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ABSTRACT

The core catalytic unit of telomerase comprises
telomerase reverse transcriptase (TERT) and telom-
erase RNA (TERC). Unlike TERT, which is predom-
inantly expressed in cancer and stem cells, TERC
is ubiquitously expressed in normal somatic cells
without telomerase activity. However, the functions
of TERC in these telomerase-negative cells remain
elusive. Here, we reported positive feedback regula-
tion between TERC and the PI3K-AKT pathway that
controlled cell proliferation independent of telom-
erase activity in human fibroblasts. Mechanistically,
we revealed that TERC activated the transcription of
target genes from the PI3K-AKT pathway, such as
PDPK1, by targeting their promoters. Overexpres-
sion of PDPK1 partially rescued the deficiency of
AKT activation caused by TERC depletion. Further-
more, we found that FOXO1, a transcription fac-
tor negatively regulated by the PI3K-AKT pathway,
bound to TERC promoter and suppressed its ex-
pression. Intriguingly, TERC-induced activation of
the PI3K-AKT pathway also played a critical role in
the proliferation of activated CD4+ T cells. Collec-
tively, our findings identify a novel function of TERC
that regulates the PI3K-AKT pathway via positive
feedback to elevate cell proliferation independent of

telomerase activity and provide a potential strategy
to promote CD4+ T cells expansion that is responsi-
ble for enhancing adaptive immune reactions to de-
fend against pathogens and tumor cells.

INTRODUCTION

Normal somatic cells have a proliferative limit due to the
end replication problem (1), which can be overcome in the
majority of human tumor cells by activating telomerase, a
ribonucleoprotein that maintains telomere length by the ad-
dition of telomeric TTAGGG repetitive sequences to the
telomere ends (2). The telomerase complex consists of two
main components: TERT, the telomerase reverse transcrip-
tase subunit and TERC, the RNA template for reverse
transcription (3,4). TERT transcription is epigenetically si-
lenced in normal somatic cells; nevertheless, it is highly ac-
tivated in tumor cells and stem cells. Conversely, TERC, the
RNA template, is ubiquitously expressed in human tissue
and cells, regardless of whether it harbors telomerase activ-
ity (5–7), implying that TERC has noncanonical functions
beyond telomerase activity. Recent studies have revealed
that TERC is involved in immune cells antiapoptotic ef-
fects, the DNA damage response and telomere length main-
tenance, in a manner that is independent of its telomere
templating function (8–10). It was also reported that TERC
stimulates the NF-�B (Nuclear factor-kappa B) pathway
and increases the expression and secretion of inflamma-
tory cytokines in telomerase-negative cells (11). In addition,
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Cheng et al. reported that TERC can be imported into mi-
tochondria and processed to a shorter form TERC-53 that
plays a regulatory role in cellular senescence, which is re-
sponsible for cognitive decline in 10-month-old mice, in-
dependent of its telomerase function (12,13). However, the
functions of TERC in normal somatic cells remain elusive.

The PI3K-AKT pathway is an intracellular signaling
pathway that is associated with multiple important cellular
processes, including proliferation, metabolism, cell survival,
protein synthesis and angiogenesis (14,15). The central me-
diator of the PI3K-AKT signaling pathway is a serine-
threonine kinase, AKT, which serves as an indispensable
conduit for the transmission of growth and survival sig-
nals from cell surface receptors (16). AKT has three con-
served isoforms in mammalian cells, AKT1 (PKB �), AKT2
(PKB �) and AKT3 (PKB � ), which share homologous
amino acid sequences, including the N-terminal regulatory
region, kinase catalytic domain and C-terminal regulatory
domain (17). Once PI3K is activated by extracellular sig-
nals, it catalyzes the phosphorylation of PI(4,5)P2 to form
PI(3,4,5)P3, which then recruits AKT from the cytoplasm
to the cell plasma membrane (18). Upon membrane recruit-
ment, AKT is phosphorylated by PDPK1 at Thr308 lo-
cated in the catalytic core domain, leading to AKT acti-
vation. Further phosphorylation at Ser473 located in the
C-terminal regulatory domain by mTORC2 is responsible
for full activation of AKT (19,20). Then, activated AKT
moves to the cytoplasm and nucleus and phosphorylates nu-
merous downstream effectors to modulate cell proliferation,
metabolism, survival and motility (17). GSK3 and FOXOs,
the two-best established downstream targets of AKT, act as
the key signaling nodes to achieve diverse regulatory func-
tions of the PI3K-AKT pathway (17).

In this study, we reported that depletion of TERC results
in slowed or stopped proliferation independent of telom-
erase activity in normal somatic cells. Mechanistic study
showed that PI3K-AKT signaling was down-regulated by
TERC depletion through transcriptional regulation of tar-
get genes from the PI3K-AKT signaling pathway. Further-
more, we found that a key transcription factor FOXO1,
which was negatively regulated by the PI3K-AKT pathway,
bound to the TERC promoter and suppressed its transcrip-
tion. Thus, it suggested a positive feedback loop between
TERC and the PI3K-AKT pathway. In addition, we found
that TERC-mediated PI3K-AKT signaling activation plays
a critical role in the proliferation of activated CD4+ T cells.
Both AKT and/or PDPK1 inhibitors blocked the elevated
proliferation of activated CD4+ T cells induced by TERC.
Together, our findings identify a novel function of TERC to
elevate cell proliferation through a positive feedback loop
with the PI3K-AKT pathway independent of telomerase ac-
tivity, which may act as a potential mechanism for CD4+ T
cells expansion during adaptive immune reactions to defend
against infectious pathogens and tumor cells.

MATERIALS AND METHODS

Cell culture and compounds

MRC5 fibroblast cells, BJ fibroblast cells were obtained
from American Type Culture Collection (ATCC). 293T

were purchased from Chinese Academy of Sciences of Type
Culture Collection (CTCC). Cells were cultured in DMEM
medium (Gibco) with 10% fetal bovine serum (Gibco)
and 100 U/ml penicillin/ streptomycin (Gibco). Negatively
selected-CD4+ T cells were directly purchased from Leide-
bio, Guang Zhou, China. For CD4+ T activation, CD4+ T
cells were seeded at a density of 1 × 106 per well in 1 ml
ImmunoCult™-XF T Cell Expansion Medium (Stemcell)
and activated with 25 �l ImmunoCult Human CD3/CD28
T Cell Activator (Stemcell) and 10 ng/ml IL-2 (Stemcell) for
72 h followed by siRNA transfection, virus infection or drug
treatment. These cell lines were maintained in a humidified
chamber containing 5% CO2 at 37 ◦C.

DMEM without glucose was purchased in Gibco.
2-Deoxy-D-glucose (2-DG), MK-2206, PHT-427,
AS1842856 and BIBR1532 were purchased in Selleck.

Gene silence and overexpression

SiRNA was transfected into target cells using
Lipofectamine RNAiMAX Transfection Reagent
(Invitrogen), according to the manufacturer’s
instructions. siRNA against TERC (si-1: 5′-
GUCUAACCCUAACUGAGAAGGdTdT-3′; si-2:
5′-CCGUUCAUUCUAGAGCAAACdTdT-3′), FOXO1
(si-1: 5′-GAGCGUGCCCUACUUCAAGdTdT-3′; si-2:
5′-UCUCCUAGGAGAAGAGCUGdTdT-3′), were pro-
vided by Suzhou GenePharma Co., Ltd. The scrambled
sequence was used as a control.

FG12-puro lentiviral vector (abbreviated as FG12-EV)
was reconstructed from FG12 (21) through replacing EGFP
sequence by puromycin resistance gene (PuroR) sequence.
U3-TERC cassette was amplified from pBABEpuro U3-
TERC-500 (22) and cloned into FG12-puro vector to yield
FG12-puro-TERC (abbreviated as FG12-TERC). PDPK1
gene was cloned into pLenti-Dest-EF1a-IRES-puro (ab-
breviated as pLenti-EV) to yield pLenti-Dest-EF1a-IRES-
puro-PDPK1 (abbreviated as pLenti-PDPK1). Lentivirus
was packaged in 293T cells using calcium phosphate trans-
fection. The virus supernatants were harvested at 48 and
72 h after transfection, filtered with 0.45 �m filter unit
(millipore) and stored at −80◦C in aliquots. Cells were in-
fected with lentivirus for 24 h and selected with puromycin
(Sangon) before collection for further analysis at indicated
times. Plasmids were transfected into MRC5 cells by 4D-
Nucleofector system (Lonza).

EdU staining assay

MRC5 and BJ cells on the coverslip were cultured with
medium supplemented with 10 �M EdU for indicated
times (MRC5 cells for 2 h and BJ cells for 4 h, respec-
tively). Then, cells were washed with PBS and fixed with
4% paraformaldehyde for 15 min at room temperature. Fol-
lowing incubation, the fixed cells were permeabilized with
0.3% Triton X-100 (in 1× PBS) for 15 min at room tempera-
ture. Cells were stained at room temperature for 30 min with
staining buffer (10 �M FAM-azide, 1 mM CuSO4 and 10
mM sodium ascorbate in PBS), then washed and mounted
with DAPI. Fluorescence was detected and imaged using
Zeiss Axion Imager Z1 microscope.
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TERC ChIRP assay

ChIRP assay were performed as previously described using
odd probes of TERC and LacZ (23,24). Briefly, 40 million
MRC5 cells were collected and fixed with 1% glutaralde-
hyde in PBS for 10 min at room temperature, reflection ter-
minated by 1.25 mM glycine for 5 min. Cells were washed
twice with chilled PBS, and re-suspended in lysis buffer (50
mM Tris 7.0, 10 mM EDTA, 1% SDS, add DTT, PMSF, P.I.,
and Superase-in before use), and sonicated in a 4◦C water
bath to bulk of the DNA smear is 100–500 bp in size. The su-
pernatant was collected, and diluted with 2 times volume of
hybridization buffer (500 mM NaCl, 1%SDS, 100 mM Tris
7.0, 10 mM EDTA, 15% formamide, add DTT, PMSF, P.I,
and Superase-in fresh) and appropriate volume of probes
(TERC odd probes or Laz-probe), incubated at 37◦C for 4 h
with shaking. Streptavidin-magnetic C1 beads were blocked
with 500 ng/�l yeast total RNA and 1 mg/ml BSA for 1 h
at room temperature, and resuspended with original volume
of lysis buffer and added to the hybridization system, 37◦C
for 30 min with shaking. Then, Streptavidin-magnetic C1
beads were washed five times with wash buffer (2 × SSC,
0.5% SDS, add DTT and PMSF fresh). For DNA elution,
beads were resuspended in 3 × original volume DNA elu-
tion buffer (50 mM NaHCO3, 1% SDS, 200 mM NaCl) with
RNase A and RNase H, followed by reverse cross-linking,
proteinase K digestion and phenol-chloroform extraction.
DNA fragments were precipitated by ethanol in the pres-
ence of NaAc and glycogen. Eluted DNA was subject to
PCR and high-throughput sequencing.

TERC ChIRP-seq Analysis

High-throughput sequencing was carried out in Sangon
Biotech using Illumina Hiseq. High-quality raw reads were
aligned to the human genome (UCSC, hg38) with Bowtie2
(v2.3.1, default settings) (25). Bigwig signal tracks were gen-
erated using DeepTools (v3.1.3) (26) and normalized to
reads per genomic content (RPGC). Aggregation profiles
and heatmaps were generated from bigwig files of TERC-
ChIRP and Input over hg38 refGenes using DeepTools.
Peaks were called using MACS14, and categorical anno-
tation of peaks on genomic elements was performed using
CEAS (27). Significant peaks were identified with the set-
ting of Enrichment Fold > 3 and P-value < 0.0001. KEGG
pathway enrichment analysis was performed using DAVID
(28,29).

Quantitative real-time PCR

Total RNA was extracted from cells using RNAiso Plus
Reagent (Takara) according to manufacturer’s instructions.
About 1.0 �g of total RNA was reverse-transcribed to
cDNA using PrimeScript RT reagent Kit (Takara). cDNA
was used for real-time PCR using 2 × RealStar Green Fast
Mixture (GenStar). �-Actin was used as internal control.
All PCR primers sequences were from Genecards (30).

Western blot

Cells were directly lysed in 2 × SDS loading buffer and
boiled for 10 min. Proteins were separated by SDS–PAGE,

transferred to PVDF membrane and probed with antibod-
ies specific for, p-S473 AKT (4060, Cell Signaling Tech-
nology), p-T308 AKT (13038, Cell Signaling Technology),
AKT (ab32505, Abcam), p-S9 GSK3� (9322, Cell Signaling
Technology), GSK3� (9315, Cell Signaling Technology),
PDPK1 (ab52893, abcam), Flag (F1804, Sigma). �-Actin
(66009–1-Ig, Proteintech) antibody was used as a loading
control. Samples derived from the same experiment and
gels/blots were processed in parallel.

Chromatin immunoprecipitation

Cells were cross-linked with 1% formaldehyde, and ter-
minated by 1.25 mM Glycine, after washed twice with
cold PBS, cells were resuspended in SDS lysis buffer (50
mM Tris–HCl, pH 8.1, 10 mM ethylenediaminetetraacetic
acid, 1% SDS) and sonicated. The supernatant was pre-
cleared with Protein-A/G agarose beads precoated with
Escherichia coli genomic DNA. Chromatin immunopre-
cipitation (ChIP) was carried out overnight at 4 ◦C with
primary antibodies against FOXO1 (1:100 dilution, 2880,
Cell Signaling Technology), or IgG (Sangon). Beads were
washed three times, and eluted with 0.1 M NaHCO3 and
1% SDS, followed by reverse cross-linking and phenol-
chloroform extraction. DNA fragments were precipitated
by ethanol in the presence of NaAc and glycogen. PCR
was carried out to identify DNA fragment enriched in
complexes. The following primers were used to detect
the fragments of TERC promoters: pTERC-TS-forward:
5′-GAGAGAGTGACTCTCACGAGAGC-3′; pTERC-
TS-reverse: 5′-CGAGTCGGCTTATAAAGGGAGCG-3′;
pTERC-1K-forward: 5′-CCACGGAGTTTATCTAACTG
AATACGAG-3′; pTERC-1K-reverse: 5′-AAAGTGCT
GGGATTACAGGTATGAGC-3′; pTERC-2K-forward:
5′-GTCCCAGGCTGGAGTGCAGT-3′; pTERC-2K-
reverse: 5′-GCATACCTGTGGATTCAGTTACTTGGG-
3′.

TRAP assay

TRAP assay was performed as described previously (31,32).
Samples were resolved by PAGE gel and scanned using Tan-
non Gel Image System.

Statistical analysis

All statistical analyses were performed using GraphPad
Prism software (Version 8). Data are presented as the mean
and standard deviation of at least three independent exper-
iments. P-Value were calculated by Student’s two-tailed t-
test, one- or two-way ANOVA as indicated in the figure
legends. For ANOVA, adjustments were made for multiple
comparisons by Dunnett or Tukey corrections as appropri-
ate. Exact P-values can be found in the figure legends.

RESULTS

TERC deficiency induces decelerated proliferation in normal
somatic cells independent of telomerase activity

To explore the function of TERC in normal somatic cells
without telomerase activity, we depleted TERC in MRC5
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Figure 1. TERC depletion decelerates cell proliferation in MRC5 and BJ fibroblast cells. (A) The RNA level of TERC in the control and the TERC-
depleted MRC5 cells. MRC5 cells were transfected with two distinct siRNAs target to TERC for 72 h, qPCR analysis of TERC knockdown efficiency. (B)
Proliferation of the control and the TERC-depleted MRC5 cells. MRC5 cells were transfected with siRNAs for 8 days, cell PDs (Population Doublings)
were used to estimate cell growth. (C) Edu assay of the control and the TERC-depleted MRC5 cells. MRC5 cells transfected with siRNAs for 72 h and
then labeled with 10 �M EdU for 2 h. The incorporation of EdU was determined by fluorescence microscope. (D) Quantification of the data in (C), data
represent the mean ± SD of three independent experiments, significance was determined using one-way ANOVA with Dunnett’s test, ****P < 0.0001.
(E) The RNA level of TERC in the control and the TERC-depleted BJ cells. BJ cells were transfected with two distinct siRNAs target to TERC for 72 h,
qPCR analysis of TERC knockdown efficiency. (F) Proliferation of the control and the TERC-depleted BJ cells. BJ cells were transfected with siRNAs
for 8 days, and cell PDs (population doublings) were used to estimate cell growth. (G) Edu assay of the control and the TERC-depleted BJ cells. BJ cells
transfected with siRNAs for 72 h and then labeled with 10 �M EdU for 4 h. The incorporation of EdU was determined by fluorescence microscope. (H)
Quantification of the data in (G), data represent the mean ± SD of three independent experiments, significance was determined using one-way ANOVA
with Dunnett’s test, **P = 0.002 (siTERC-1) and 0.0024 (siTERC-2) compared with siNC.

fibroblast cells with two distinct siRNAs (Figure 1A), and
the rates of cell proliferation were evaluated by popula-
tion doublings (PDs). Our results showed that knockdown
of TERC led to a significant deceleration of prolifera-
tion in the TERC-depleted cells (Figure 1B). Moreover,
the EdU staining assay showed that the TERC-depleted
cells displayed a lower EdU incorporation rate than the
control cells (Figure 1C,D). These results were also con-
firmed in BJ fibroblast cells (Figure 1E–H). All these re-
sults indicated that TERC depletion decelerates cell prolif-
eration in normal somatic cells independent of telomerase
activity.

TERC occupies genomic sites enriched in the PI3K-AKT sig-
naling pathway

TERC is a typical lncRNA that was reported to oc-
cupy telomeres and Wnt pathway genes in HeLa S3 cells
transduced with TERC and TERT (23). Recently, Garcı́a-
Castillo et al. have shown that TERC binds to specific

DNA sequences of master myeloid genes and controls their
expression through recruiting RNA polymerase II in Ze-
brafish (33). To explore how TERC regulates cell prolif-
eration in normal somatic cells, we performed ChIRP-seq
(Chromatin Isolation by RNA Purification Followed by Se-
quencing) to identify the genomic binding sites of TERC in
MRC5 fibroblast cells (Figure 2A and Supplementary Ta-
ble S1). Strikingly, we did not find a strong enrichment of
TERC on telomeric sequences over ‘Input’ in MRC5 cells
(Figure 2B), which is inconsistent with the observation in
HeLa cells, thus further supporting that TERT is essen-
tial for the localization of TERC to telomeres (34). In ad-
dition, we observed that most of the peak sizes of TERC
were <600 bp, which is a pattern reminiscent of sharp peaks
from transcription factors (Figure 2C). Then, we analyzed
the genomic targets of TERC in MRC5 cells and observed
a strong enrichment near the gene promoter, mostly ad-
jacent to the transcription start site (TSS) (Figure 2D,E).
Further analysis of the significant TERC-bound peaks re-
vealed that one of the top three enriched KEGG pathways
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Figure 2. TERC occupies genomic sites enrich in the PI3K-AKT signaling pathway. (A) A schematic diagram of ChIRP protocol. Chromatin is cross-
linked, fragmented, and hybridized to TERC-biotinylated probes. TERC-bound DNA were purified for DNA sequencing or PCR detection. (B) Counts
per million of reads from TERC-ChIRP and Input samples that map to telomere sequences. Reads from ‘TERC ChIRP’ sample and ‘Input’ sample were
compared against telomere sequence (TTAGGG)2 and (CCCTAA)2. (C) Histogram distribution of peak sizes from TERC ChIRP-seq. (D) Bar chart
showing the percentage of TERC ChIRP-seq peaks on promoters. P-value computed versus genome random. (E) Average signal and heatmaps of TERC
ChIRP-seq and Input over hg38 reference genes. (F) KEGG pathway analysis of genes with significant TERC ChIRP-seq peaks. (G) TERC depletion
decreased AKT activation in MRC5 cells. The control and the TERC-depleted MRC5 cells were collected for western blotting of indicated proteins. (H)
Quantification of the data in (G), data represent the mean ± SD of three independent experiments, significance was determined using one-way ANOVA
with Dunnett’s test, for p-S473 AKT/AKT: ****P < 0.0001; for p-S308 AKT/AKT: **P = 0.0023 (siTERC-1) and 0.0017 (siTERC-2) compared with
siNC; for p-S9 GSK3�/GSK3�: **P = 0.0018, ****P < 0.0001.

was the PI3K-AKT signaling pathway (P = 3.9 × 10–5)
(Figure 2F).

To determine the effect of TERC on the PI3K-AKT sig-
naling pathway, we focused on AKT, the central media-
tor of the PI3K-AKT signaling pathway. It is known that
AKT is fully activated through phosphorylation at Thr308
and Ser473 sites (19,20). Then, we knocked down TERC in
MRC5 and BJ cells, and observed a significantly decreased
level of AKT phosphorylation at Thr308 and Ser473 sites.
This result was consistent with the decreased phosphory-
lation of the AKT downstream effector GSK3�, which can
act as a surrogate measure of AKT catalytic activity (Figure
2G,H and Supplementary Figure S1). These data confirmed
that TERC is involved in the regulation of the PI3K-AKT
signaling pathway.

TERC functions in the PI3K-AKT signaling pathway through
modulating gene transcription

To determine how TERC impacts the PI3K-AKT path-
way, we analyzed TERC-occupied genes from ChIRP-Seq
that are associated with the PI3K-AKT pathway. Based
on the results in Figure 2D,E, we identified 38 genes with
TERC binding peaks at the promoters/TSS regions. Then,
we knocked down TERC in MRC5 cells, and used qPCR
to detect the mRNA levels of these genes. The results in
Figure 3A showed that the mRNA levels of seven genes
(COL24A1, COL5A1, EGFR, IL4R, PDPK1, PRKCA,
TNXB) were suppressed or induced by TERC depletion.
Then, we detected the mRNA levels of these seven genes
in the TERC-depleted BJ cells and found that the mRNA
levels of four genes (EGFR, IL4R, PDPK1, PRKCA) were
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Figure 3. TERC is involved in the PI3K-AKT pathway through gene transcriptional regulation. (A) The mRNA levels of 38 genes from PI3K-AKT pathway
with TERC-ChIRP peaks in the promoters/TSS regions in the control and the TERC-depleted MRC5 cells. MRC5 cells were transfected with two distinct
siRNAs target to TERC for 48 h, qPCR analysis of TERC knockdown efficiency and the mRNA levels of 38 genes. Data represent the mean ± SD of
three independent experiments, significance was determined using one-way ANOVA with Dunnett’s test, for COL24A1: *P = 0.0330, **P = 0.0015; for
COL5A1: *P = 0.0122, **P = 0.0088; for EGFR: ****P < 0.0001; for IL4R: ***P = 0.0003 (siTERC-1) and 0.0001 (siTERC-2) compared with siNC;
for PDPK1: ****P < 0.0001; for PRKCA: *P = 0.0111, **P = 0.0022; for TNXB: **P = 0.0014, ***P = 0.0002. (B) The mRNA levels of four screened
genes in the control and the TERC-overexpressed MRC5 cells. qPCR analysis of TERC overexpression efficiency and the mRNA levels of four screened
genes in MRC5 cells with the expression of FG12-EV or FG12-TERC. Data represent the mean ± SD of three independent experiments, significance was
determined using two-tailed Student’s t-test, ****P < 0.0001, ***P = 0.0005, ns = 0.2754. (C) PCR of TERC-immunoprecipitated chromatin for screened
genes’ promoter in MRC5 cells. (D) Quantification of the data in (C), data represent the mean ± SD of three independent experiments, significance was
determined using two-tailed Student’s t-test, for EGFR: **P = 0.0065; for IL4R: **P = 0.0081; for PDPK1: **P = 0.0016. (E)TERC depletion decreased
PDPK1 expression and TERC overexpression induced PDPK1 expression in MRC5 cells. The control and the TERC-depleted or -overexpressed MRC5
cells were collected for western blotting of indicated proteins. (F) Quantification of the data in (E), data represent the mean ± SD of three independent
experiments, significance was determined using one-way ANOVA with Dunnett’s test or two-tailed Student’s t-test, TERC knockdown: *P = 0.0297,
***P = 0.0004; TERC overexpression: ***P = 0.0009. (G) Expression of TERC in the TERC-depletion MRC5 cells with exogenous PDPK1. TERC was
knocked down in the control and the PDPK1-overexpressed MRC5 for 72 h, qPCR analysis of TERC knockdown efficiency. (H) PDPK1 reversed TERC
depletion-induced decrease of AKT phosphorylation level. Cells were treated as shown in (G), and collected for western blotting of indicated proteins. (I)
Quantification of the data in (H), data represent the mean ± SD of three independent experiments, significance was determined using one-way ANOVA with
Tukey’s test, for p-S473 AKT/AKT: **P = 0.0078 (pLenti-EV(siNC) versus pLenti-EV(siTERC-1)), 0.0044 (pLenti-EV(siNC) versus pLenti-EV(siTERC-
2)), 0.0041 (pLenti-EV(siTERC-1) versus pLenti-PDPK1(siTERC-1)) and 0.0082 (pLenti-EV(siTERC-2) versus pLenti-PDPK1(siTERC-2)); for p-S308
AKT/AKT: *P = 0.0376, ****P < 0.0001; for p-S9 GSK3�/GSK3�: *P = 0.0135 (pLenti-EV(siNC) versus pLenti-EV(siTERC-1)) and 0.0057 (pLenti-
EV(siTERC-1) versus pLenti-PDPK1(siTERC-1)), **P = 0.0057 (pLenti-EV(siNC) versus pLenti-EV(siTERC-2)) and 0.0094 (pLenti-EV(siTERC-2)
versus pLenti-PDPK1(siTERC-2)).

consistently downregulated by TERC depletion (Supple-
mentary Figure S2A). Conversely, the TERC-overexpressed
MRC5 and BJ cells showed increased mRNA levels of three
out of four genes (EGFR, IL4R, PDPK1) (Figure 3B and
Supplementary Figure S2B). Moreover, we observed en-
richment of TERC at the promoter region of these three

genes by ChIRP-PCR (Figure 3C,D), raising the intriguing
possibility that TERC regulates the transcription of these
genes by targeting their promoters.

Among them, PDPK1 is the key regulator for AKT acti-
vation (19). It was speculated that TERC modulates AKT
activation through regulation of PDPK1 expression. To fur-
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ther test this hypothesis, we measured the protein level of
PDPK1 with TERC depletion or overexpression. The re-
sults showed that depletion of TERC resulted in a signifi-
cant decrease of cellular PDPK1 protein level while overex-
pression of TERC resulted in significant increase of cellular
PDPK1 protein level in both MRC5 and BJ cells (Figure
3E,F; Supplementary Figure S2C and D). To verify the crit-
ical role of PDPK1 in the modulation of AKT activation
by TERC, we exogenously expressed PDPK1 in the TERC-
depleted cells and found that compensatory expression of
PDPK1 significantly reversed the decreased phosphoryla-
tion of AKT and GSK3� (Figure 3G–I). These results in-
dicate that TERC regulates AKT activation mainly through
PDPK1.

Activated AKT modulates TERC transcriptional expression
through FOXO1

AKT was reported to be the major signal regulator for
maintaining cell proliferation and survival in response
to various growth factors and diverse stresses, such as
metabolic stress and oxidative stress (35). However, whether
activated AKT can induce TERC expression is still unclear.
Then we used EGF, glucose deprivation stress (glucose star-
vation, 2-DG) and oxidative stress (H2O2) to treat MRC5 at
the indicated times, which induced AKT activation (Figure
4A,B). Intriguingly, we observed that all these treatments
significantly induced TERC expression (Figure 4C–F). Ac-
tivated AKT elevates TERC expression, while TERC deple-
tion decelerates AKT activation, which indicates that there
is positive feedback between activated AKT and TERC ex-
pression.

To define how activated AKT regulates TERC expres-
sion, we used the Eukaryotic Promoter Database (EPD)
(36) to predict the potential transcription factor motifs in
the promoter region of TERC. We observed that FOXO1,
an important transcription factor downstream of the PI3K-
AKT pathway, may bind to the promoter region of TERC
(-1211 bp relative to the transcription start site) with a cut-
off P-value of 0.0001 (Figure 4G). As a transcription fac-
tor, FOXO1 has been reported to play critical roles in cel-
lular homeostasis, including energy metabolism, oxidative
stress resistance and cell viability and proliferation, and ac-
tivated PI3K-AKT signaling leads to its translocation out
of the nucleus and attenuation of its transcriptional pro-
gram (37–39). We wondered whether activated AKT regu-
lates TERC expression through FOXO1. Thus, we knocked
down FOXO1 with two different siRNAs in both MRC5
and BJ cells, and found that TERC RNA level was specif-
ically increased (Figure 4H,I; Supplementary Figure S3A
and B). Meanwhile, TERC RNA level was also obviously
increased in MRC5 and BJ cells following FOXO1 inhibitor
(AS1842856) treatment (Figure 4J and Supplementary Fig-
ure S3C). Then, we performed ChIP assay followed by PCR
to demonstrate the interaction between FOXO1 and the
TERC promoter, and found that FOXO1 was enriched on
the TERC promoter located 1–2 kb upstream of its TSS
(Figure 4K and L). These results strongly suggested that
AKT regulates TERC RNA levels through the transcrip-
tion factor FOXO1.

TERC regulates the proliferation of activated CD4+ T cells
by targeting to AKT independent of telomerase activity

Cell proliferation is a key feature of adaptive immune re-
sponses. To act as an antipathogenic response, CD4+ T
cells must undergo rapid cell proliferation, and monitoring
CD4+ T cell proliferation is essential for the evaluation of
adaptive immune reactions (40). It has been reported that
TERC expression is up-regulated significantly in peripheral
blood CD4+ T cells after in vitro activation (41). We found
that CD4+ T cells proliferated rapidly, TERC expression
was up-regulated significantly after activation, and the pro-
liferation rate of activated CD4+ T cells slowed down ac-
companied by a decline in the expression of TERC (Figure
5A,B).

During the process of T cell activation, CD28-dependent
recruitment and activation of PI3K can result in the intra-
cellular accumulation of 3-phosphorylated lipids that can
bind and induce the phosphorylation of pleckstrin homol-
ogy domain-containing proteins for activation (42,43), such
as AKT. Upon activation, T cells undergo multiple rounds
of proliferation, which is an energy-consuming process that
entails dramatic changes in cellular metabolism to pro-
duce high level of adenosine 5′-triphosphate (ATP) accom-
panied by the by-products reactive oxygen species (ROS)
(44,45). As shown in Figure 4A and F, H2O2-induced ox-
idative stress activated AKT and elevated the expression of
TERC. Then, we detected AKT phosphorylation level dur-
ing the proliferation of activated CD4+ T cells and found
that the phosphorylation of AKT was also up-regulated sig-
nificantly after activation, and a decreased phosphorylation
level of AKT accompanied by a decline in the TERC expres-
sion was observed (Figure 5C,D).

It is speculated that TERC and activated AKT may also
play important roles in CD4+ T cell proliferation. To de-
termine our hypothesis, we knocked down TERC in acti-
vated CD4+ T cells (Figure 5E), and found that the TERC-
depleted cells displayed a slower proliferation rate than the
control cells (Figure 5F), while the TERC-overexpressed
activated CD4+ T cells showed a faster proliferation rate
than EV-expressed cells (Figure 5G,H). These results are
consistent with the results in MRC5 and BJ cells. Fur-
thermore, we detected the phosphorylation of AKT in the
TERC-depleted or TERC-overexpressed activated CD4+ T
cells (Figure 5I,J); the results further supported the con-
clusion that TERC induces the activated level of AKT in
cells. Then, we used AKT and/or PDPK1 inhibitors to treat
the TERC-overexpressed activated CD4+ T cells and ob-
served that AKT and/or PDPK1 inhibition reversed the el-
evated proliferation and AKT activation induced by TERC
overexpression (Figure 5K, Supplementary Figure S4A and
B). Moreover, exogenous expression of PDPK1 completely
counteracted the effects of decreased phosphorylation level
of AKT and proliferation defects caused by TERC de-
pletion (Supplementary Figure S4C–F). These results sug-
gested that TERC-induced activation of AKT is critical for
the proliferation of activated CD4+ T cells.

It has been reported that telomerase inhibition with
BIBR 1532 (an inhibitor of telomerase activity) has a di-
rect cytotoxic effect in leukemia cells but not in normal
hematopoietic stem cells and T cells (46,47). To exclude the
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Figure 4. Activated AKT induces TERC expression through FOXO1. (A) EGF, glucose starvation, 2-DG and H2O2 induced AKT activation in MRC5
cells. MRC5 cells were treated with EGF (0, 50 and 100 ng/ml with serum starvation) for 15 min, different gradient glucose-containing medium (1, 0.5
and 0 g/L), 2-DG (0, 2.5 and 5 mM) or H2O2 (0, 100 and 200 �M) for 4 h, and collected for western blotting of indicated proteins. (B) Quantification of
the data in (A), data represent the mean ± SD of three independent experiments, significance was determined using one-way ANOVA with Dunnett’s test.
EGF treatment: for p-S473 AKT/AKT: ***P = 0.0002, ****P < 0.0001; for p-S308 AKT/AKT: *P = 0.0481, **P = 0.0041; for p-S9 GSK3�/GSK3�:
**P = 0.0015, ***P = 0.0005. Glucose deprivation: for p-S473 AKT/AKT: *P = 0.0212, **P = 0.0022; for p-S308 AKT/AKT: *P = 0.0157, **P = 0.0024;
for p-S9 GSK3�/GSK3�: ***P = 0.0007 (0.5 g/L) and 0.0004 (0 g/L) compared with 1 g/L. 2-DG treatment: for p-S473 AKT/AKT: *P = 0.0366,
**P = 0.0026; for p-S308 AKT/AKT: ****P < 0.0001; for p-S9 GSK3�/GSK3�: *P = 0.0127, **P = 0.0048. H2O2 treatment: for p-S473 AKT/AKT:
*P = 0.0355, ***P = 0.0004; for p-S308 AKT/AKT: **P = 0.0091, ****P < 0.0001; for p-S9 GSK3�/GSK3�: **P = 0.0051 (100 �M) and 0.0011 (200
�M) compared with 0 �M. (C) EGF induced TERC expression in MRC5 cells. MRC5 cells were serum starved and treated with EGF (0, 50 and 100 ng/ml)
for 24 h, and collected for qPCR of TERC expression. Data represent the mean ± SD of three independent experiments, significance was determined using
one-way ANOVA with Dunnett’s test, ****P < 0.0001. (D) Glucose deprivation induced TERC expression in MRC5 cells. MRC5 cells were cultured in
1, 0.5 and 0 g/L glucose-containing medium for 24 h, and collected for qPCR of TERC expression. Data represent the mean ± SD of three independent
experiments, significance was determined using one-way ANOVA with Dunnett’s test, ****P < 0.0001. (E) 2-DG induced TERC expression in MRC5
cells. MRC5 cells were treated with 2-DG (0, 2.5 and 5 mM) for 24 h, and collected for qPCR of TERC expression. Data represent the mean ± SD of three
independent experiments, significance was determined using one-way ANOVA with Dunnett’s test, ****P < 0.0001. (F) H2O2 induced TERC expression in
MRC5 cells. MRC5 cells were treated with H2O2 (0, 100 and 200 �M) for 24 h, and collected for qPCR of TERC expression. Data represent the mean ± SD
of three independent experiments, significance was determined using one-way ANOVA with Dunnett’s test, **P = 0.0025, ****P < 0.0001. (G) Schematic
diagram of predicted FOXO1 binding site in TERC promoter. (H) The mRNA level of FOXO1 in the control and the FOXO1-depleted MRC5 cells. MRC5
cells were transfected with two distinct siRNAs target to FOXO1 for 72 h, qPCR analysis of FOXO1 knockdown efficiency. (I) The RNA level of TERC
in the control and the FOXO1-depleted MRC5 cells. MRC5 cells were treated as shown in (H), qPCR analysis of TERC expression. Data represent the
mean ± SD of three independent experiments, significance was determined using one-way ANOVA with Dunnett’s test, ****P < 0.0001. (J) The RNA level
of TERC in the DMSO-treated and the AS1842856-treated MRC5 cells. MRC5 cells were treated with AS1842856 (0, 1 and 2 �M) for 24 h, and collected
for qPCR analysis of TERC expression. Data represent the mean ± SD of three independent experiments, significance was determined using one-way
ANOVA with Dunnett’s test, ****P < 0.0001. (K) PCR of FOXO1-immunoprecipitated chromatin for TERC promoter in MRC5 cells. (L) Quantification
of the data in (K), data represent the mean ± SD of three independent experiments, significance was determined using two-tailed Student’s t-test, for -2K:
*P = 0.0104; for -1K: *P = 0.0285; for TS: ns = 0.0747.
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Figure 5. TERC elevates the proliferation of activated CD4+ T cells through activating AKT in a telomerase activity-independent manner. (A) Fold
expansion of peripheral blood CD4+ T cells after in vitro activation. Negatively selected-CD4+ T cells were activated with ImmunoCult Human CD3/CD28
T Cell Activator in ImmunoCult™-XF T Cell Expansion Medium supplemented with 10 ng/ml IL-2, on days 0, 3, 4, 5, 6, 7 and 8, viable cells were counted
and fold expansion was calculated. (B) TERC RNA level was increased in peripheral blood CD4+ T cells after in vitro activation. Cells were activated
as shown in (A), on days 0, 3, 4, 5, 6, 7 and 8, cells were collected for RNA extraction, qPCR analysis of TERC expression. (C) AKT was activated in
peripheral blood CD4+ T cells after in vitro activation. Cells were activated as shown in (A), on days 0, 3, 4, 5, 6, 7 and 8, cells were collected for western
blotting of indicated proteins. (D) Quantification of the data in (C), data represent the mean ± SD of three independent experiments. (E) The RNA level
of TERC in the control and the TERC-depleted activated CD4+ T cells. Naı̈ve CD4+ T cells were activated with ImmunoCult Human CD3/CD28 T
Cell Activator for 3 days followed by transfecting with two distinct siRNAs target to TERC for 6 days, qPCR analysis of TERC knockdown efficiency.
(F) Proliferation of the control and the TERC-depleted activated CD4+ T cells. Activated CD4+ T cells were transfected with siRNAs for 6 days, viable
cells were counted and fold expansion was calculated. (G) The RNA level of TERC in the control and the TERC-overexpressed activated CD4+ T cells.
Naı̈ve CD4+ T cells were activated with ImmunoCult Human CD3/CD28 T Cell Activator for 3 days followed by lentivirus infection (FG12-Vector or
FG12-TERC) for 24 hours, and selected with puromycin for 24 h, qPCR analysis of TERC overexpression efficiency. (H) Proliferation of the control
and the TERC-overexpressed activated CD4+ T cells. Activated CD4+ T cells were treated as shown in (G), and the TERC-stably expressed activated
CD4+ T cells were constructed after puromycin selection, viable cells were counted and fold expansion was calculated. (I) TERC depletion decreased
AKT activation and TERC overexpression induced AKT activation in activated CD4+ T cells. The control and the TERC-depleted or -overexpressed
activated CD4+ T cells were collected for western blotting of indicated proteins. (J) Quantification of the data in (I), data represent the mean ± SD of three
independent experiments, significance was determined using one-way ANOVA with Dunnett’s test or two-tailed Student’s t-test. TERC knockdown: for
p-S473 AKT/AKT: *P = 0.0250 (siTERC-1) and 0.0107 (siTERC-2) compared with siNC; for p-S308 AKT/AKT: *P = 0.0313 (siTERC-1) and 0.0231
(siTERC-2) compared with siNC; for p-S9 GSK3�/GSK3�: *P = 0.0308, **P = 0.0029. TERC overexpression: for p-S473 AKT/AKT: **P = 0.0058;
for p-S308 AKT/AKT: *P = 0.0123; for p-S9 GSK3�/GSK3�: ****P < 0.0001. (K) MK-2206 rescued TERC overexpression-induced cell proliferation.
Activated CD4+ T cells with EV or TERC stable overexpression were constructed, and treated with DMSO, MK-2206 (an AKT inhibitor, 2.5 �M) for
4 days, viable cells were counted and fold expansion was calculated. Data represent the mean ± SD of three independent experiments, significance was
determined using two-way ANOVA with Tukey’s test, *P = 0.0399, **P = 0.0099 (FG12-TERC(DMSO) versus FG12-TERC(MK-2206)) and 0.0075
(FG12-EV(MK-2206) versus FG12-TERC(MK-2206)), ***P = 0.0008, ns = 0.2283. (L) Proliferation of DMSO and BIBR1352-treated activated CD4+

T cells. Activated CD4+ T cells were treated with DMSO or BIBR1352 for 6 days, viable cells were counted and fold expansion was calculated.
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influence of telomerase activity on the proliferation of ac-
tivated CD4+ T cells, we treated activated CD4+ T cells
with BIBR 1532 and found that BIBR 1532 significantly
blocked telomerase activity but did not result in inhibition
of cell proliferation (Figure 5L and Supplementary Figure
S5A). Importantly, no significant changes were detected in
the level of activated AKT or the expression of TERC and
TERT with BIBR 1532 treatment (Supplementary Figure
S5B–D). Moreover, we observed that TERC-induced cell
proliferation and AKT activation could not be reversed by
BIBR 1532 treatment (Supplementary Figure S6). These re-
sults further confirmed that TERC regulates the prolifera-
tion of activated CD4+ T cells independent of telomerase
activity.

DISCUSSION

TERC is the core subunit of telomerase which is respon-
sible for adding telomeric sequences to the telomere ends.
In addition to being the RNA template of telomerase,
TERC is a typical lncRNA and is ubiquitously expressed
in normal somatic cells without telomerase activity (5–7).
It is very likely that TERC has other, yet to be discov-
ered functions in normal somatic cells. In this study, we
demonstrated that TERC elevates cell proliferation inde-
pendent of telomerase activity by transcriptional regula-
tion of target genes from the PI3K-AKT signaling path-
way. Furthermore, we found that the key transcription fac-
tor FOXO1, which is negatively regulated by the PI3K-
AKT pathway, transcriptionally suppresses TERC expres-
sion. These results demonstrate a novel positive feedback
loop between TERC and the PI3K-AKT pathway (Fig-
ure 6). Intriguingly, TERC-induced AKT activation was
found to be critical for the proliferation of activated CD4+

T cells, revealing a potential role of TERC in elevating
adaptive immune reactions. Collectively, this newly identi-
fied TERC/targeted-genes/AKT/FOXO1/TERC positive
feedback loop not only expands the noncanonical function
of TERC besides via telomerase activity, but also suggests
a novel strategy for elevating adaptive immune reactions to
defend against infectious pathogens and tumor cells.

Previously, TERC was considered as a nonfunctional
lncRNA waiting for TERT to form the catalytic telomerase
complex. However, recent studies have shown that TERC
has noncanonical functions that are involved in immune
cell antiapoptotic effects and the DNA damage response in-
dependent of telomerase activity (8–10). In this study, we
identified a novel function of TERC in regulating cell pro-
liferation in normal somatic cells via a positive feedback
loop with the PI3K-AKT pathway which has been revealed
to be involved in cell proliferation. Interestingly, the PI3K-
AKT pathway has been reported to contribute to cell sur-
vival and genomic integrity maintenance (48). Prior stud-
ies have also revealed that there is a crosstalk between the
PI3K-AKT pathway and the DNA damage response in cells
(49–51). These observations lead to the intriguing possibil-
ity that the PI3K-AKT pathway may act as the key inter-
mediate signaling pathway for TERC to exert its reported
noncanonical functions. Moreover, the PI3K-AKT path-
way plays critical roles in various other biological processes,
such as cell metabolism, protein synthesis and angiogenesis

(14,15). Whether TERC is also involved in these processes
independent of telomerase activity requires further investi-
gation.

While identifying the genomic occupancy of TERC helps
to understand its functional mechanism on chromosomal
DNA. It has been reported that TERC occupies telomeres
and some of the same genes as TERT does in HeLa S3 cells
transfected with TERC and TERT (23). However, the ge-
nomic targets of TERC in cells, especially in TERT-negative
cells, are unclear. Analysis of TERC ChIRP-seq in MRC5
fibroblast cells, we did not observe an apparent enrich-
ment of TERC on telomeres (Figure 2B), further support-
ing that TERT aids the recruitment of TERC to telomeres
(34). Moreover, we showed that TERC preferentially targets
gene promoters/transcriptional start sites, which is consis-
tent with the re-analyzed results of ChIRP-seq in HeLa S3
cells (11,23). Further KEGG pathway analysis revealed that
the gene targets of TERC in fibroblast cells were enriched
in the PI3K-AKT pathway, which provides mechanistic in-
sight into the function of TERC on transcriptional regu-
lation in normal somatic cells. With experimental confir-
mation, we demonstrated that three genes (EGFR, IL4R,
PDPK1) from the PI3K-AKT pathway are transcription-
ally induced by TERC (Figure 3B–D), giving the explana-
tion that TERC-depletion cells present lower level of acti-
vated AKT than control cells. Intriguingly, we also showed
that activated AKT can elevate TERC expression through
FOXO1, a key transcription factor, which is negatively regu-
lated by the PI3K-AKT pathway (Figure 4). Therefore, our
study identified a positive feedback loop between the PI3K-
AKT pathway and TERC.

Unsurprisingly, KEGG pathway analysis of TERC-
ChIRP seq in MRC5 cells showed that the highest num-
ber of TERC-occupied genes were enriched in ‘Pathways
in cancer’ (Figure 2F), and we also revealed that TERC
overexpression induces AKT activation and EGFR expres-
sion. It is proposed that abnormal overexpression of acti-
vated AKT and EGFR is commonly observed in many can-
cers and is highly correlated with advanced stage of disease
and poor prognosis (52–55). This observation suggested
that in addition to acting as the RNA template for telom-
erase to maintain telomeres in cancer cells, TERC-induced
AKT activation and EGFR expression may provide an-
other molecular explanation for the critical role of TERC
in cancer progression. Currently, AKT and EGFR are con-
sidered as the attractive targets for cancer therapy and pre-
vention. TERC depletion significantly inhibits AKT acti-
vation and EGFR expression independent of telomerase
activity, revealing that depletion of TERC in tumor cells
can be utilized as a cancer therapeutic strategy. Our future
studies will investigate these interesting questions. However,
KEGG pathway analysis in our study cannot enrich the
NF-�B pathway which has been reported to be activated by
TERC in U2OS (a cancer cell line) independent of telom-
erase activity (11). One obvious reason for this discrepancy
can be that the NF-�B pathway has been reported to be
persistently activated in various malignancies (56,57) but
tightly regulated and only can be activated with external
stimuli in normal cells (58,59). So it hardly be enriched in
MRC5 (a normal somatic cell line) without any stimuli in
our study. Further experiments are required to establish the
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Figure 6. Proposed working model for TERC to regulate cell proliferation independent of telomerase activity via the positive feedback loop with the
PI3K-AKT pathway (see text for details).

different functions of TERC in cancer cells and normal so-
matic cells.

CD4+ T cells have been reported to play central roles in
adaptive immunity, driving appropriate immune responses
to diverse types of invading pathogens. Monitoring CD4+ T
cell proliferation is essential for the evaluation of adaptive
immune reactions (40). A prior study showed that TERC
protects activated CD4+ T cells from apoptosis independent
of telomerase integrity and enzymatic activity (8), but the
mechanism is not clear. Here, we showed that TERC pos-
itively regulates the PI3K-AKT signaling pathway in acti-
vated CD4+ T cells, which might be important for TERC
to protect cells from apoptosis. Recently, it has been re-
ported that telomerase activity is not required for the short-
term proliferation of activated T cells (60), which is consis-
tent with our results that the proliferation rate of activated
CD4+ T cells was unaffected with BIBR 1532 treatment
which can significantly inhibit telomerase activity (Figure
5L and Supplementary Figure S5). Importantly, we demon-
strated that TERC is a prominent regulator for the prolif-
eration of activated CD4+ T cells and this function is in-
dependent of telomerase activity. Furthermore, another re-
port revealed that PD-1 signaling inhibits T cell activation
through preventing CD28-mediated activation of PI3K-
induced AKT phosphorylation (61). Thus, supplementa-
tion with TERC in T cells may override PD-1-inhibited T
cell activation to improve the function of T cells in cancer
therapy. It is possible that we can elevate adaptive immune
reactions through altering TERC level in primary human

immune cells to defend against infectious pathogens and tu-
mor cells.
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