and the
regulation of biological and physiological activity.

Telomerase RNA (TERC) (9) is considered to be non-
coding RNA that, together with telomerase reverse tran-
scriptase (TERT) (10) and regulatory proteins (9), make up
the telomerase complex, the major component of the telom-
ere length-maintaining machinery (11). The mature form of
hTERC contains 451 nt, although longer transcripts have
been determined by reverse transcription followed by poly-
merase chain reaction (RT-PCR) (9) and rapid amplifi-
cation of cDNA 3’-end (3′-RACE) (12) approaches (Fig-
ure 1A). Telomerase is active in germ cells, stem cells, in
cells from tissue characterized by active proliferation ca-
pacity and in most cancer cells. The expression of TERT is
switched off during differentiation of stem cells (13). How-
ever, the expression of hTERC has been observed in the ma-
jority of somatic cells regardless of the stage of differenti-
ation (14). An alternative function of telomerase RNA in
preventing apoptosis has also been suggested (15,16).

The primary transcript of hTERC is synthesized by RNA
polymerase II (17). It was shown that the yeast telomerase
RNA contains a poly(A)-tail (18) that is necessary for mes-
senger RNA (mRNA) stabilization (19). m7G-cap modifi-
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Figure 1. Coding capacity of the hTERC primary transcript. (A) Structure of genome locus around the hTERC revealed by UCSC Genome Browser. (B)
Alignment of TERPs from human, cat, horse and mouse using JalView. Amino acid residues are colored in ClustalX colors. (C) Western blot analysis of
nuclear and cytoplasmic extracts of HEK293T cells for �-tubulin and histone H3. (D) RNA prepared from nuclear and cytoplasmic fractions of HEK293T
cells was subjected to the RT-qPCR for hTERC and GAPDH pre- and mRNA. Mean fold change for RNA in nuclear and cytoplasmic fractions relative
to the same RNA in total cellular extract. Mean ± SD was calculated for three biological replicates. Statistical significance was calculated by GraphPad
Software. (E) RNA prepared from nuclear and cytoplasmic fractions of HEK293T cells was subjected to the RT-PCR for hTERC and GAPDH unspliced
(pre-) and spliced (mRNA) transcript. Products of RT-PCR from nuclear cytoplasmic and total fractions were resolved in agarose gel. –RT lanes represent
the products obtained in PCR reactions by omitting the RT enzyme in a mock reaction to rule out the DNA contamination.

cation of the 5′-end of hTERC occurs co-transcriptionally,
and further methylation resulting in the appearance of the
trimethyl-guanosine cap inherent to small nuclear RNAs
(snRNAs) occurs in Cajal bodies (20). Cytoplasmic local-
ization of hTERC was demonstrated under the conditions
of affected processing mechanism and in normal cells (21–
23). Surprisingly, ribosome profiling analysis revealed that
polysomes contained more hTERC than hTERT mRNA
(4,5). These properties of the nascent hTERC transcript
suggest a protein coding capacity of this RNA.

MATERIALS AND METHODS

Cell culture

Human HEK293T, VA13 and HT1080 cells were grown
in DMEM/F12-Ham medium, supplemented with L-
glutamine, 10% fetal bovine serum (FBS), 100 units/ml

penicillin and 100 �g/ml streptomycin. Human Jurkat
cell line cells were maintained in Roswell Park Memorial
Institute (RPMI) medium supplemented with 10% FBS,
100 units/ml penicillin and 100 �g/ml streptomycin. Cells
were cultured at 37◦C and 5% CO2. Cultures were fre-
quently examined under an inverted microscope for con-
fluency and viability. Human HEK293T cells were tran-
siently co-transfected with plasmids expressing vector, wild-
type hTERC (hTERCwt), hTERCstU or hTERCstop and
lentiviral pMDLg/pRRE, pRSV-Rev and phCMV-VSV-G
plasmids using the calcium phosphate method. Lentiviral
particles were harvested and used for HEK293T cell infec-
tions, as described (24). Cells were analyzed using a Nikon
Ti2000 microscope, and GFP-positive cells were sorted us-
ing a FACSAriaIII cell sorter (BD Biosciences). The data
were analyzed using FACSDiva software. Cells were tested
for mycoplasma contamination and found negative.
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To genome editing, HEK293T cells were transfected with
the help of Lipofectamine 3000 followed by single-cell sort-
ing of GFP-positive cells.

Plasmids

hTERC sequences were obtained from the BAC-
clone RP11–816J6 from Roswell Park Cancer In-
stitute by PCR with primers hTERC Full Fw 5′-
CGGACGCATCCCACTGAGC-3′ and hTERC Full
Rv 5′-CATTAAAGGAACACAATTTCCAATG-
3′. The hTERP coding sequence was obtained
by PCR with primers hTERP ORF Fw 5′-
GATATCATCAGCTGCTGGCC-3′ and hTERP ORF
Rv 5′-CTCGAGGGTTTGGGGGTTCAC-3′. The PCR
product and pET32b(+) vector were restricted by EcoRV
and XhoI and ligated. The TrxA domain was deleted from
pET32b(+)hTERP by NdeI restriction and religation.

hTERCwt (875 nt) was amplified by PCR with primers
hTERC Full Fw 5′-CGGACGCATCCCACTGAGC-3′
and hTERC Rv 5′-GGGCCCATTAAAGGAACAC
AATTTCCAATG-3′. The obtained PCR product was
digested by EcoRI and Bsp120I and ligated with the
LeGo-iG2 vector that was restricted by EcoRI and NotI.
hTERCstU and hTERCstop were obtained by site-directed
mutagenesis hTERCwt plasmid using a Quick Change II
Site-Directed mutagenesis Kit (Agilent Technologies) and
primers hTERCstU Fw 5′-GTTCATTCTAGAGCAAA
CAAAAAATTTCAGCTGCTGGCCCGTTCGCCCC-3′
and hTERCstU Rv 5′-GGGGCGAACGGGCCAGCA
GCTGAAATTTTTTGTTTGCTCTAGAATGAAC-3′
for the hTERCstU plasmid and hTERCstop Fw 5′-
GCGGCGGGTCGCCTGACCAGCCCCCGAAC-3′
and hTERCstop Rv 5′-GTTCGGGGGCTGGTCAGG
CGACCCGCCGC-3′ for the hTERCstop plasmid.

Constructs for gene inactivation and genome editing
were created on a basis of pX458 plasmid (25) using
primers sghTERC Fw 5′-CACCGAAACAAAAAATGT
CAGCTGC-3′ and sghTERC Rv 5′-AAACGCAGCTGA
CATTTTTTGTTTC-3′.

All constructs were verified by sequencing.

Nuclear and cytoplasmic RNA quantification

Fractions for cytoplasmic and nuclear RNAs were pre-
pared according to Wang et al. (26). Approximately 5 ×
106 cells were used for purification of total RNA and
for fractionation on nuclear and cytoplasmic fractions.
Cells were washed with phosphate buffered saline (PBS)
three times and scrapped with a cell scrapper. Obtained
cells were centrifuged, washed with reticulocyte standard
buffer (RSB) (Tris–HCl (pH 7.4) 10 mM, MgCl2 3 mM
and NaCl 10 mM). Cytoplasmic fraction was extracted
by RSBG40 (Tris–HCl (pH 7.4) 10 mM, MgCl2 3 mM,
NaCl 10 mM, glycerol 10%, Nonidet-P40, dithiothreitol
(DTT) 0.5 mM) buffer. Nuclei was washed with RSBG40
and 1/10 volume of detergent (3/3% w/w sodium de-
oxycholate and 6.6% v/v Tween 20). Pellet was used as
a nuclear fraction. RNA and proteins were extracted by
TRIZOL (Invitrogen), according to the manufacturer’s
instructions. Western blot analysis for histone H3 (Ab-
cam (ab21054), 1:5000) and �-tubulin (Abcam (ab18251),

1:2000) proved the separation of nuclear and cytoplasmic
fractions. Total, cytoplasmic and nuclear RNA was treated
with DNAse I followed by reverse transcription with ran-
dom primer and obtained complementary DNA (cDNA)
was used for PCR. Quantification of the hTERC in cyto-
plasmic and nuclear fractions was performed with primers
specific to the hTERC, GAPDH mRNA (GAPDH PCR
Fw 5′-TGCACCACCAACTGCTTAGC-3′ and GAPDH
PCR Rv 5′-GGCATGGACTGTGGTCATGAG-3′) and
GAPDH pre-mRNA (GAPDH pre Fw 5′-CCACCAAC
TGCTTAGCACC-3′ and GAPDH pre Rv 5′-CTCCCC
ACCTTGAAAGGAAAT-3′). To confirm the specificity of
primers, products obtained by reverse transcription fol-
lowed by quantitative PCR (RT-qPCR) were sequenced.

RT-qPCR

RNA was isolated using a PureLink RNA Mini Kit (Am-
bion) according to the manufacturer’s instructions. RNA
was reverse transcribed into cDNA using a Maxima First
Strand Kit cDNA Synthesis for RT-qPCR (Thermo Scien-
tific) according to the manufacturer’s protocol. Quantitative
PCR of cDNA was performed in triplicate using the primers
hTERC PCR Fw 5′-GTGGTGGCCATTTTTTGTCTAA
C-3′ and hTERC PCR Rv 5′-TGCTCTAGAATGAACG
GTGGAA-3′ and a reaction mixture with SYBR Green nu-
cleic acid staining (Invitrogen) on a CFX96 Real-Time sys-
tem (Bio-Rad). The PCR cycle parameters were as follows:
95◦C for 10 min and 35 cycles with denaturation at 95◦C for
30 s, annealing at 58◦C for 30 s and extension at 72◦C for 40
s. The relative quantification in gene expression was deter-
mined using the 2−��C

t method (27). The relative expres-
sion level of RNA was calibrated by the geometric mean
of GAPDH mRNA (GAPDH PCR Fw 5′-TGCACCAC
CAACTGCTTAGC-3′ and GAPDH PCR Rv 5′-GGCA
TGGACTGTGGTCATGAG-3′) and U2 RNA (U2 PCR
Fw 5′-GCTTCTCGGCCTTTTGGC-3′ and U2 PCR Rv
5′-GTGCACCGTTCCTGGAGGT-3′) levels to minimize
experimental variation. Minus–RT controls by omitting the
RT enzyme in a mock reaction to rule out DNA contami-
nation were performed in every RT-qPCR analysis.

Recombinant protein expression

Expression of hTERP fused with S-tag and 6-His epitopes
in Escherichia coli was induced by 0.1 mM isopropyl b-D-
1-thiogalactopyranoside (IPTG) at 18◦C for 16 h. Recom-
binant protein was purified by Ni-NTA-Sepharose under
denaturing conditions. The obtained protein was dialyzed
against buffer (100 mM NaH2PO4, 10 mM Tris–HCl) con-
taining 2 M urea and used for rabbit immunization.

Antibodies

Polyclonal antibodies against full-length hTERP fused with
6-His and expressed in E. coli were produced in rabbits after
immunization with recombinant protein. Serum was puri-
fied using HiTrap Protein G (GE Healthcare Life Sciences)
followed by affinity fast protein liquid chromatography us-
ing an AKTA purifier system. Recombinant protein from
the same purification that was used for rabbit immunization
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was conjugated in a HiTrap NHS HP column (GE Health-
care Life Sciences). The obtained column was used for affin-
ity purification of the IgG antibody fraction eluted from a
HiTrap Protein G column.

Immunofluorescence

For immunofluorescence, cells were grown on coverslips to
subconfluence. The cells were rinsed by 0.1% Tween-20 in
PBS and fixed in 4% formaldehyde in PBS for 10 min. For
nonadherent Jurkat cells, fixation was followed by a wash-
ing step and smearing the cell suspension to a gelatin-coated
slide. Cells were permeabilized in 1% Triton X-100 in PBS
for 15 min at room temperature, washed twice in PBS, incu-
bated for 1 h in blocking solution (PBS, 1% bovine serum
albumin (BSA), 0.1% Tween 20) and for 1 h at room tem-
perature or overnight at 4◦C with primary antibodies in
blocking solution. The primary antibodies used were anti-
hTERP (1:15 in 0.1% Tween 20 in PBS; 0.014 mg/ml stock),
anti-MAP LC3 �/� (Santa Cruz Biotech (sc-398822)) and
anti-SQSTM1/p62 (Abcam (ab56416)). Cells were washed
three times with 0.1% Triton/PBS, followed by incubation
with fluorescein isothiocyanate-conjugated goat anti-rabbit
IgG antibodies (Invitrogen, 1:2400 in 0.1% Tween 20 in
PBS) or Alexa555-labeled goat anti-rabbit IgG antibod-
ies (Invitrogen, 1:2000 in 0.1% Tween 20 in PBS) or Alex-
aFluor488 anti-mouse IgG antibodies (Thermo Fisher Sci-
entific (A-11029)) for 1 h at room temperature. The cells
were washed again three times as stated above, incubated
with 300 nM 4′,6-diamidine-2-phenylindole (DAPI) for 1
min at room temperature and mounted in Mowioil onto
glass slides. Confocal fluorescence images were obtained us-
ing a Nikon C2 confocal system or a Nikon Ti-Eclipse flu-
orescent system. Images were taken with a 40× NA 0.95
objective or a 100× NA 1.40 oil objective and acquired us-
ing standard NIS-Elements software. Possible crosstalk be-
tween fluorochromes was avoided by careful selection of
imaging conditions.

Immunoblotting

Fractions of soluble cytoplasmic and nuclear proteins were
prepared according to Rosner et al. (28). Approximately 1–
2 × 107 cells were used for this procedure. To yield ready-
to-use extraction buffers, protease inhibitors were supple-
mented by adding a protease inhibitors cocktail (Roche).
RIPA-buffer extracts were used for analysis of total cellu-
lar proteins. The extracts were either immediately used or
stored at −80◦C until further use. Protein concentration was
determined by measuring the OD 280 using a NanoDrop
2000 (Thermo Fisher). Equal amounts of protein extracts
(30 �g of nuclear, 60 �g of cytoplasmic and 20 �g of to-
tal extracts) were boiled for 5 min in HU buffer (200 mM
Tris–HCl (pH 6.8), 8 M urea, 5% w/v sodium dodecyl sul-
phate (SDS), 1 mM ethylenediaminetetraacetic acid, 100
mM DTT, Bromophenol Blue), and proteins were separated
on 15% sodium dodecyl sulphate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) gels under denaturing conditions.
Immunoblotting was performed according to standard
methods using anti-hTERP polyclonal antibodies (1:250
in 1.5% BSA in tris-buffered saline with 0,05% Tween-20

(TBST); 0.014 mg/ml stock), anti-MAP LC3 �/� (Santa
Cruz Biotech (sc-398822), 1:1000), anti-SQSTM1/p62 (Ab-
cam (ab56416)), anti-H3 HRP (Abcam (ab21054), 1:5000)
or anti-GAPDH (Thermo Fisher Scientific (39–8600),
1:5000) primary antibodies and horseradish peroxidase
(HRP)-conjugated goat anti-rabbit IgG (G21234, Invitro-
gen, 1:2500) or HRP-conjugated anti-mouse IgG (Thermo
Fisher Scientific (G21–040), 1:2000) secondary antibodies
for 1 h at room temperature. Detection was performed using
Amersham ECL Prime Western Blotting Detection Reagent
(GE Healthcare Life Sciences) according to the manufac-
turer’s protocols.

Trypsinolysis

PAGE gel bands were fixed in 20% CH3OH/10%
CH3COOH/70% H2O for 30 min and washed twice
with H2O. Gels were cut in 1 × 1 mm pieces, transferred
into tubes and treated with 10 mM DTT and 100 mM
NH4HCO3 for 30 min at 56◦S. Proteins were alkylated
with 55 mM iodoacetamide in 100 mM NH4HCO3 for
20 min in the dark. The gel pieces were dehydrated by
the addition of 100% acetonitrile and treated with 150 �l
trypsin solution (40 mM NH4HCO3, 10% acetonitrile, 20
ng/�l Trypsin Gold, mass spectrometry grade, Promega).
Samples were incubated for 60 min at 40◦S and for 16–18
h at 37◦S. Peptides were extracted once with 5% formic
acid in H2O and twice by 50% acetonitrile with 5% formic
acid. Extracts were joined and vacuum-dried at 45◦S. The
precipitate was diluted in 15 �l of 5% acetonitrile with
0.1% formic acid.

LC-MS analysis

Analysis was performed using a TripleTOF 5600+ mass-
spectrometer with a NanoSpray III ion source (ABSciex,
Canada) coupled with a NanoLC Ultra 2D+ nano-HPLC
system (Eksigent). The high pressure liquid chromatogra-
phy (HPLC) system was configured in trap-elute mode. For
the sample loading buffer and buffer A, a mixture of 98.9%
water, 1% methanol and 0.1% formic acid (v/v) was used.
Buffer B was composed of 99.9% acetonitrile and 0.1%
formic acid (v/v). Samples were loaded on a trap column
(Chrom XP C18 3 �m 120 Å 350 �m × 0.5 mm (Eksi-
gent, Dublin, CA)) at a flow rate of 3 �l/min for 10 min
and eluted through a separation column (3C18-CL-120 (3
�m 120 Å) 75 �m × 150 mm (Eksigent, Dublin, CA)) at a
flow rate of 300 nl/min. The gradient was from 5 to 40% of
buffer B in 60 min. The column and the pre-column were
regenerated between runs by a blank-injection gradient (5
× 10 min 5–95% B short gradients) followed by equilibra-
tion with 5% of buffer B for 25 min. Peptide identification
was performed in information-dependent acquisition (IDA)
mass-spectrometer mode. Each IDA experiment included
one survey MS1 scan followed by 50 dependent MS2 scans.
The MS1 acquisition parameters were as follows: the mass
range for analysis and subsequent ion selection for MS2
analysis was 300–1250 m/z, and the signal accumulation
time was 250 ms. Ions for MS2 analysis were selected based
on intensity with a threshold of 400 cps and a charge state
from 2 to 5. The MS2 acquisition parameters were as fol-
lows: resolution of the quadrupole was set to UNIT (0.7
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Da), the measurement mass range was 200–1800 m/z, the
ion beam focus was optimized to obtain the maximal sensi-
tivity and the signal accumulation time was 50 ms for each
parent ion. Collision-activated dissociation was performed
with nitrogen gas with collision energy ramping from 25 to
55 V within 50 ms of signal accumulation time. Analyzed
parent ions were sent to a dynamic exclusion list for 15 s in
order to get an MS2 spectra at the chromatographic peak
apex (the minimum peak width throughout the gradient was
∼30 s).

Identification analysis of mass spectrometry data

Raw data were analyzed with ProteinPilot 4.5 revision 1656
(ABSciex) using the search algorithm Paragon 4.5.0.0 re-
vision 1654 (ABSciex) and standard settings to search the
database containing SwissProt DB and the target protein se-
quence. The following parameters were used for the search:
alkylation of cysteine by iodoacetamide, trypsin digestion,
TripleTOF 5600 equipment, and including a deep search
with additional statistical analysis of results reliability. The
spectra were grouped with default settings by the ProGroup
algorithm within ProteinPilot. Statistical analysis of the re-
sults reliability (and identification of the threshold value
of unused score) was performed using the ProteomicS Per-
formance Evaluation Pipeline Software (PSPEP) algorithm
within ProteinPilot.

Directed LC-MS/MS analysis

Directed peptide search by LC-MS/MS was performed us-
ing the acquisition cycle containing the MS1 survey scan
(for further peptide peak RT alignment between differ-
ent runs check) and the ProductOf scan for the parent
ion with m/z corresponding to the peptide of interest,
LEAAVGPGLLR (m/z 548.3). The parameters were as fol-
lows: CE, 45; accumulation time, 100 ms; mass range, 100–
2000 amu. Spectra were processed with PeakView 2.1 Soft-
ware (ABSciex, Canada).

Cell treatment and viability measurements

Apoptosis was induced by etoposide and doxorubicin treat-
ment. Approximately 10 000 cells per well were seeded
the day before drug treatment in 96-well plates. Cells
were treated with drug concentrations from 0.1 to 12
�M. Dimethyl sulfoxide (DMSO) stocks of drugs were
diluted in medium. Cells treated with DMSO diluted in
medium were used as a control. After 48-h incubation
with drugs, 100 �g/well 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) reagent was added to
the cells, and cells were incubated for 3 h. The medium was
aspirated, and 100 �l DMSO was added to each well to dis-
solve the purple precipitate. After 3 h of incubation under
gentle swirling in the dark, the absorbance was measured at
555 nm using a plate reader (Victor X5, Perkin Elmer). All
pipetting was performed in a Janus Extended liquid han-
dling station (Perkin Elmer). Triplicate wells were analyzed
for each drug concentration. The results were reproduced in
three independent experiments.

Autophagy inhibition

Cells were seeded at 3.0 × 103/cm2 in wells of a 6-well plate
and treated with chloroquine (C66288, Sigma-Aldrich) (10
�M) for 24 or 6 h.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
7.0 software (La Jolla, CA, USA). Statistical significance
was determined using the one- and two-way ANOVA, and
differences between the analyzed samples were determined
using the Sidak’s or Dunett’s multiple comparison tests.
Each experiment was replicated three to five times.

RESULTS

Vertebrate telomerase RNAs code for protein

Bioinformatics analysis of the hTERC gene revealed that
the ORF started from the AUG codon at position 176 nt
followed by 363 nt, which corresponds to the premature
form of telomerase RNA coding 121 amino acid residues
(Supplementary Figure S1a). This protein was termed
hTERP––human TElomerase RNA Protein. The molecu-
lar weight of full-length hTERP is 13 kDa (pI of 11.7). It is
enriched by Arg, Gly, Pro and Ser (these four amino acids
residues make up to 50% of the total residue count (Supple-
mentary Table S1)). TERP may have at least two isoforms: a
full-length isoform from the primary transcript (13.3 kDa)
and a shorter isoform from mature hTERC (9.9 kDa). Trun-
cated mRNA may be translated by ribosomes that stalled at
the ragged position and released by the No-Go mechanism
(29).

Putative proteins encoded by telomerase RNA genes of
Fellus catus, Equus cabballus and Mus musculus homolo-
gous to hTERP were predicted and aligned (Figure 1B; Sup-
plementary Figure S1b and Supplementary Table S2). The
aligned sequences showed 40% or more identity (Supple-
mentary Table S2), similar length (113 amino acid residues
for F. catus, 106 amino acid residues for E. cabballus and
139 amino acid residues for M. musculus) and amino acids
composition (Supplementary Table S1). All analyzed pro-
teins are enriched in Arg, Gly and Pro.

We performed an analysis of the PRIDE Archive (30),
a proteomics data repository, to search for hTERP pep-
tides. The peptide search was initiated by virtually cutting
the protein of interest, hTERP, using Peptide Cutter soft-
ware (31). The obtained peptides were used as input data
for PRIDE analysis. Eleven unique peptides that originated
from hTERP were found in MS/MS data of proteins among
the interactomes with transcription factors (32), tyrosine
phosphatases (33) and CDK (34) in HEK293T cells (Sup-
plementary Table S3).

hTERC localizes in the nucleus and in the cytoplasm of
HEK293T cells

To be translated, RNA should be localized in the cyto-
plasm. It was shown previously that hTERC forms cy-
toplasmic bodies (so-called cyTER) under conditions of
hTERC processing defects (22,23). However, the small por-
tion of the similar structures may be observed under normal
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conditions (21,23). To prove the localization of hTERC in
the cytoplasm, we purified nuclear and cytoplasmic RNA
and proteins. To confirm the quality of purification ob-
tained nuclear and cytoplasmic fractions were analyzed by
western blot (Figure 1C) and by RT-PCR (Figure 1D). We
detected �-tubulin in the cytoplasm fractions and histone
H3 in the nuclear fraction by western blot (Figure 1C). RT-
PCR analysis of the distribution of the GAPDH mRNA
demonstrated that unspliced pre-mRNA localized in the
nuclear (Figure 1D and E) and only spliced mRNA was
detected in the cytoplasm fraction (Figure 1D and E). We
observed the efficient separation of the cellular lysates. To
quantify the distribution of hTERC and spliced and un-
spliced forms of GAPDH mRNA in cytoplasm and nuclear
fractions, we performed RT-qPCR analysis (Figure 1D). To
compare the quantity of RNA in the cytoplasm and nucleus,
we normalized the level of RNA in cytoplasmic or nuclear
fractions to the amount of the same RNA in the total cel-
lular RNA. The quantification revealed that spliced form
of GAPDH mRNA is localized in the cytoplasm and the
unspliced form of GAPDH pre-mRNA in the nucleus. We
observed 20% of hTERC in the cytoplasmic fraction (Fig-
ure 1D and E). The presence of hTERC in the cytoplasm is
consistent with the translational capacity of this RNA.

hTERP protein is present in the cell as proved by three inde-
pendent approach

To show the presence of hTERP in cells, antibodies were
generated in rabbits by immunization with recombinant
6His-tagged TERP protein purified from E. coli (Supple-
mentary Figure S2a–c). Antibodies were purified, charac-
terized (Supplementary Figures S2d and e and S3) and used
for immunofluorescence microscopy and western blot anal-
ysis of telomerase-positive (HEK293T, HT1080 and Jurkat)
cell lines and a telomerase-negative (VA13) cell line. The
expression levels of telomerase RNA in cells were mea-
sured by RT-qPCR analysis, which confirmed the absence
of hTERC in VA13 cells and showed variations in the
amount of hTERC in telomerase-positive cells (HEK293T,
HT1080 and Jurkat) (Supplementary Figure S4a). Posi-
tive signals due to antibody staining were detected for all
telomerase-positive cells (HEK293T, HT1080 and Jurkat)
(Figure 2A–D) but were absent in telomerase-negative cells
(VA13) (Figure 3B). The knockdown of the hTERC in
HEK293T cells performed with two different short hair-
pin RNAs (shRNAs) (35,36) (Figure 2E) decreased the level
of hTERP as was shown by western blot (Figure 2F). We
did not observe the hTERP staining in VA13 cells either by
western blot (Figure 3A) or by immunofluorescence (Fig-
ure 3B) under conditions of HEK293T cells positive stain-
ing (Figure 3A and C). We expressed wild-type and mutant
forms of hTERC in VA13 cells and confirmed their expres-
sion by RT-qPCR (Figure 3D). The expression of mutant
hTERC in which the AUG codon (start codon for hTERP)
was mutated to AUU (hTERCstU) (Supplementary Figure
S1C) did not result in the appearance of immunofluores-
cence signals in VA13 cells (Figure 3E) and in the positive
staining in western blot (Figure 3H). However, the expres-

sion of truncated form of hTERP (17aa) obtained by inser-
tion of the preliminary stop-codon (Supplementary Figure
S1c) resulted in the appearance of immunofluorescence sig-
nal in VA13 cells (Figure 3F) similar to the signal observed
in HEK293T cells under the same magnification (Figure
3C). Since the polyclonal antibodies were used for stain-
ing, it is not surprising that we were able to detect the trun-
cated form of the protein by immunofluorescence but not
by western blot (Figure 3H). Transient expression of the ex-
ogenous telomerase RNA gene (875 nt) that encodes full-
length hTERP protein induced immunofluorescent signals
in VA13 cells (Figure 3G) similar to the signal observed in
HEK293T cells under the same magnification (Figure 3C)
and positive staining in western blot (Figure 3H).

Additional analysis revealed the presence of hTERP in
both the nuclear and cytoplasmic fractions of HEK293T
cells and the absence of hTERP in VA13 cell extracts (Sup-
plementary Figure S2e), confirming the data obtained by
immunofluorescence analysis. Both the full-length form
(13.3 kDa) corresponding to premature hTERC and the
shorter form (9.9 kDa) corresponding to mature hTERC
of hTERP can be seen in Figure 2D and F (Supplemen-
tary Figure S2e). We observed multiple bands of hTERP
oligomers by SDS-PAGE separation of recombinant pro-
tein and in western blots of cellular extracts (Supplemen-
tary Figure S2b–f). Oligomerization may be induced by
the N-terminal domain of hTERP, which is similar to the
oligomerization domain of p62 protein.

We used LC-MS/MS peptide identification to directly
confirm the existence of hTERP. Purified recombinant pro-
tein was used as a reference. Five peptides corresponding to
hTERP with confidence >99% were identified (Supplemen-
tary Table S4). The total protein unused score was 7.02, and
the sequence coverage was 27.27% (for peptides with con-
fidence >95%) (Supplementary Table S4). One unique for
hTERP tryptic peptide (LEAAVGPGLLR) was identified
with high confidence (Supplementary Figure S5a and b and
Supplementary Table S4). The uniqueness of the selected
peptide was also verified by the BlastP algorithm (http:
//blast.ncbi.nlm.nih.gov/) against a nonredundant protein
database, and only one target corresponding to the peptide
from human TERP with 100% identity and an E-value of
0.42 was found.

LC-MS/MS analysis was used to detect hTERP in
HEK293T cells. A targeted MS/MS approach with the m/z
of the selected unique hTERP peptide (LEEAVGPGLLR)
determined in the control experiment with the recombinant
protein was used for hTERP identification (Supplemen-
tary Figure S5c). This unique hTERP tryptic peptide was
found in analyzed samples from HEK293T cells extracted
from PAGE (Supplementary Figures S2g and h and S5c)
as well as from total HEK293T proteins. To identify more
peptides, hTERP was concentrated by immunoprecipita-
tion. We used the recombinant protein purified from E. coli
as a reference. Recombinant protein and the elution frac-
tion after hTERP immunoprecipitation from HEK293T ex-
tracts were trypsinized from PAGE. LC-MS/MS analysis
detected three peptides that corresponded to hTERP (Sup-
plementary Figure S6).
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Figure 2. hTERP is expressed in telomerase-positive cells. (A–C) Immunolocalization of hTERP in HEK293T (A), Jurkat (B) and HT1080 (C) cells;
blue, DAPI-stained nuclei; red, hTERP; scale bars, 5 �m. (D) Western blot analysis of HEK293T, Jurkat and HT1080 cells for the presence of hTERP.
GAPDH staining was used as a loading control. (E) Levels of hTERC in HEK293T shLuc (expressed shRNA targeted luciferase mRNA (negative control)),
HEK293T shTERC1 and HEK293T shTERC2 (expressed shRNAs targeted hTERC) normalized to the hTERC level in HEK293T cells. Mean ± SD was
calculated for three biological replicates. (F) Western blot analysis of HEK293T shLuc (expressed shRNA targeted luciferase mRNA (negative control)),
HEK293T shTERC1 and HEK293T shTERC2 (expressed shRNAs targeted hTERC) for the presence of hTERP. GAPDH staining was used as a loading
control.

Increased level of hTERP protects cell from drug-induced
apoptosis

Loss-of-function and gain-of-function approaches were uti-
lized to investigate the functional role of hTERP in cells.
HEK293T cells with mutated ORF were obtained by the
CRISPR/Cas9 technique. After numerous attempts, we
were able to detect 10 clones with a mutation in hTERC
ORF. None of the survived clones contained a muta-
tion that led to complete protein disappearance. Only four
clones contained double allele mutations. In all cases, we
observed at least one allele that contained various dele-
tions, but these deletions retained the translational frame
in hTERP ORF. We expected that 66% of analyzed alle-
les would have an altered ORF after CRISPR/Cas9 treat-
ment (mutations at 2 of 3 positions would induce an ORF
shift). The analysis revealed that only 16% (in contrast to
the expected 66%) of alleles possessed the frame-shift (Sup-
plementary Table S5). Two clones were chosen for further
analysis. Clone 60 characterized by double allele deletion
of 15 nt was predicted to delete five amino acid residues
from the N-terminus (Supplementary Figure S1d). Clone
71 contained one allele with a 7-nt deletion with disrupted
ORF and another allele with a 12-nt deletion but conserved
ORF; thus, TERP lost four amino acids in the N-terminal

region (Supplementary Figure S1d). TERC level increased
by 3-fold in clone 71 and decreased by 2-fold in clone 60, as
revealed by RT-qPCR (Supplementary Figure S4b). Telom-
erase activity did not change significantly in clone 71 and
was undetectable in clone 60 (Supplementary Figure S4c),
as measured by RQ-TRAP (37). Deletion of 15 nt obtained
in clone 60 affects the pseudoknot structural element of the
hTERC (Supplementary Figure S4d) that is crucial for the
telomerase activity (38). However, the clone 71 had different
deletions in two alleles. The pseudoknot element was im-
paired in one allele but rescued in the second one in which
the mutations changed the template boundary element in a
way that allows telomerase to function (39) (Supplementary
Figure S4d). The level of hTERP protein decreased slightly
in clones 60 and 71 (Figure 4A).

Stable HEK293T cell lines overexpressing wild-type
(hTERCwt) and two mutant forms (Supplementary Figure
S1c) were produced by lentiviral transduction. The hTERC-
stU mutant contained a mutation at the start AUG codon
that impaired ORF, and the hTERCstop cell line contained
a substitution of C 229 for A that resulted in the appearance
of a preliminary stop codon and the predicted synthesis of a
short N-terminal peptide (17aa) instead of hTERP protein
(Supplementary Figure S1c). The level of hTERC increased
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Figure 3. hTERC encodes an ORF. (A) Western blot analysis of HEK293T and VA13 cells for the presence of hTERP. GAPDH staining was used as a
loading control. (B and C) Immunolocalization of hTERP in VA13 (B) and HEK293T (C); blue, DAPI-stained nuclei; red, hTERP; scale bars, 10 �m.
(D) Levels of hTERC in VA13, VA13 vector, VA13 hTERCstU, VA13 hTERCstop, VA13 hTERCwt (VA13 expressed empty vector or wild-type or mutant
forms of hTERC) and HEK293T. Mean ± SD was calculated for three biological replicates. (E–G) Immunofluorescence analysis of VA13 hTERCstU (E),
VA13 hTERCstop (F) and VA13 hTERCwt (G) (VA13 cells expressed wild-type or mutant forms of hTERC); blue, DAPI-stained nuclei; red hTERP; scale
bars, 10 �m. (H) Western blot analysis of VA13, VA13 vector, VA13 hTERCstU, VA13 hTERCstop and VA13 hTERCwt cells for the presence of hTERP.
GAPDH staining was used as a loading control.

for 1.5–3-fold than in HEK293T cells as was revealed by
RT-qPCR (Supplementary Figure S4b) and telomerase ac-
tivity increased for 2.5–3 times in comparison to HEK293T
cells (Supplementary Figure S4c) for all obtained cell lines.
The level of hTERP increased in HEK293T cells express-
ing wild-type hTERC (Figure 4A) and decreased slightly in
clones 60 and 71.

It was previously shown that increased levels of hTERC
provide anti-apoptotic defense in human immune cells (16).
This effect was independent of telomerase activity and was
suggested to be an alternative function of hTERC. It should
be mentioned that the region of hTERC involved in the anti-
apoptotic functions of hTERC corresponds to the ORF en-
coded hTERP, thus suggesting that this function may be-
long to hTERP. To address the role of hTERP in protect-
ing cells from apoptosis, all cell lines were treated with dox-
orubicin or etoposide, which are known to induce apopto-
sis (40,41). Standard MTT assays (42) were used to mea-
sure the level of cell survival upon treatment with increasing
amounts of drugs. Significant anti-apoptotic protection was
observed for the cell line that additionally expressed hTER-
Cwt, corresponding up to 80% of survived cells even after 48
h of treatment with high concentrations of the drugs (Fig-
ure 4B; Supplementary Figure S7 and Supplementary Table
S6). The cells that additionally expressed mutant hTERC
(hTERCstU, hTERCstop) died in a manner similar to un-
transfected HEK293T cells and HEK293T cells transduced
with an empty vector (vector) (Figure 4B, Supplementary
Figure S7). Decreased cell survival was observed for clone
71 (Figure 4C, Supplementary Table S6), which expressed

mutant hTERP that lacked four amino acids in the N-
terminal domain (Supplementary Figure S1d). Significant
morphological changes in cells of all lines were observed af-
ter 25 h treatment with 0.2 �g/ml doxorubicin, except for
the line expressing hTERCwt, which produced additional
amounts of wild-type hTERP (Figure 4D). These data indi-
cate that it is not the level of hTERC and not the telomerase
activity (Supplementary Figure S4b and c), but the produc-
tion of hTERP (Figure 4A, Supplementary Figure S7) de-
termines the level of survived cells upon drug-induced apop-
tosis. The additional expression of hTERP protects cells
from the drug-induced apoptosis and the decreasing of the
hTERP level reduces the cell survival rate.

hTERP mutations affect the autophagosome formation

Under various circumstances, autophagy is employed as a
mechanism of cellular protection under apoptosis-inducing
conditions. The N-terminal 1–37 sequence of hTERP ex-
hibited 30% identity and 60% similarity to the 1–50 N-
terminal amino acids of p62 (43) protein of humans (Figure
5A). p62 or SQSTM1 (sequestosome) is a protein involved
in ubiquitinated protein recycling through autophagosome
degradation (43,44). It is known that p62 binds ubiqui-
tinated proteins and targets them to autophagosomes for
degradation. The N-terminal motif of hTERP is similar
to the p62 motif, which corresponds to the oligomeriza-
tion of p62 (45,46) and its binding with leukocyte-specific
kinase (47). p62 regulates the processing of LC3 protein
into the form involved in autophagosome formation. We
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Figure 4. hTERP protects cells from drug-induced apoptosis. (A) hTERP level in HEK293T expressing wild-type hTERC and in clones 60 and 71 in
comparison with the hTERP level in wild-type HEK293T cells. (B) The viability of wild-type HEK293T cells and HEK293T cells with exogenous expression
of hTERCwt or expressing a mutant form of hTERC was analyzed by MTT assays after doxorubicin treatment. Titration curves showing the percentage
of living cells after 48 h of treatment with apoptosis-inducing compounds. (C) The viability of wild-type HEK293T cells, clones 60 and 71 was analyzed by
MTT assays after doxorubicin treatment. Titration curves showing the percentage of living cells after 48 h of treatment with apoptosis-inducing compounds.
(D) Morphology of HEK293T cells and cells exogenously expressing hTERCwt or a mutant form of hTERC after 25 h treatment with 0.2 �M doxorubicin.
Left panels, untreated cells; right panels, treated cells.

suggested that hTERP may play a role in autophagy–
apoptosis crosstalk due to the homology with p62. We used
LC3 protein as a marker of autophagy function. LC3I is
a soluble cytoplasmic protein that conjugates with phos-
phatidylethanolamine to form LC3II. The processed form
of LC3 (LC3II) recruits autophagophores (48) and stimu-
lates the curving of the membrane, leading to autophago-
some formation. Newly formed autophagosomes fuse with
lysosomes, and the components that had been recruited to
the autophagosome and proteins that participated in au-
tophagosome maturation are then digested by lysosome en-
zymes. LC3II is degraded during autophagy progression
after autophagosome and lysosome fusion (48). Treating
cells with chloroquine prevents autophagosome fusion with
lysosomes, causing the processed form of LC3 (LC3II) to
accumulate in cells (48). We observed decreased levels of
LC3 in clone 60 and increased levels of LC3 in clone 71
compared to HEK293T cells (Figure 5B), suggesting that
hTERP may influence the amount of LC3 in cells via its
N-terminal domain. The conversion of LC3I to LC3II was

impaired both in clone 60 and clone 71 compared to in
HEK293T cells when autophagosome fusion with lyso-
somes was blocked by chloroquine treatment (Figure 5B–
D). Immunofluorescence analysis of LC3 and hTERP re-
vealed their partial co-localization in HEK293T cells (Sup-
plementary Figure S8). p62 levels were unchanged in clones
60 and 71 compared with HEK293T cells (Supplementary
Figure S9a), and no differences in intracellular localization
of p62 were observed with and without chloroquine treat-
ment (Supplementary Figure S9b).

DISCUSSION

Telomerase RNA was discovered as noncoding RNA that
is essential for telomerase complex formation and action
(9). Telomerase RNA provides the structural scaffold for
telomerase complex formation (49), contains template re-
gion for synthesis of telomeric repeats (50) and partici-
pates in processive telomere repeat synthesis (51). Number
of alternative functions for TERT were described: partici-
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Figure 5. hTERP is involved in autophagy regulation. (A) Alignment of the N-terminus regions of hTERP and p62 was performed by JalView. Amino
acids are colored in ClustalX colors. (B) Immunoblotting of lysates from HEK293T cells and clone 71 and clone 60 for LC3 in normal conditions and after
treatment with 10 �M chloroquine for autophagy inhibition. (C) Quantification of the conversion rate of LC3I to LC3II. The conversion rate of LC3I
to LC3II was determined from three independent western blots (mean ± SEM(standard error of the mean)) and quantified by GraphPad Software. The
‘****’ indicates P < 0.0001 by Dunett’s multiple comparison test. (D) Representative immunofluorescence images of HEK293T cells and of clone 60 and
clone 71 with altered hTERP ORF in normal conditions and after treatment with 10 �M chloroquine for autophagy inhibition stained for hTERP and
LC3; blue, DAPI-stained nuclei; red, hTERP and green, LC3; scale bars, 5 �m.

pating in different kinase pathways regulation, localization
in mitochondria during stress and other (52–54). Alterna-
tive functions of telomerase RNA are less evident. How-
ever, it was shown that hTERC is involved in cellular re-
sponse to the DNA damage conditions due to regulation
of activity of ATM/ATR kinases (15). The level of p53 in-
creased under conditions when hTERC expression was re-
duced (15). Increased level of hTERC or mutations that
prevent the association of hTERC with hTERT protected
cells from drug-induced apotosis (16). Knockout of TERC
in mice promoted the defects in tissue renewal, wound heal-
ing, dysfunctions of mitochondria that may be caused by
general metabolism impairments. Mouse TERC (mTERC)
deficiency resulted in glucose uptake and insulin secretion
impairment (55,56) that may correlate with increased ac-
tivity of the mammalian target of rapamycin (mTOR) in
mTERC-deficient mice (57).

TERC in vertebrates is synthesized by RNA–polymerase
II as a precursor (17), contains cap-structure at 5′-end (20)
and may be polyadenylated (18). A small degree of cytoplas-
mic localization (22) and association with polysome frac-

tion (4) for hTERC were shown. hTERC primary struc-
ture analysis revealed that it codes for protein. The align-
ment of TERP sequences from different vertebrates has
shown some similarity with the majority of analyzed or-
ganisms (Figure 1B and Supplementary Figure S1b). The
more significant differences were observed when we com-
pared mice TERP, which is started from Leu (CUG-start
codon), with the other vertebrates TERPs. The unconserved
primary structure of TERP may indicate that the function
of TERP and its peptide may not be conserved in rodents.
We have proved that protein named hTERP is indeed ex-
pressed in the HEK293T cells by combination of several al-
ternative approaches described above.

We proved the anti-apoptotic defense under drug treat-
ment conditions by hTERP and observed that ectopic ex-
pression of wild-type, but not mutated at AUG-codon (start
codon for hTERP) hTERC contributes to protection of
cells. Thus, protein hTERP encoded in TERC but not
TERC itself may provide the alternative functions of TERC
described earlier (15). Previously reported data about de-
fects in autophagy progression in telomerase-deficient mice
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promoted our interest to the hTERP involvement in au-
tophagy regulation. Autophagy is the mechanism that ac-
tivates during nutrient deficiency and has anti-apoptotic
protective effect (58). We observed the autophagy progres-
sion defects as well as increased sensitivity to the apop-
tosis of cells expressing mutated hTERC obtained after
CRISPR/Cas9 treatment.

Our data allow us to propose that hTERP plays a role
in autophagy regulation. We observed the delayed LC3
processing––one of the initial steps of autophagosome for-
mation. The fact that mutations in the N-terminal domain
of hTERP affect LC3I conversion to LC3II and the influ-
ence of these mutations on LC3 concentration in cells pro-
vides the evidence that hTERP may be involved in the cor-
rect processing of LC3 protein and autophagosome matu-
ration that may explain the influence of hTERP on cell sur-
vival under drug-induced apoptosis conditions.

Our findings are in agreement with previously obtained
data of nontelomeric functions of telomerase RNA (16)
and provide further evidence that the novel protein hTERP
encoded in telomerase RNA plays a role in cell survival.
hTERP is involved in the protection of cells from stress
and helps cells survive and adapt under unfavorable con-
ditions. The coding capacity of hTERC may explain the
constitutive expression of this RNA in the majority of so-
matic cells. Our data provide new evidence that RNAs that
have well-established function in the cell as noncoding can
have noncanonical coding capacity, and the resulting pep-
tide discussed herein is involved in the regulation of essen-
tial processes in living cells. The detailed molecular mecha-
nism of hTERP involvement in the regulation of autophagy
and apoptosis remains to be understood.
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