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Abstract

Telomeres are nucleoprotein structures at the end of chromosomes that maintain their integrity. Mutations in genes coding for proteins
involved in telomere protection and elongation produce diseases such as dyskeratosis congenita or idiopathic pulmonary fibrosis known
as telomeropathies. These diseases are characterized by premature telomere shortening, increased DNA damage and oxidative stress.
Genetic diagnosis of telomeropathy patients has identified mutations in the genes TERT and TERC coding for telomerase components
but the functional consequences of many of these mutations still have to be experimentally demonstrated. The activity of twelve
TERT and five TERC mutants, five of them identified in Spanish patients, has been analyzed. TERT and TERC mutants were expressed
in VA-13 human cells that express low telomerase levels and the activity induced was analyzed. The production of reactive oxygen
species, DNA oxidation and TRF2 association at telomeres, DNA damage response and cell apoptosis were determined. Most mutations
presented decreased telomerase activity, as compared to wild-type TERT and TERC. In addition, the expression of several TERT and TERC
mutants induced oxidative stress, DNA oxidation, DNA damage, decreased recruitment of the shelterin component TRF2 to telomeres
and increased apoptosis. These observations might indicate that the increase in DNA damage and oxidative stress observed in cells from
telomeropathy patients is dependent on their TERT or TERC mutations. Therefore, analysis of the effect of TERT and TERC mutations
of unknown function on DNA damage and oxidative stress could be of great utility to determine the possible pathogenicity of these
variants.
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Introduction
Reduced size of telomeres, the structures that protect chro-
mosome ends [1], is at the origin of several human diseases
named telomeropathies, telomere biology diseases (TBDs) or
short-telomere syndromes [2, 3]. Among these rare diseases are
dyskeratosis congenita (DC, OMIM numbers 613989, 127550),
idiopathic pulmonary fibrosis (IPF, OMIM numbers 614742,
614743) and some cases of aplastic anemia (AA, OMIM 614742,
614743) [2]. Telomere replication is not complete at the 3′ end of
the DNA and their size decreases with age in somatic cells which
is one of the causes of organism aging [4, 5]. In TBD patients
telomere shortening is more pronounced and manifests at an
early age due to mutations in genes coding for proteins involved
in telomere extension and protection [6]. These two functions are
achieved by the telomerase and shelterin complexes, respectively.

DC, AA and IPF human diseases have been linked to variants
within the genes that encode for the two telomerase essential
core components, telomerase RNA (TR, encoded by the TERC gene)
and telomerase reverse transcriptase (TERT); as well as in other
genes encoding for telomerase-associated proteins of the H/ACA
complex (DKC1, NOP10, NHP2 and GAR1) [7]. Heterogeneous muta-
tions in these genes have shown to impact telomerase function at
different degree and are associated with short telomere length as
well as with genetic anticipation in affected TBD patients [8].

The structure of the human telomerase holoenzyme has been
determined by cryo-electron microscopy [9, 10] showing the exis-
tence of two RNA-tethered lobes. One of the lobes is composed

by a TERT monomer bound to the 5′ terminal region of the TR
RNA. The other lobe contains the 3′ part of TR bound to a dimer
of the associated H/ACA proteins. The TR domains that inter-
act with TERT include the template/pseudoknot domain (t/PK)
that contains the template region used for telomere elongation
and the conserved regions 4 and 5 (CR4/5) [11]. Interaction with
DKC1 and associated proteins takes place through the ScaRNA
domain [12]. The TERT protein is composed of four domains:
essential N-terminal domain (TEN), high-affinity RNA-binding
domain (TRBD), reverse transcriptase domain (RT) and C-terminal
extension (CTE) [11]. The protein has a ring structure and contacts
are established at one side through the TRBD and CTE of TERT and
the CR4-CR5 TR domain, and through the t/PK domain of TR and
the catalytic center of the enzyme at the other side. Recruitment
of the TERT holoenzyme to telomeres requires binding to some
proteins of the shelterin complex such as POT1 and TPP1 [13, 14].
Interactions with these proteins also regulate telomerase activity
and processivity [15, 16].

Besides its prominent role in telomere extension, TERT has
been also involved in other cellular processes. For example, TERT
interacts with transcription factors to regulate gene expression
[17–19]. In addition, TERT has been found bound to mitochondria
and is proposed to regulate cell apoptosis through this interaction
[20–22].

Current genetic analysis has shown that TBD patients can carry
mutations in 15 different genes, including TERT and TERC as some
of the more frequently affected [7, 23, 24]. These variants result in
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telomere shortening and, when a number of telomeres reach a
critical minimal size, they are recognized as damaged DNA and
a signaling pathway is activated that can result in cellular senes-
cence or apoptosis [25, 26]. This process affects tissue stem cells
and produces impaired tissue renewal and premature aging [25,
27, 28]. Animal models and cell lines obtained from patients have
also shown an increase in oxidative stress that can contribute to
induce cell apoptosis [29, 30].

Classically, functional characterization of patient’s variants is
made by expressing TERT or TERC mutations in a telomerase
deficient cell line to evaluate in vitro telomerase activity in the
cellular extracts of transfected cells [31–33]. In this way, it is pos-
sible to propose that variants with decreased telomerase activity
are responsible for the presence of short telomeres in patients.
However, besides the role of telomerase in the maintenance of
telomere length avoiding the DNA damage response, TERT has
been implicated in the response to oxidative stress, as mentioned
above. In this context TERT increases its localization to the mito-
chondria protecting cells from apoptosis and DNA damage [21,
34]. Hence, a complete characterization of TERT and TERC variants
would require the evaluation of both the effect on telomerase
activity as well as on oxidative stress and DNA damage responses.

In this study functional activity of 4 TERT and 1 TERC variants
found in a Spanish cohort of TBD patients was analyzed for
the above-mentioned parameters. In addition, this study was
extended to 8 TERT and 4 TERC additional variants that were
previously characterized in terms of in vitro telomerase activity.
Using targeted mutagenesis, these 12 TERT and 5 TERC muta-
tions found in patients with DKC, IPF or AA were generated.
These variants were transiently transfected into VA-13 human
cells, which are non-cancerous lung fibroblasts that express TERT
in minimal levels. Next, the impact of the mutations on the
telomerase activity as well as other phenotypes associated with
oxidative stress, DNA damage and apoptosis were evaluated. The
results obtained indicate that several TERT and TERC variants
showed decreased telomerase activity and also induced oxidative
stress, DNA damage response, altered telomere localization of the
shelterin-complex component TRF2 or increased apoptosis. Actu-
ally, some mutations alter these cellular activities even if they
show telomerase activity similar to wild type TERT supporting
the convenience of more extensive functional studies of TERT and
TERC variants, besides in vitro telomerase activity.

Results
Determination of the telomerase activity of TERT
and TERC mutants
Twelve TERT and five TERC mutations described in TBD patients
(information summarized in Table 1) were independently gener-
ated on the pBABE-TERT/TERC vector by site-directed mutagene-
sis. This vector directs the expression of both the TERT protein
and the TR RNA allowing the assembly of the active telomerase
enzyme in transfected cells. To determine the telomerase activity
of the enzymes carrying TERT and TERC mutations, the cell line
VA-13, with low levels of telomerase activity was used for transfec-
tion. The expression levels of TERT and TERC in transfected cells
were determined by RT-q-PCR (Supplementary Fig. S1). Cellular
extracts were prepared from VA-13 cells 24 h after transfection
with the pBABE-TERT/TERC vectors that expressed the different
variants of the genes, the vector expressing the wild-type genes
and the pBABE empty vector to measure telomerase activity
using the TRAP assay. A significant increment of telomerase
activity in the pBABE-WT TERT/TERC transfected cells compared

to those transfected with the pBABE empty vector was observed
(Fig. 1). On the other hand, VA-13 cells expressing TERT (Fig. 1A)
and TERC (Fig. 1B) mutants presented a significant reduction of
telomerase activity when compared to the pBABE-WT TERT/TERC
transfected cells in most cases. However, no significant effect
was found for four TERT mutants, 2/5 within the TEN domain
(p.Pro65Thr, p.Ala202Thr), 1/5 within the RT domain (p.Tyr772Cys)
and 1/2 within the CTE domain (p.Thr1101Met). Similarly, 1/2 TERC
mutants within the CR4/5 domain (n.325G > T) showed telom-
erase activity similar to the wild-type gene. Representative TRAP
assays are shown in Supplementary Fig. S2.

Effect of TERT/TERC mutations on the production
of reactive oxygen species (ROS)
Besides its role in telomere elongation, TERT has been related
to the regulation of cellular oxidative stress (OS) through
mitochondrial interaction. The effect of TERT/TERC mutations
in the production of ROS was studied using DHE as probe to
detect O2

_. Both nuclear (Fig. 2), and cytoplasmic ROS signals
(Supplementary Fig. S3) were determined and quantified. The
results obtained for nuclear ROS (Fig. 2) indicated that expression
of WT TERT and TERC slightly decreases ROS production,
although the difference is not statistically significant. On the
contrary, significantly increased ROS levels were observed for
cells expressing six TERT mutants (Fig. 2B) and four TERC mutants
(Fig. 2C). Out of the TERT variants that increased oxidative
stress, p.Val84Glu, p.Phe159CysfsTer32 and p.Ala202Thr are
located in the TEN domain, p.Arg698Thr and p.Val747AlafsTer20
in the RT domain and p.Thr1101Met in the CTE domain.
Variants p.Arg865Cys and p.Val1090Met also induced higher
DHE intensity than the control but the difference was not
statistically significant. In the case of TERC, there were variants
involved in the three structural domains considered and only
n.269G > A did not induce significantly increased DHE staining.
The results obtained for cytoplasmic ROS (Supplementary Fig. S3)
are in general agreement with those of nuclear ROS. Among the
few differences are variant p.Phe159CysfsTer32, that showed a
tendency to increase cytoplasmic ROS levels (P: 0.05), p.Arg698Thr
and p.Val747AlafsTer20 that did not show significant changes
in cytoplasmic ROS levels. TERC variants also produce similar
variations in nuclear and cytoplasmic ROS levels although
the increase produced by n.98G > A was significant in nuclear
ROS and not in the cytoplasmic one and the reverse results
were obtained for n.269G > A. These results suggest that some
TERT/TERC mutants induce the formation of ROS.

Effect of TERT/TERC mutations on oxidative DNA
damage accumulation at telomere DNA
Increased cellular ROS induces guanine oxidation on the DNA,
which results in DNA damage and genome instability. Therefore,
the possible accumulation of oxidative DNA damage induced by
the expression of TERT or TERC mutations was determined at
telomeres. We measured the relative amount of oxidized lesions
by a qPCR-based method [35].

The results obtained indicated that expression of wild-type
TERT and TERC decreased oxidative DNA damage at telomeres
(Fig. 3). In these experiments non-transfected VA-13 cells were
incubated with 20 mM KBrO3 for 1 h to induce oxidative stress,
as a positive control. When comparing oxidative DNA damage in
cells transfected with TERT/TERC mutants with those transfected
with WT genes, we found that nine TERT mutations (Fig. 3A)
and four TERC mutations (Fig. 3B) increased oxidative DNA dam-
age at telomeres. Only one mutant at the TERT TEN domain

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddae015#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddae015#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddae015#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddae015#supplementary-data
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Table 1. Description of the nucleotide variants analyzed.

Gene. Nucleotide variant Amino acid variant Associated disease Variant reference Bibliographic
Reference

TERT
c.164T>A p.Leu55Gln IPF rs387907247 [59]
c.193C > A p.Pro65Thr AA, AML rs544215765 [41]
c.251T>A p.Val84Glu AA none assigned [41]
c.475_76delTT p.Phe159Cys

fsTer32
DC none assigned [41]

c.604G > A p.Ala202Thr AA rs121918661 [55]
c.2080G > A p.Val694Met AA, IPF, cancer rs121918662 [32]
c.2092C > T p.Arg698Trp DC rs866282352 [53]
c.2240delT p.Val747Ala

fsTer20
IPF rs199422300 [45]

c.2315A > G p.Tyr772Cys AA rs121918663 [32]
c.2593C > T p.Arg865Cys IPF rs372868296 [45]
c.3268G > A p.Val1090Met AA rs121918664 [32]
c.3302C>T p.Thr1101Met DC rs764602705 This article

TERC
n.23G > C IPF none assigned [41]
n.96_97delCT DC,IPF,AA rs199422267 [8]
n.98G > A IPF rs199422268 [59]
n.269G > A IPF none assigned [41]
n.325G > T IPF none assigned [54]

TERT: NM_001193376.1; TERC: NR_001566.1. AA: aplastic anemia; AML: accute myeoloblastic leukemia; DC: dyskeratosis congenita; IPF: idiopathic pulmonary
fibrosis.

Figure 1. Telomerase activity in TERT/TERC mutants. Telomerase activity was measured by TRAP assay in VA-13 cells transfected with pBABE empty
vector (transfection control), pBABE-WT TERT/TERC (WT telomerase) or the different TERT (panel A) and TERC mutants (panel B). Telomerase activity
was quantified and normalized to an internal control (IC) and expressed as a percentage relative to pBABE-WT TERT/TERC (considered as 100%). The
colors of the bars represent the different gene domains in which the mutations are found: yellow (controls: pBABE and pBABE WT TERT/TERC), light
green (TEN: p.Leu55Gln to p.Ala202Thr), light blue (RT: p.Val694Met to p.Arg865Cys), orange (CTE: pVal1090Met and p.Thr1101Met) for TERT and pink
(P1a stem: n.23G>C), purple (t/PK: n.96_97delCT and n.98G>A), dark blue (CR4/5: n.269G>A and n.325G>T) for TERC. The experiments were repeated
two times with similar results and mean values ± SEM of the triplicates of a representative experiment are shown. Statistical significance between
pBABE-WT TERT/TERC and each TERT or TERC mutant was calculated using two-tailed unpaired t-test (∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001). The images of
the assay are shown in Supplementary Fig. S2.

(p.Pro65Thr) and one within the CTE domain (p.Thr1101Met) did
not present significant increased levels of oxidative DNA dam-
age at telomeres. The TEN-domain mutant p.Leu55Gln produced
lower oxidative damage than the control vector expressing WT

TERT and TERC. Also, four of the five TERC mutants presented
significant accumulation of oxidized lesions at telomeres and only
the variant n.98G > A did not induce increased DNA damage at
telomeres.

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddae015#supplementary-data
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Figure 2. Reactive oxygen species (ROS) levels in TERT/TERC mutants. ROS were detected with the DHE probe in VA-13 cells transfected with pBABE empty
vector (transfection control), pBABE-WT TERT/TERC (WT telomerase) or the different TERT and TERC mutants. (A) Representative wide-field microscopy
images of single cells are shown for those mutants that presented significant differences compared to pBABE-WT TERT/TERC. In blue, counterstaining
of nuclei with DAPI. In red, the DHE probe for ROS detection. (B, C) Nuclear DHE intensity was quantified for TERT (B) and TERC (C) mutants and
normalized to pBABE-WT TERT/TERC. The colors of the bars represent the different gene domains in which the mutations are found: yellow controls:
pBABE and pBABE-WT TERT/TERC), light green (TEN: p.Leu55Gln to p.Ala202Thr), light blue (RT: pVal694Met to p.Arg865Cys), orange (CTE: p.Val1090Met
and p.Thr1101Met) for TERT and pink (P1a stem: n.23G>C), purple (t/PK: n.96_97delCT and n.98G>A), dark blue (CR4/5: n.269G>A and n.325G>T) for
TERC. Graph bars represent mean values ± SEM of three independent experiments. The value of each experiment is the mean nuclear DHE intensity of
five different microscopy fields (average of 200 cells/experiment). Statistical significance between pBABE-WT TERT/TERC and each TERT or TERC mutant
was calculated using two tailed unpaired t-test (∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001).
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Figure 3. Oxidative DNA damage at telomeres in TERT/TERC mutants. Oxidative DNA damage at telomeres was analyzed by qPCR in VA-13 cells
transfected with pBABE empty vector (transfection control), pBABE-WT TERT/TERC (WT telomerase) or the different TERT (panel A) and TERC (panel
B) mutants. Potassium bromate (KBrO3) was used as a positive control. The differences in PCR kinetics (Ct) between FPG-digested vs undigested DNA
are represented for each sample as �Ct Telomere (FPG/Buffer) and normalized to pBABE-WT TERT/TERC. Colors of the bars represent the different gene
domains in which the mutations are found: yellow (controls: pBABE and pBABE-WT TERT/TERC), light green (TEN: p.Leu55Gln to p.Ala202Thr), light blue
(RT: p.Val694Met to p.Arg865Cys), orange (CTE: p.Val1090Met and p.Thr1101Met) for TERT and pink (P1a stem: n.23G>C), purple (t/PK: n.96_97delCT
and n.98G>A), dark blue (CR4/5: n.269G>A and n.325G>T for TERC. Graph bars represent mean values ± SEM of eight technical replicates from
two independent experiments. Statistical significance between pBABE-WT TERT/TERC and each TERT or TERC mutant was calculated using two-tailed
unpaired t-test (∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001).

Effect of TERT/TERC mutations on TRF2
recruitment to telomeres
Telomerase mutations could alter recruitment of telomerase to
telomeres and also the interaction with the shelterin complex.
Both telomere recruitment and shelterin interaction regulate
telomerase activity independently of the basal enzymatic activity
determined in vitro, as shown in Fig. 1. In addition, oxidative
DNA damage has been previously identified to interfere with
TRF2-telomere binding [36] as well as being a determinant in
telomerase recruitment [37] to the telomere. Therefore, the ability
of TERT/TERC mutants to recruit the TRF2 shelterin component to
the telomere was tested by FISH-immunolocalization. Telomeres
were identified by FISH using a telomere-specific fluorescent
probe (TelC) and TRF2 by immunofluorescence using a specific
antibody.

Recruitment of TRF2 to telomeres increased when the WT
TERT and TERC genes were expressed and decreased upon oxida-
tive stress induced by 2 mM KBrO3 incubation overnight (Fig. 4).
TRF2-telomere overlapping was significantly reduced by two TERT
mutants at the TEN domain, p.Val84Glu and p.Ala202Thr (Fig. 4B).
Two TERC mutants, n.96_97delCT, placed at t/PK and n.325G > T, at
the CR4/5 domains also decreased TRF2 recruitment to telomeres
(Fig. 4C).

Effect of TERT/TERC mutations on the DNA
damage response at telomeres
Telomere uncapping can trigger the DNA damage response
(DDR) [38]. Previous experiments have shown that TERT and
TERC mutants can impair TRF2 binding to telomeres (Fig. 4) and

increase oxidative damage (Fig. 3). Because of these observations,
the possible presence of a DNA damage response at telomeres
was analyzed. In these experiments DNA damage response was
identified by binding of the 53BP1 protein to the DNA using one
specific antibody. The overlapping index between 53BP1 and the
TelC probe (TIF-53BP1) was determined to evaluate telomeric DNA
damage in response to the expression of TERT/TERC mutants. In
addition, we calculated the number of nuclear foci on transfected
cells to test whether induction of DNA damage was specific of
telomeres or more general.

Co-localization of 53BP1 at telomeres decreased upon expres-
sion of wild-type TERT/TERC and increased by overnight treatment
of these cells with 2 mM KBrO3, as shown in Fig. 5. Expression
of several TERT and TERC variants increased DDR at telomeres
with significant differences observed in the case of six TERT
(p.Leu55Gln, p.Pro65Thr, p.Val84Glu, p.Val202Thr, p.Arg698Trp and
p.Val1090Met, Fig. 5B) and four TERC (n.23G > C, n.96_97delCT,
n.98G > A and n.269G > A, Fig. 5C) mutants. On the contrary, in
one mutant at the TEN domain, four at the RT and one at the CTE
domain of TERT and the n.325G > T mutant of TERC the increase
of 53BP1 association to telomeres was not statistically significant
although the TERT mutant p.Arg865Cys and the TERC mutant
n.325G > T showed a tendency to increased damage.

The number of nuclear 53BP1 foci also decreased upon wild-
type TERT/TERC expression and increased when oxidative stress
was induced by KBrO3 treatment (Fig. 6). The expression of two
TERT (p.Val84Glu and p.Arg698Trp) and one TERC (n.98G > A)
mutants increased significantly the number of nuclear 53BP1
loci. Additionally, six other TERT (p.Pro65Thr, p.Ala202Thr,
p.Val694Met, p.Tyr772Cys, p.Arg865Cys and p.Val1090Met) and
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Figure 4. Telomere protection in TERT/TERC mutants. Telomere protection was determined by measuring colocalization of TRF2 protein and PNA-TelC
telomeric probe in VA-13 cells transfected with pBABE empty vector (transfection control), pBABE-WT TERT/TERC (WT telomerase) or with the different
TERT (panel A, B) and TERC (panels A, C) mutants. Potassium bromate (KBrO3) was used as a positive control. (A) Representative wide-field microscopy
images of single cells are shown for those mutants that presented significant differences compared to pBABE-WT TERT/TERC. The red square is magnified
in a panel at the right side of the image, to point at telomeres that overlap with TRF2. In blue, counterstaining of nuclei with DAPI. In green, the PNA-TelC
probe hybridizing with telomere DNA. In red, TRF2 shelterin protein. (B, C) TRF2-TelC overlapping index was quantified and normalized to pBABE-WT
TERT/TERC. The colors of the bars represent the different gene domains in which the mutations are found: yellow (controls: pBABE and pBABE-WT
TERT/TERC), light green (TEN: p.Leu55Gln to p.Ala202Thr), light blue (RT: p.Val694Met to p.Arg865Cys), orange (CTE: p.Val1090Met and p.Thr1101Met)
for TERT and pink (P1a stem: n.23G>C), purple (t/PK: n.96_97delCT and n.98G>A), dark blue (CR4/5: n.269G>A and n.325G>T) for TERC. Graph bars
represent mean values ± SEM of two independent experiments. The value of each experiment is the mean TRF2-TelC overlapping index of five different
microscopy fields (average of 200 cells/experiment). Statistical significance between pBABE-WT TERT/TERC and each TERT (B) or TERC mutant (C) was
calculated using two tailed unpaired t-test (∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001).

three TERC (n.23G > C, n.96_97delCT and n.325G > T) mutants
showed a tendency to increased DDR but the difference was
not statistically significant. All mutants that increased nuclear
DDR also increased 53BP1 localization at telomeres, although
in the case of the TERT p.Ala202Thr mutant the difference was
not statistically significant (Fig. 6A). The TERC mutants n.23G > C,
n.96_97delCT, n.98G > A and n.325G > T showed increased levels

of 53BP1 telomere association and nuclear foci although in
the last test the difference was only significant for n.98G > A
(Fig. 6B). DNA damage at the cellular nuclei was also tested by
the expression of the γ H2AX histone. The results indicated that
wild-type TERT/TERC expression significantly decreased γ H2AX
expression. Several mutants induced increased DNA damage
response, in general agreement with the data obtained for 53BP1
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Figure 5. Activation of DNA damage response at telomeres in TERT/TERC mutants. Activation of DNA damage response at telomeres was determined
by measuring colocalization of 53BP1 protein and PNA-TelC telomeric probe in VA-13 cells transfected with pBABE empty vector (transfection control),
pBABE-WT TERT/TERC (WT telomerase) or with the different TERT and TERC mutants. Potassium bromate (KBrO3) was used as a positive control. (A)
Representative wide-field microscopy images of single cells are shown for those mutants that presented significant differences compared to pBABE-
WT TERT/TERC. The red square is magnified in a panel at the right side of the image, to point at telomeres that overlap with 53BP1 (TIF). In blue,
counterstaining of nuclei with DAPI. In green, PNA-TelC probe hybridizing with telomere DNA. In red, 53BP1 is a DNA damage marker. (B, C) 53BP1-
TelC overlapping index was quantified and normalized to pBABE-WT TERT/TERC for TERT (panel B) and TERC (panel C) mutants. Colors of the bars
represent the different gene domains in which the mutations are found: Yellow (controls: pBABE and pBABE-WT TERT/TERC), light green (TEN: p.Leu55Gln
to p.Ala202Thr), light blue (RT: p.Val694Met to p.Arg865Cys), orange (CTE: p.Val1090Met and p.Thr1101Met) for TERT and pink (P1a stem: n.23G>C),
purple (t/PK: n.96_97delCT and n.98G>A), dark blue (CR4/5: n.269G>A and n.325G>T) for TERC. Graph bars represent mean values ± SEM of two
independent experiments. The value of each experiment is the mean 53BP1-TelC overlapping index of five different microscopy fields (average of 200
cells/experiment). Statistical significance between pBABE-WT TERT/TERC and each TERT or TERC mutant was calculated using a two-tailed unpaired
t-test (∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001).
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Figure 6. Activation of DNA damage response by TERT/TERC mutants. Activation of DNA damage response was determined by quantifying 53BP1 nuclear
foci in VA-13 cells transfected with pBABE empty vector (transfection control), pBABE-WT TERT/TERC (WT telomerase) or with the different TERT (panel
A) and TERC (panel B) mutants. Potassium bromate (KBrO3) was used as a positive control. 53BP1 nuclear foci/cell were quantified and normalized
to pBABE-WT TERT/TERC. The colors of the bars represent the different gene domains in which the mutations are found: yellow (controls: pBABE
adn pBABE-WT TERT/TERC), light green (TEN: p.Leu55Gln to p.Ala202Thr), light blue (RT: p.Val694Met to p.Arg865Cys), orange (CTE: p.Val1090Met and
p.Thr1101Met) for TERT and pink (P1a stem: n.23G>C), purple (t/PK: n.96_97delCT and n.98G>A), dark blue (CR4/5: n.269G>A and n.325G>T) for TERC.
Graph bars represent mean values ± SEM of two independent experiments. The value of each experiment is the mean 53BP1 nuclear foci/cell of five
different microscopy fields (average of 200 cells/experiment). Statistical significance between pBABE-WT TERT/TERC and each TERT (A) or TERC mutant
(B) was calculated using a two-tailed unpaired t-test (∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001).

loci but the differences were statistically significant only for the
p.Tyr772Cys mutant (Supplementary Fig. S4) These results would
indicate that the DDR induced by TERT and TERC mutants is more
important at telomeres than at the rest of the DNA.

Activity of TERT/TERC mutants on cell apoptosis
induced by oxidative stress
TERT has been shown to translocate into the mitochondria and
to regulate cell apoptosis. On the other hand, oxidative stress
can induce cell apoptosis and previous results indicate that
TERT/TERC mutants regulated ROS production (Fig. 2). Therefore,
the possible effect of the expression of TERT/TERC mutants on cell
apoptosis under basal conditions and induced by oxidative stress
was analyzed. For that, TERT/TERC mutants were transfected
into VA-13 cells and 16 h later exposed to a sub-lethal dose of
H2O2 (1 mM) for a period of 3 h. Cells were allowed to recover
by culture in fresh medium overnight. After this, cells were
fixed and apoptosis measured determining Anexin V expression
and propidium iodide (PI) incorporation by FACS cytometry. Late
apoptosis was considered for cells expressing Anexin V and that
incorporated PI (Fig. 7). Interestingly, transfection with pBABE-
WT TERT/TERC showed a tendency to protect cells from late
apoptosis although the data did not reach statistical significance.
In contrast, cells expressing the TEN-domain mutants p.Val84Glu
and p.Ala202Thr and the RT domain mutant p.Tyr772Cys showed
a significant increase of late apoptosis under stress conditions
(Fig. 7C). These mutants also showed a tendency to increase late
apoptosis in basal conditions (Fig. 7A). Expression of the TERC
mutant n.269G > A also induced an increase of cell apoptosis that

was statistically significant under oxidative stress (Fig. 7B and D).
These data might indicate that specific TERT and TERC mutants
might participate in oxidative stress response via apoptosis
control.

The effects observed for TERT and TERC mutants have been
summarized in Fig. 8 where mutants are schematically located on
the corresponding domains of TERT or TR and the functional con-
sequences of their expression on the biological activities assayed
is indicated. In Supplementary Fig. S5 the different mutants have
been grouped according to their activity by a hierarchical clus-
tering. In this analysis only statistically significant differences
have been considered. This analysis associates the mutants in
two main groups, those than affect telomerase activity, oxidative
stress and telomere DNA oxidation (seven TERT and three TERC
mutants) and those that also affect late apoptosis and telomere
TRF2 recruitment (three TERT and one TERC mutants). Three
of the mutants do not decrease telomerase activity or induce
apoptosis but increase oxidative stress (p.Thr1101Met, n.325G > T)
or telomere DNA damage (p.Pro65Thr).

Mapping TERT variants to the three-dimensional
(3D) structure of TERT
Twelve TERT mutations associated to diseases have been studied,
ten of them involve the mutation of a sole residue. To enhance
the understanding of the genetic variants, they were mapped into
the cryo-EM structure of the complexes of human telomerase
and telomeric DNA (PDB code 7BG9) [39], DNA-TPP1 (PDB code
7QXA) [40] and DNA-TPP1-POT1 (PDB codes 7QXB, 7QXS) [40]. This
mapping has provided insights into the potential effects of the

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddae015#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddae015#supplementary-data
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Figure 7. Induction of apoptosis in TERT/TERC mutants in basal conditions and under oxidative stress. Apoptosis was measured by determination of
Annexin V expression and propidium iodide (PI) incorporation by FACS cytometry in VA-13 cells transfected with pBABE empty vector (transfection
control), pBABE-WT TERT/TERC (WT telomerase) or the different TERT (panels A, C) and TERC (panels B, D) mutants. 16 h after transfection cells were
exposed to a sublethal dose of H2O2 (1 mM) for 3 h in panels C and D. Cells were allowed to recover by culture in fresh media overnight. The total
number of cells undergoing late apoptosis is represented. The colors of the bars represent the different gene domains in which the mutations are found:
yellow (controls: pBABE and pBABE-WT TERT/TERC), light green (TEN: p.Leu55Gln to p.Ala202Thr), light blue (RT: p.Val694Met to p.Arg865Cys), orange
(CTE: p.Val1090Met and p.Thr1101Met) for TERT and pink (P1a stem: n.23G>C), purple (t/PK: n.96_97delCT and n.98G>A), dark blue (CR4/5: n.269G>A
and n.325G>T) for TERC. Graph bars represent mean values ± SEM of three independent experiments. In each condition of the experiments, 10 000 cells
were analyzed. Statistical significance between pBABE-WT TERT/TERC and each TERT or TERC mutant was calculated using a two-tailed unpaired t-test
(∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001).

mutation on protein stability, DNA-, RNA- and protein–protein
interactions. Then, the possible alterations in the 3D structure
surrounding each variant were compared with the functional
consequences found in this study.

Three mutations are located in the reverse transcriptase
domain of TERT, namely p.Val694Met, p.Arg698Trp and
p.Arg865Cys. The structural analyses indicate that Val694 and
Arg698 are in the same helix of the RT domain and establish
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Figure 8. Schematic representation of the TERT and TERC variants analyzed and the results obtained. The variants analyzed in this article are located
on the functional domains of the TERT protein (panel A) or the TR RNA (Panel B). Functional domains are labeled with the same colors used in Figs 1–7:
light green (TEN), light blue (RT), orange (CTE) for TERT and pink (P1a stem), purple (t/PK) and dark blue (CR4/5) for TR. The domains where no variant
was analyzed are indicated in white (TRBD domain for TERT and ScaRNA for TR). Significant differences observed in the functional assays performed,
with respect to WT TERT/TERC are indicated as black circles for each variant above the diagrams.

contacts with adjacent residues, which could contribute to the
stability of this domain (Fig. 9A). Their substitution by Met and
Trp, respectively, could alter these interactions and disrupts
protein packing. On the other hand, Arg865 is involved in a
hydrogen bond network through its sidechain and Glu850 and
Ser679 sidechains, as well as the Ser843 backbone CO. These
interactions probably contribute to the adequate disposition
of the catalytic center, including Asp712, Asp868 and Asp869
residues (Fig. 9B).

Leu55 is situated within a β sheet in the TEN domain, in
proximity to the TR RNA, and to an α helix that directly interacts
with the RNA (Fig. 10A). The substitution of this hydrophobic
residue by a polar Gln has the potential to influence the packing
around this site and impact RNA interaction.

In the CTE domain, two variants, p.Val1090Met and
p.Thr1101Met, have been studied. They are located in the same
side of an α helix, although depending upon the cryo-EM structure,
the helix N-terminus might be partly disorder [10]. This helix
is close to the TR RNA, with Gly91 forming a hydrogen bond

with Arg1097 (Fig. 10B). Therefore, the substitution of Val1090
or Thr1101 by Met could potentially destabilize the interaction
with the RNA.

The structural analysis revealed three mutations located near
the interface of interaction with TPP1 (p.Val84Glu, p.Tyr772Cys)
or POT1 (p.Pro65Thr, p.Val84Glu), two proteins of the shelterin
complex. Val84 is situated in the central region of one α helix of
TERT that interacts with TPP1 and POT1 through the C- and N-
terminal regions, respectively (as shown in the structures of PDB
code 7QXS, Fig. 10C). The p.Val84Glu mutant alters the hydropho-
bic face of the helix, which is tightly packed to another one, and
could contribute to destabilize both the hydrophobic core around
it and the interaction of TERT with TPP1 and/or POT1. Addi-
tionally, Tyr772 is located in a region involved in the interaction
between TERT and TPP1 (structures of PDB code 7QXA, 7QXB and
7QXS), and participated in hydrogen bonds with residues Trp167
and Arg180 of this protein. Consequently, the p.Tyr772Cys vari-
ant might disrupt the protein–protein interface (Fig. 10D). Lastly,
Pro65 is placed in a proline-rich loop close to a DNA region, which
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Figure 9. Structure of TERT reverse transcriptase (RT) domain regions containing the amino acid variants analyzed. Residues Val694, Arg698 and Arg865
(purple) from the RT domain (white), on the base of the structure of PDB code 7BG9. For clarity, only some of the amino acids side chains are depicted,
and only polar hydrogens are shown. Polar contacts are indicated as yellow dotted lines. Panel A shows the position of residues Val694 and Arg698 while
panel B shows the one of residue Arg865.

Figure 10. Structure of TERT regions involved in the interaction with the telomerase RNA, DNA and/or sheltering proteins containing amino acid variants
analyzed in this article. Leu55 and Phe159 (purple) are located on a β-strand (panel A). Val1090 and Thr1101 (purple) in an α-helix close to the RNA
region (orange, cyan, on the right) (panel B). Val84 (purple) is located in the middle of an α-helix, whose N-terminal domain is close to TPP1 (cyan on the
left) and the C-terminus to POT1 (green on the right) (panel C). Residue Tyr772 (purple) is located in the interface of interaction with TPP1 (cyan on top)
(panel D). Pro65 (purple) is located in a loop close to the DNA (orange) and POTI1 (green at the bottom right) (panel E). Panels A and B correspond to the
human telomerase structure of PDB code 7BG9; panels C, D and E to human telomerase of PDB code 7QXS. For clarity, only some of the amino acids side
chains and polar hydrogens are shown. Polar contacts are depicted as yellow dotted lines.

is also interacting with POT1 (Fig. 10E). The p.Pro65Thr variant,
in which proline has been replaced by a non-restricted amino
acid, could led to a change in the loop conformation and thus
influence the interaction among TERT, DNA and POT1. However,
the analysis of the available TERT structures in the PDB reveals
that residue Ala202 is within a region that has not been possible to
resolve.

Discussion
The functional effects of several variants found in TBD patients
in the TERT and TERC genes have been studied in this article.
Variants included several ones previously described in the litera-
ture as well as four TERT and one TERC variants found in Spanish
TBD patients, four of them reported previously [41]. Functional
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assays included the determination of in vitro telomerase activ-
ity using the TRAP assay but also extended to other functional
alterations found in TBDs including the observed increase in
oxidative stress and DNA damage. These additional functional
alterations have not been previously analyzed for any of the
reported TERT and TERC variants. The results obtained indicated
that the expression of several variants increased oxidative stress,
DNA guanine oxidation, DNA damage response and altered TRF2
telomere binding and cellular apoptosis (results summarized in
Supplementary Table S1). Some of these functional alterations
were observed in the 10 TERT missense variants and also in the
5 TERC variants. These assays were made in the WI-38 VA-13 cell
line that presents minimal telomerase activity because telomeres
are maintained by the Alternative Lengthening of Telomeres (ALT)
mechanism. Although this cell line could be considered a non-
physiological background because of this reason, it has been
used for the analyses of telomerase activity of TERT and TERC
variants in several previous studies (for example, [32, 42]). We have
analyzed two TERT frame shift variants. One of them contains
only 159 TERT residues and showed significant alterations in
three of the functional parameters analyzed. The second frame
shift variant analyzed contains 747 TERT residues and showed
significant alterations in the same functional parameters, but to a
lesser extent. These data could indicate that expression of the N-
terminal domain of TERT might have a negative effect on different
TERT functions that is larger when a shorter fragment is involved.

Several studies have described that TERT participates in differ-
ent biological processes, beside telomere elongation, as already
indicated in the Introduction section. Some of these activities
might be related to the association of TERT with mitochondria
that could be involved in the regulation of oxidative stress and
apoptosis. Indeed, we have observed that under oxidative stress
the expression of wild type TERT/TERC protects cells from apop-
tosis (Fig. 7). In addition, TERT associates with different transcrip-
tion factors and could participate in gene expression regulation.
TERT variants could alter some of these functions such as oxida-
tive stress homeostasis. TERT variants could also alter telomere
structure facilitating DNA oxidation and inducing DNA damage
responses.

To get insights into the correlation between structural determi-
nants and functional consequences of TERT variants, the studied
mutants were mapped onto the cryo-EM structure of the com-
plexes of human telomerase. Subsequently, potential alterations
in the 3D structure surrounding each variant were analyzed and
compared with the functional consequences identified in this
study. Among the variants studied, those in which the amino acids
were located in the reverse transcriptase domain of TERT, such
as p.Val694Met, p.Arg698Trp and p.Arg865Cys were defective in
enzymatic activity with minimal impact on the other functions
analyzed, except for oxidative DNA damage at telomeres. The
structural analyses indicated that substitution of Val694 and
Arg698, both located in an RT domain helix (Fig. 9A), by Met and
Trp, respectively, may disrupt protein packing, potentially affect-
ing protein stability, and, consequently, enzymatic activity. On the
other hand, the Arg865Cys variant’s lack of enzymatic activity is
likely due to a disruption of the catalytic center. This is because
this residue is located on the same loop as the catalytic Asp712,
and the conformation of this arginine is stabilized by a hydrogen
bond network, which is not possible in the mutant (Fig. 9B). These
observations are in agreement with a previous report that variant
p.Val694Met severely decreases telomere elongation capacity of
TERT [32, 43, 44]. Decreased catalytic activity and substantial
decreased telomere elongation capacity were also reported for the

p.Arg865Hys variant, related to the p.Arg865Cys variant analyzed
in this article [44, 45]. Similarly, the p.Arg698Gln variant affecting
the same residue as p.Arg698Trp, has been described to produce
severely reduced telomere elongation capacity [44]. It is noticeable
that some of these variants, like p.Val694Met and p.Arg865Cys
were associated with increased oxidative damage at telomeres
and not to intracellular ROS levels. A similar result was obtained
for the p.Val1090Met variant, that could affect TERT/TERC inter-
action and telomerase activity, as discussed later. We propose
that this result could be explained if defective elongation could
make telomeres more unprotected and sensitive to local oxida-
tive damage and less dependent on ROS levels. This possibility
would be in agreement with the observation that telomere DNA
oxidation was more related to telomerase activity than to cellular
oxidative stress in the variants analyzed, as shown in Supplemen-
tary Fig. S5.

Several of the variants analyzed (p.Leu55Gln, p.Val1090Met,
p.Thr1101Met) could alter the interaction between TERT and the
TR RNA according to the structural analysis. Notably, variants
p.Leu55Gln and p.Val1090Met, within the TEN and CTE domains,
respectively, decreased telomerase activity while p.Thr1101Met
in the CTE domain did not. The results presented in this article
also indicate that some of these variants increased ROS produc-
tion (Thr1101Met), guanine oxidation at telomeres (Val1090Met)
or DNA damage response (Val1090Met). Interestingly, the CTE
residues, located on the protein surface, are not involved in inter-
actions within the protein core. The reduced telomerase activ-
ity observed in p.Leu55Gln and p.Val1090Met variants may be
attributed to a disruption of TERT-RNA interface, as these residues
are close to this interface, particularly Val1090 (Fig. 10A and B).
The functional consequences of the p.Leu55Gln substitution on
telomerase activity were previously described by Robart et al [42],
that found that this change decreased primer extension and
TERT interaction with TR. Besides, the p.Val1090Met variant has
been described to produce a severe reduction in TERT elongation
capacity [44]. In contrast, p.Thr1101Met, located close to the RNA
interface (Fig. 10B), did not impact telomerase activity, although it
increased ROS production. Despite involving the substitution of a
polar residue by a hydrophobic one, the lack of impact on activity
of this mutant might be explained by the fact that Thr1101 is not
involved in polar interactions with either the protein or the RNA.

Some of the analyzed variants could interfere with the interac-
tion of TERT and the shelterin complex proteins TPP1 (p.Val84Glu,
p.Tyr772Cys) or POT1 (p.Pro65Thr, p.Val84Glu). In particular, the
introduction of a negative charge due to the Val84Glu muta-
tion likely disrupts the hydrophobic core, impacting the inter-
action with TPP1 and/or POT1 (Fig. 10C). It is worth to men-
tion, that the mutation of another residue in the same helix,
near the N-terminus, p.Lys78Glu, has been shown to maintain
telomerase activity but to decrease stimulation by POT1-TPP1
and reduce telomere elongation capacity, which could be due to
impaired telomere localization of TERT [46]. In agreement with
these data, our results also show that the p.Val84Glu variant
leads to decreased association of TRF2 with telomeres. How-
ever, decreased telomerase activity was also observed for the
p.Val84Glu variant, which might be attributed to a disruption of
TERT packing around this residue. On the other hand, although
p.Tyr772Cys is located in the RT domain, this variant showed
little alteration of the enzymatic activity, but the DNA damage
response and cell apoptosis increased. Structural analysis showed
that this tyrosine is at the interaction interface of TERT and
TPP1 (Fig. 10D). Therefore, Tyr772Cys mutant prevents the for-
mation of hydrogen bonds between this Tyr and TPP1 (Fig. 10D).

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddae015#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddae015#supplementary-data
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Interestingly, mutation of the nearby residues 771 (p.Pro771Leu)
and 777 (p.Val777Met) led to a severe decrease in telomere elon-
gation capacity [44]. This suggests that the latter residues are
likely more relevant for TERT packing compared with Tyr772Cys.
Finally, the functional analysis of Pro65Thr variant indicated that
telomerase activity was not affected but there was an increase in
DNA damage response at telomeres. Structural analyses showed
that Pro65Thr mutation contribute to enhance the flexibility of
the loop in which this Pro is located (Fig. 10E). This loop is in
proximity to DNA and POT1, therefore, these interactions might
be disrupted. The related p.Pro65Ala variant has been previously
described as pathogenic [47]. Variants in the two residues involved
in TPP1 interaction (p.Val84Glu, p.Tyr772Cys) increased apoptosis
under oxidative stress conditions and were grouped together in
the hierarchical analysis shown in Supplementary Fig. S5.

p.Ala202Thr mutant, situated in a region connecting the TEN
and catalytic domains, is one of the variants that induced a
larger number of phenotypic effects without affecting telomerase
activity, ROS production, oxidative damage at telomeres, TRF2
recruitment, DDR at telomeres and apoptosis under oxidative
stress. Although, in the analyzed structures, Ala202 residue and
its surrounding sequence remains unresolved, it is tempting to
suggest that p.Ala202Thr variant could alter the relative position
of the TEN and catalytic domains. This variant has been described
in two acquired aplastic anemia patients related to shortened
telomeres [32].

The structure of the telomerase complex shows that the
RNA component acts as a scaffold where the 5′ domains (t/PK,
CR4/CR5) interact with TERT while the 3′ domain (ScaRNA
domain) interact with the snoRNP proteins dyskerin, NOP10,
NHP2 and RAP1. Among the variants analyzed, n.96_97delCT
and n.98G > A are located in the t/PK domain, n.23G > C just
upstream t/PK, and n.269G > A and n.325G > T in the CR4/CR5
domain. The variants n.23G > C, n.96_97delCT, n.98G > A and
n.269G > A showed decreased telomerase activity, in agreement
with their possible implication in TERT structure and activity.
The n.269G > A also induced cell apoptosis. The n.96_97delCT
and n.98G > A variants were previously analyzed by Robart et al
[42], who found minimal primer extension activity for telomerase
complexes containing these variants.

The n.23G > C variant is located in the P1A paired stem where
it is complementary to another residue for which a pathogenic
variant has been described, n.204C > G [48]. Stem P1A is pre-
dicted to be located between the two protein lobes and might be
important for the structure of the telomerase complex. Expression
of the n.23G > C variant increased ROS production, oxidation of
telomeric DNA, DNA damage response and telomerase activity.
Several other variants placed in this stem have been described
in patients, such as n.202 T > G [49], n.204C > G [48] and n.20C > T
[49] indicating its structural importance.

The 325 guanine, affected by the n.325G > T variant, is located
in the 3′ end of the P5 paired stem of the CR4/CR5 domain. Expres-
sion of this variant did not decrease in vitro telomerase activity
but increased ROS production, DNA oxidation at telomeres and
TRF2 recruitment. Variants n.322G > A [50], n.323C > T [51] and
n.323C > G [52] have been also described in this RNA stem in
myelodysplastic syndrome and pulmonary fibrosis patients.

The possible correlation between alterations in the different
biological activities and the pathological manifestations of the
patients carrying each variant is also of interest. Most variants
from patients diagnosed of dyskeratosis congenita showed
decreased in vitro telomerase activity (TERT p.Phe159CysfsTer32,
p.Arg698Trp; TERC n.96_97delCT) [8, 41, 53], with the exception

of the variant p.Thr1101Met, that is described in this article.
In contrast, most of the variants that presented high in vitro
telomerase activity were identified in patients of pulmonary
fibrosis (TERC n.325G > T) [47, 54] or aplastic anemia (TERT
p.Pro65Thr, p.Ala202Thr, p.Tyr772Cys) [32, 55]. In addition, some of
the variants identified in AA or IPF patients like TERT p.Val84Glu,
identified in a patient presenting leukoplakia and thrombopenia
[41], TERT p.Val1090Met (AA) [32], TERC n.23G > C (IPF) [41]
or TERC n.325G > T (IPF) [54] produced alterations in several
of the others parameters analyzed. The variants identified in
DC patients produced increased DNA damage response (TERT
p.Arg698Trp, TERC n.96_97delCT) or altered TRF2 association
with telomeres (n.96_97delCT). This possible correlation between
disease manifestations and the biological activity of the variants
is only speculative and should be confirmed in a larger cohort of
patients.

With respect to the variants that had not been analyzed
previously, TERT p.Phe159CysfsTer32 is a frameshift deletion of
two thymidine residues that affects telomerase activity, oxidative
damage at telomere and ROS production. TERT p.Val84Glu alters
all the parameters analyzed, TERC n.269G > A showed decreased
in vitro telomerase activity and increased oxidative damage and
DDR at telomeres while TERT p.Thr1101Met induced increased
ROS production and TERT p.Pro65Thr higher DDR at telomeres.
Therefore, we propose to consider these variants as pathogenic.

In conclusion, expression of TERT and TERC variants in an in
vitro system using VA13 telomerase-deficient cells is useful to
determine their in vitro telomerase activity but also to test their
possible involvement in other biological activities such as the gen-
eration of oxidative stress, DNA damage response, apoptosis or the
association of the shelterin complex with telomeres. Many of the
variants analyzed showed decreased in vitro telomerase activity,
as expected. In addition, some of them induced increased pro-
duction of ROS, DNA oxidation at telomeres, altered localization
of TRF2, increased DNA damage response or apoptosis. Many of
the variants that affect these parameters correspond to residues
located in TERT or TR domains involved in their interaction that
are important for the structure of the telomerase complex. Some
other TERT variants could alter the interaction between TERT and
TPP1 or POT1 that are required for assembly of the telomerase
complex and for regulation of its enzymatic activity. We speculate
that weakening these interactions could increase the amount of
TERT protein not associated to telomeres and its extra-telomeric
activities inducing oxidative stress and/or oxidation of telomeric
DNA that would result in increased DNA damage, genetic insta-
bility and apoptosis. The observed decreased TRF2 association
to telomeres induced by the expression of some variants could
also contribute to telomere instability with similar effects in DNA
damage, oxidative stress and apoptosis.

Materials and methods
Plasmids, cloning and site-directed mutagenesis
Point mutations were generated from the retroviral dual expres-
sion vector pBABE-TERT/TERC described by Wong and Collins [56],
on loan from Dr Kathleen Collins (University of California, Berke-
ley, CA, USA). This vector contains the TERT (NM_001193376.1)
and TERC (NR_001566.1) WT genes preceded by independent con-
stitutive promoters. Mutations in TERT and TERC described in
patients with telomeropathies were generated following the in
vitro directed mutagenesis protocol of Zheng [57]. Plasmid DNA
from the retroviral vectors was extracted with the Plasmid Maxi

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddae015#supplementary-data
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Kit (Qiagen, Hilden, Germany), according to the manufacturer’s
instructions.

Cell culture and transfection
The WI-38 VA-13 subline 2RA cell line (ATCC CCL-75.1) was
purchased from ATCC (Manassas, VA, USA). Cells were cultured
in DMEM medium (Gibco, Life Technologies, Thermo Fisher
Scientific, Waltham, MA, USA) supplemented with 10% fetal
bovine serum (FBS) (Gibco), penicillin (100 U/ml)/streptomycin
(100 μg/ml) solution (Gibco) and 2 mM L-glutamine (Gibco) and
maintained at 37◦C in a humidified 5% CO2 atmosphere.

Cells were seeded in 60 mm dishes (700,000 cells per dish),
cultured for 24 h, and transfected with 8 μg of the appropriate
plasmid retroviral vectors using Lipofectamine reagent (Invitro-
gen, Thermo Fisher Scientific) according to the manufacturer’s
recommendations. Transfected cells were cultured without serum
for 5 h and then in the presence of serum for 24 h before they were
used for the different experiments.

Real-time quantitative PCR
Total cellular RNA was extracted using NucleoSpin® RNA/Pro-
tein kit (Macherey-Nagel, Düren, Germany) according to the
manufacturer’s instructions. Reverse transcription (RT) reactions
were made using 1 μg of the purified RNA, random hexamers,
dNTPs, the recombinant ribonuclease inhibitor RNaseOUT (Invit-
rogen, Thermo Fisher Scientific) and the reverse transcriptase
enzyme M-MLV (Promega, Madison, WI, EE. UU.) in a total volume
of 20 μl at 37◦C for 1 h.

The mRNA levels were determined by quantitative real time
PCR analysis using the ABI Prism Step One Plus PCR System
(Applied Biosystems, Thermo Fisher Scientific). Specific oligonu-
cleotides were used together with PowerSYBR® Green PCR Master
Mix (Applied Biosystems) and 1 μl of reverse transcribed RNA in
20 μl reaction volume. PCR conditions were 10 min at 95◦C for
enzyme activation, followed by 40 four-step cycles (15 s at 95◦C;
30 s at 60◦C; 30 s at 72◦C; 15 s at 80◦C). The levels of GAPDH expres-
sion were measured in all samples to normalize gene expression
for sample-to-sample differences in RNA input, RNA quality, and
reverse transcription efficiency. Each sample was analyzed in
triplicate, and the expression was calculated according to the
2−��Ct method. Primers used were as follows: GAPDH–F, 5’ GAGA-
GACCCTCACTGCTG 3′; GAPDH–R, 5’ GATGGTACATGACAAGGTGC
3′; TERC–F, 5’ TCTAACCCTAACTGAGAAGGGCGTAG 3′; TERC–R, 5’
GTTTGCTCTAGAATGAACGGTGGAAG 3′; TERT–F, 5’ CGGAAGAGT-
GTCTGGAGCAA 3′; TERT–R, 5’ GGATGAAGCGGAGTCTGG 3′.

TRAP assay
Telomerase activity was determined using the TRAPEZE Telom-
erase Detection S7700 Kit (Merck, Millipore, Burlington, MA, USA)
for telomeric repeat amplification (TRAP) under recommended
standard conditions and radioisotopic detection. Telomerase
activity was determined in each sample using 0.5, 0.25, and
0.125 μg of protein extract and normalized with the internal
control included in the assay [58].

DNA extraction and quantification of oxidized
bases in specific genome regions by qPCR
DNA was extracted from cultured cells using the Nzytech®

DNA Kit (MB13503, NZYTech, Lisboa, Portugal) following the
manufacturer’s instructions and quantified using the Nanodrop
spectrophotometer. We have adapted the telomere oxidation
protocol previously described [20] to quantify the relative
accumulation of oxidized bases at specific genomic regions by

incubating the DNA with the FPG enzyme from NEB (M0240; New
England Biolabs, Ipswich, MA, USA) as previously reported. In this
case, telomeres were evaluated.

This is a qPCR method that is based on differences in PCR
kinetics between template DNA digested by FPG and undigested
DNA. This enzyme recognizes and cuts 8-oxoG, producing abasic
sites on the DNA that are converted into SSBs by its AP lyase
activity. These SSBs inhibit PCR extension. Thus, the �Ct after
digesting DNA by FPG (Ct digested–Ct undigested) is proportional
to the oxidative damage in the amplified region. Conditions used
for incubation were 5 μM FPG and for 3 h in DNA glycosylase
buffer (25 mM Tris–HCl, 15 mM NaCl, 2 mM MgCl2, 0.0025% Tween
20 at pH = 8) at 37◦C. The reaction was stopped by incubation
at 95◦C for 5 min. qPCR analysis was performed on 40 ng of
digested or undigested genomic DNA. Each qPCR was performed
in triplicate including no-template controls in an Abi QuantStudio
6 Flex Real-Time PCR System (Applied Biosystems). Primers used
were 5′ CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT
3′ (Forward) and 5′ GGCTTGCCTTACCCTTACCCTTACCCTTACCCT-
TACCCT 3′ (Reverse).

Quantification of reactive oxygen species by
microscopy using DHE
Cells were seeded on coverslips in 24 well plates. Attached live
cells were incubated with dihydroethidium (DHE, D7008; Sigma-
Aldrich) (5 mM) and fixed with 4% paraformaldehyde (PFA; Agar
Scientific Stansted, United Kingdom) for 10 min. After washing
with PBS, cell permeabilization was performed by incubation
with 0.5% Triton X-100 (Sigma-Aldrich) in PBS for 15 min. Nuclei
were stained with 0.5 μg/ml 4′,6-Diamidino-2-phenylindole dihy-
drochloride (DAPI; Sigma-Aldrich). Coverslips were washed three
times (10 min in PBS each time) and mounted. Image acquisition
was performed with a Nikon Eclipse 90i microscope and 40x
lens. Image treatment was done with ImageJ software. Fluores-
cence signal intensity was determined using Cell Profiler. Nuclear
DHE intensity was quantified for the mutants and normalized
to pBABE-WT TERT/TERC sample. Nuclear ROS production was
determined by overlapping of DHE and DAPI signals while DHE sig-
nals non-overlapping with DAPI were considered corresponding to
cytoplasmic ROS. Five different microscopy fields were analyzed
including an average of 200 cells/experiment.

Annexin V-staining
Annexin V expression experiments were performed using the
Annexin V Apoptosis Detection Kit I (ab14085; Abcam, Cambridge,
UK) according to the provided protocol. Cells were washed with
ice-cold PBS and then with 1X Annexin buffer diluted in ice-cold
PBS. PI and FITC Annexin V dye were added to the washed cells
that were incubated at room temperature in dark for 15 min. After
the incubation, 400 μl of annexin buffer were added and run in
FACS Canto II cytometer to detect the Annexin V signal with FL1
detector (excitation 488 nm, detection 530 nm) and the PI signal
with FL2 detector (phycoerythrin emission signal detector). 10 000
cells were analyzed in each experimental condition.

ImmunoFISH analysis
Cells were seeded on coverslips in 24-well plates (10 000–15 000
cells per well) for observation with widefield microscopy. Pre-
extraction was performed with 0.2% Triton X-100 in PBS for 40 s.
Then, cells were fixed with 3.7% PFA for 10 min. Cells were washed
with PBS twice and blocked for 1 h at room temperature with
blocking solution (3% BSA complemented with 0.1% Tween 20 in
PBS). Cells were incubated overnight with the primary antibody
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in blocking solution (TRF2: ab13579; 53BP1: ab36823 Abcam). Cells
were washed three times with PBS-Tween 20 (0.1%) and incubated
with secondary antibody diluted in blocking solution for 1 h at
room temperature in the dark. Cells were washed three times
with PBS-Tween 20 (0.1%), fixed again with 3.7% PFA, dehydrated
with graded ethanol (70%, 90%, 100%) and air dried. TelC-Alexa488
(F-1004) or TelC- Cy3(F-1002) telomere probes (CCCTAA repeats;
PNABIO, Thousand Oaks, CA, USA) were diluted in hybridization
buffer and incubated with cells at 80◦C for 5 min followed by
incubation at room temperature for 60 min. After hybridization,
cells were washed with PNA wash A (70% formamide, 10 mmol/L
Tris-Cl pH 7.5) twice followed by three washes with PNA wash B
(50 mmol/L Tris-Cl pH 7.5, 150 mmol/L NaCl, 0.8% Tween 20). DAPI
was added to PNA wash B buffer in the second wash to coun-
terstain DNA. Coverslips were dehydrated with graded ethanol,
air dried, and mounted with prolong gold (P36934; Life Technolo-
gies). Image acquisition was performed with a Nikon Eclipse 90i
microscope and a 40x lens. Image treatment was done with ImageJ
software. Foci and co-localization were calculated with Cell Pro-
filer. TRF2-TelC and 53BP1-TelC overlapping indexes were quan-
tified and normalized to pBABE-WT TERT/TERC in five different
microscopy fields, analyzing an average of 200 cells/experiment.

Immunofluorescence analysis (γ H2AX)
Cells were seeded on coverslips in 24-well plates (15 000–20 000
cells per well) for observation with confocal microscopy. Cells
were fixed with 3.7% PFA for 10 min. Permeabilization was per-
formed by incubation with 0.5% Triton X-100 in PBS for 15 min.
Cells were washed with PBS twice and blocked for 1 h at room
temperature with blocking solution (3% BSA complemented with
0.1% Tween 20 in PBS). Cells were incubated overnight with the
primary antibody in blocking solution (γ H2AX: 05-636; Millipore).
Cells were washed three times with PBS-Tween 20 (0.1%) and
incubated with secondary antibody diluted in blocking solution
for 1 h at room temperature in the dark. Cells were washed three
times with PBS-Tween 20 (0.1%) and nuclei were stained with
0.5 μg/ml DAPI. Coverslips were washed three times (10 min in PBS
each time) and mounted. Image acquisition was performed with
a Zeiss Axio Observer/Cell Observer. Coverslips were scanned and
25 fields were acquired at 20x (average of 12 000 cells/experiment).
Nuclear fluorescence signal of γ H2AX was determined using Cell
Profiler.

Statistical analyses
The statistical method and details about the data are described
in the caption for each of the figures containing any statistics.
In brief, the mean was used to measure the main tendency
of the data, and the standard error of the mean was used for
dispersion measurement. All statistical analysis was performed
using PRISM software (GraphPad Software, Inc., La Jolla, CA, USA).
The differences between the mean values of each group were
compared using a two-tailed unpaired t-test (∗P < 0.05; ∗∗P < 0.01;
∗∗∗P < 0.001).

Supplementary data
Supplementary data is available at HMG Journal online.
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