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Abstract

Telomerase reverse transcriptase (TERT) (catalytic subunit of telomerase) is linked to the development of coronary artery
disease (CAD); however, whether the role of nuclear vs. mitchondrial actions of TERT is involved is not determined.
Dominant-negative TERT splice variants contribute to decreased mitochondrial integrity and promote elevated reactive
oxygen species production. We hypothesize that a decrease in mitochondrial TERT would increase mtDNA damage,
promoting a pro-oxidative redox environment. The goal of this study is to define whether mitochondrial TERT is sufficient
to maintain nitric oxide as the underlying mechanism of flow-mediated dilation by preserving mtDNA
integrity.Immunoblots and quantitative polymerase chain reaction were used to show elevated levels of splice variants α-
and β-deletion TERT tissue from subjects with and without CAD. Genetic, pharmacological, and molecular tools were used
to manipulate TERT localization. Isolated vessel preparations and fluorescence-based quantification of mtH2O2 and NO
showed that reduction of TERT in the nucleus increased flow induced NO and decreased mtH2O2 levels, while prevention of
mitochondrial import of TERT augmented pathological effects. Further elevated mtDNA damage was observed in tissue from
subjects with CAD and initiation of mtDNA repair mechanisms was sufficient to restore NO-mediated dilation in vessels
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from patients with CAD. The work presented is the first evidence that catalytically active mitochondrial TERT, independent
of its nuclear functions, plays a critical physiological role in preserving NO-mediated vasodilation and the balance of
mitochondrial to nuclear TERT is fundamentally altered in states of human disease that are driven by increased expression
of dominant negative splice variants.

Key words: coronary artery disease; mitochondria; telomerase; microcirculation; endothelial function; mitochondrial DNA
damage

ABBREVIATIONS

ACh: acetylcholine
AGS 499 : small molecule TERT activator
ANG II: angiotensin II
BIBR 1532 : small molecule inhibitor of TERT activity
CAD: coronary artery disease
c-PTIO: carboxy-PTIO potassium salt
ENDO III: recombinant endonuclease III
FL: full length
FMD: flow mediated dilation
GFP: green fluorescent protein
H2O2: hydrogen peroxide
L-NAME: Nω-nitro-L-arginine methyl ester
LV: left ventricular
mENDO III : mutant ENDO III
MitoPY1: mitochondrial specific H2O2 probe

mtDNA: mitochondrial DNA

mtH2O2: mitochondrial derived hydrogen peroxide

mtROS: mitochondrial reactive oxygen species
MTS: mitochondrial target sequence
NLS: nuclear target sequence
NO: nitric oxide
non-CAD: noncoronary artery disease (not clinical diagnosis

and ≤1 co-morbidities/risk factors)
Pap: papaverine
RMRP: mitochondrial RNA processing endoribonuclease
TERT: telomerase reverse transcriptase
α-del: α-deletion
β-del: β-deletion

Introduction

Cardiovascular disease remains the single greatest cause of mor-
tality in the United States and represents a growing global public
health threat. The microcirculation is increasingly recognized as
a critical organ in the development of a broad range of cardiovas-
cular diseases.3–8 Endothelial dysfunction, which manifests as
reduced nitric oxide (NO) bioavailability, is considered an early
marker for many cardiovascular diseases, including coronary
artery disease (CAD). Indeed, many studies have demonstrated
endothelial dysfunction prior to onset of CAD using acetyl-
choline or flow-mediated dilation (FMD) stimulation.10 In con-
trast to conduit arteries, the human microcirculation of subjects
with CAD maintains FMD, despite the loss of endothelial NO
release.8,11 In these subjects, the mechanism of dilation shifts
to mitochondria-derived hydrogen peroxide (H2O2).5,12 This
switch in the mediator of dilation preserves FMD but creates a
potentially toxic environment in which vascular and parenchy-
mal tissue are exposed to proinflammatory H2O2

13 instead of
anti-inflammatory and antioxidative NO.14 Understanding the
pathways and mechanisms responsible for this switch in the
mediator of FMD may be the key to minimizing tissue stress or
injury from vascular paracrine oxidative toxicity.

We have previously shown that telomerase reverse transcrip-
tase (TERT), the catalytic subunit of telomerase,15 plays a non-
canonical role in preventing the increase of mitochondrial reac-
tive oxygen species (mtROS) in coronary arterioles from subjects
with CAD. Specifically, activation of TERT can reverse the mech-
anism of flow-induced, endothelium-dependent dilation from
H2O2 to NO, restoring the phenotype observed in subjects with-
out CAD.16 Furthermore, our previous work showed that TERT-
deficient mice displayed a H2O2-mediated FMD, which mimics
the CAD phenotype.17 Transgenic overexpression of TERT pro-
tects against Angiotensin II (ANG II)-induced endothelial dys-
function18,19 in a mechanism that is partly mediated by sup-
pression of mtROS levels. Taken together, these findings sug-
gest that TERT protects endothelial integrity and maintains
NO-dependent vasodilation, while the loss of TERT results in
an H2O2-dependent, CAD-like vasodilator phenotype. However,
the mechanisms by which TERT confers endothelial protection
remain under examination.

mtROS is associated with the development of arteriolosclero-
sis and endothelial dysfunction, which predisposes individuals
to vascular complications.20 It remains unclear if elevated lev-
els of mtROS represent a causative event or is simply a result
of decreased mitchondrial integrity, including elevated mito-
chondrial DNA (mtDNA) damage. As a number of cardiovascu-
lar pathologies have been associated with changes in mito-
chondrial structure and function,21,22 yet a large body of evi-
dence of failed antioxidant trials23 implies a more complex
relationship between mitchondrial defects and disease progres-
sion/development. In rodent models of heart failure, targeted

mtDNA repair is sufficient to improve microvascular endothe-
lial function in the coronary and systemic microcirculation and
improves cardiac function.24,25 This evidence suggests a strong
correlation between mtDNA damage and endothelial dysfunc-
tion that may represent a valid target for new therapytics. To
date, targeting mtDNA damage as means to restore physiologi-
cal function has not been tested in the human microcircuilation.

The pleiotropic functions of TERT in a range of cellular pro-
cesses have been linked to TERT’s subcellular localization (eg,
in the nucleus, mitochondria, or cytosol). In fact, prior evidence
suggests a close connection of mitochondrial TERT and develop-
ment of mtDNA damage.26,27 TERT roles in transcriptional reg-
ulation and telomere extension have been extensively stud-
ied,28–30 the regulation of TERT through mRNA splicing events
and the functions of the different splice variants are less well
understood. TERT pre-mRNA is alternatively spliced in many
species and, to date, more than 20 human TERT transcript vari-
ants have been detected.31–34 The 2 most-studied TERT alterna-
tive splice variants are spliced at the α and β sites. Skipping 36
nucleotides in exon 6, deletes the α site, while alternate splic-
ing at the β site in exon 7 and 8 results in a 183-nucleotide
deletion and generates a transcript containing a premature
termination codon32 and leads to a loss of enzymatic activ-
ity. Interestingly, studies have demonstrated that when overex-
pressed, the β-deletion (β-del) TERT isoform competes with the
full length (FL) TERT isoform for binding to the telomerase RNA
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component, thereby inhibiting endogenous telomerase activ-
ity.35 Furthermore, β-del TERT is also localized to the mito-
chondria where it prevents cells from undergoing stress-induced
apoptosis.35 Despite these pleiotropic functions of TERT, asso-
ciated with TERT’s subcellular localization (eg, in the nucleus,
mitochondria, or cytosol) and a wide range of cellular processes,
mechanisms and disease-causing events remain ill defined. In
other words, however, whether localization of TERT to the mito-
chondria plays a role in maintaining NO-dependent vasodilation
is unclear.

In the present study, we aimed to investigate whether
nuclear or mitochondrial TERT is necessary to promote the vas-
cular phenotype observed in CAD patients and to define the con-
tribution of mtDNA damage to the pathological changes observed
in the microcirculation of patients with CAD. Furthermore, we
aimed to define whether the dominant negative splice variant,
β-del TERT, is critical in the phenotypic change in dilator mecha-
nism observed in the microvasculature of CAD patients. Our cen-
tral hypothesis is that an increase in β-del TERT leads to a com-
petes with full-length TERT, increases mtROS, and consequently
increases mtDNA damage.

Methods

Tissue Acquisition and General Protocol

All protocols were approved by the Institutional Review Board
of the Medical College of Wisconsin and Froedtert Hospital. Dei-
dentified surgical discard sections of human atrial and adipose
(visceral and subcutaneous) tissue were obtained and placed
in cold 4◦C HEPES (NaCl 275 mmol/L, KCL 7.99 mmol/L, MgSO4

4.9 mmol/L, CaCl2·2H2O 3.2 mmol/L, KH2PO4 2.35 mmol/L, EDTA
0.07 mmol/L, glucose 12 mmol/L, HEPES acid 20 mmol/L, and adi-
pose) or cardioplegic (atrial) buffer solution. Tissue was obtained
from subjects with either (1) one or fewer cardiovascular risk fac-
tors (“non-CAD”), or (2) a clinical diagnosis of CAD for all func-
tional studdies. For evaluation of gene expression, non-CAD was
defined as 3 or less trattional risk factors due to limited avadibil-
ity of atrial vessels with only 1 risk factor. Table 1 summarizes
patient characteristics from whom tissue was obtained.

Materials

All chemicals were purchased at pharmaceutical grade.
Endothelin-1 (ET-1, CAS No.: 117399–94–7 Sigma) was pre-
pared in 1% bovine serum albumin. Lentiviral constructs were
produced by the Blood Center of Wisconsin Hybridoma Core
Laboratory and dissolved in distilled water. Mitochondria
Peroxy Yellow 1 (MitoPY1, Tocris Cat. No. 4428), telomerase
inhibitor BIBR 1532 (Table 2), and activator AGS 499 (Table
2) were prepared in DMSO. All other chemicals, Nω-nitro-L-
arginine methyl ester (L-NAME, Cayman Chemical #80 210)
and polyethylene glycol-catalase (PEG-catalase; Sigma #C4963
or Quanta Biodesign #22 501), carboxy-PTIO potassium salt
(c-PTIO: Cayman Chemical #81 540), acetylcholine chloride
(ACh, Sigma, CAS No.: 60–31–1), papaverine hydrochloride (Pap,
Sigma, CAS Number: 61–25–6), NO Detection Kit (Enzo Life
Sciences Cat. No 51013–200), and ENDO III (gift from Dr. Mark
N. Gillespie—University of South Alabama) were prepared in
distilled water. Decoy peptides were produced by Genemed
Synthesis, Inc. and dissolved in PBS.

Table 1. Patient Characteristics

Non-CAD CAD

Total Samples 101 72
Gender

F (% of total) 70 (69.3) 55 (76.4)
M (% of total) 30 (29.7) 17 (23.6)
Unknown (% of total) 1 (0.99)

Age
Years 48.9 ± 14.6 65.6 ± 10.0∗

Race/Ethnicity
AA 12 6
Cauc 83 59
Hisp 4 2
Asian 1 1
Unknow 1 4

Underlying Diseases/Risk Factors
Coronary artery disease 0 72
Tobacco 9 19
Hypertension 19 55
Hypercholesterolemia 14 49
Congestive heart failure 5 8
Myocardial Infarction 3 13

Sample Usage Breakdown
Isolated vessel peparations# 79 43
Molecular work& 33 33

Mean ± SD. ∗ P < 0.05 vs. non-CAD.

CAD, coronary artery disease; HTN, hypertension; AA, African-American; Cauc,
Caucasian; Hisp, Hispanic.
# Total number of vessels used in each category and not the total number of

tissues (some tissues were used for multiple experiments). All IHC staining was
performed in a subset of same tissues as functional studdies.
& Total number of tissues used in each category and is a sum of LV tissue and
isolated microvessels.

Some samples were used for molecular and isolated vessel preparations in par-
allel.

Cannulated Artery Preparation

Coronary and adipose arterioles (approximately 50–200 μm inner
diameter) were cleaned of adipose and connective tissue and
prepared for pressure myography experiments. Briefly, both
ends of the vessel were cannulated with glass micropipettes in
an organ chamber filled with physiological saline solution. The
vessel was then pressurized (60 mm Hg), and changes in vessel
diameter in response to mechanical (ie, flow) and pharmaco-
logical stimuli were assessed via videomicroscopy, as we have
described previously.36

Vascular Response to Flow and Pharmacological
Interventions

Microvascular function was assessed as described previ-
ously37–39 using pipettes with matched impedance. Data are
reported as % max diameter at a given pressure gradient.
Pressure gradients of 5–100 cm H2O were generated, assessing
steady-state diameter and flow after each change, which rep-
resents estimated shear rates of 5–25 dynes/cm2. Two flow-
response curves were generated for each vessel comparing no
treatment (vehicle) to effects of pharmacological inhibitors (L-
NAME; 100 μmol/L and PEG-catalase; 500 U/mL). Vessels were
incubated for 15–20 h in endothelial cell growth medium con-
taining 5% serum (EBM-2 medium CC-3156 with the EGM-2
Microvascular SingleQuot Kit Supplement CC-4147, Lonza) with
and without genetic or pharmacological treatments. All agents
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Table 2. Telomerase Modulators

Name Order Infomation Effect

AGS 499 Gift from Dr. Ester Priel, B.G. NEGEV
TECHNOLOGIES

Telomerase transcriptional activator1

Control siRNA Ambion, Silencer Negative Control siRNA #1,
Cat. No. AM4611

Control siRNA without specific target in human
genome

siRNA TERT Ambion Cat. No. 4427037-s372 Genetic knock down of telomerase reverse
transcriptase FL protein

siRNA β-del TERT Ambion Custom siRNA
Sense—UCAAGAGCCACGUCCUACGtt
Antisense—CGUAGGACGUGGCUCUUGAag

Genetic knock down of telomerase reverse
transcriptase β-del TERT splice variant specific

BIBR 1532 Tocris Bioscience Cat. No. 2981 Selective, small molecule telomerase inhibitor
Lenti β-del TERT Generated by MCW/Versity Hybridoma Core Dominant negative splice variant of TERT lacking

exon 7–8 and containing premature stop codon.
Lenti MTS mutant TERT-GFP Mutation of mitochondrial target sequence

R3E/R6E resulting in loss of TERT
mitochondrial localization2

Lenti NLS mutant TERT-GFP Deletion of nuclear localization signal (mutant
7A) resulting in loss of TERT nuclear
localization9

NLS mimic RRRGGSASRSLPLPKRPRR Mimics nuclear localization signal around amino
acid S227

NLS mimic—A RRRGGAASRSLPLPKRPRR Negative control for NLS mimic; mutated
equivalent of S227 to A (not phosphorlatable)

MTS mimic MPRAPRCRAVRSLLRSHYRE Mimics mitochondrial localization signal amino
acid R3 and R6

were added to culture media or organ bath at <1% of total vol-
ume. Concentrations are stated as final concentrations. Ves-
sels were constricted with ET-1 (0.1–1 nmol/L) to achieve a
20–50% stable reduction in passive diameter. Dose response
curves to the endothelial-dependent vasodilators flow (FMD,
5–100 cm H2O) or acetylcholine (ACh; 1–100μmol/L) were per-
formed to evaluate specific endothelial-dependent dilation. At
the end of each experiment, papaverine (100μmol/L) was used
to determine the maximal (passive) diameter at 60 mm Hg. Ves-
sels that failed to constrict to ET-1 for a minimum of 20% and/or
failed to dilate to minimum of 75% to papaverine were excluded
from analysis.

Telomerase Modulation and mtDNA Repair

To ascertain the importance of subcellular TERT localization and
the importance of β-del TERT splice variants in microvascular
pathology, vessels were treated using pharmacological (AGS 499,
25 nm; BIBR 1532, 10μm) or genetic tools (Table 2) to modulate
telomerase activity and localization. Lentiviral constructs were
used at a concentration of ∼108 TU/mL for 15–20 h.2,40–42 After
24 h (siRNA and pharmacological modulators) or 48 h (viral over-
expression), vessels were used for microvascular studies or cells
for molecular experiments.2,41 TERT expression was verified via
IHC for GFP or TERT. Supplementary Figure S9 shows the efficacy
of Lentiviral TERT overexpression. Life imaging for GFP expres-
sion in isolated vessels using different viral constructs employed
specificity of the observed phenotype due to TERT modulation
was determined by co-treatment with BIBR 1532.

A recombinant endonuclease III (ENDO III, 25μg/mL) or a
mutant inactive version of the protein (mENDO III) was added
to culture medium for 15–20 h43,24 to initiate mtDNA damage
repair. Endo III has a HIV-tat tag to enhance cell permeability
and a mitochondrial targeting sequence to specifically target
and repair mtDNA.

Quantitative Real-time Polymerase Chain Reaction

Total mRNA was harvested from human CAD and non-CAD tis-
sue lysates using an Ambion PureLink RNA Kit (left ventricular
(LV) tissue) or a NEB Monarch RNA kit (microvessel). Approx-
imately 1500 ng (left ventricule) or 50 ng (microvessel) of RNA
was used to synthesize cDNA using the Applied Biosystems
High-Capacity cDNA Reverse Transcription Kit. Gene expres-
sion was quantified by quantitative real-time polymerase chain
reaction using primers (FL-, α-deletion (α-del), β-del TERT) and
SYBR green from Qiagen in a BioRad CFX96 Touch Real-time
PCR Detection System. Expression levels were normalized to
18S rRNA [Cat# QT00199367 Qiagen (QuantiTech)]. Splice vari-
ant specific primers for TERT were purchased from IDT as pre-
viously published44: Exo6 (F): TTG TCA AGG TGG ATG TGA CG,
α-del TERT (F): CTT TGT CAA GGA CAG GCT CA, Exo7 (R): ATG
TAC GGC TGG AGG TCT GT, β-del -TERT (R): GGA CGT AGG
ACG TGG CTC T, FL TERT (F): GCG TTT GGT GGA TGA TTT
CT, FL TERT (R): CAG GGC CTC GTC TTC TAC AG. Primers for
PGC1α, catalase, SOD2, PARP1, OGG1, and SIRT3 were ordered
(Qiagen validated Quantitech Primer Assays). Complete list of
primers with catalogue numbers are shown in Supplementary
Table S1.

Western Blot Analysis

Frozen human hearts or isolated vessels (3–5 microves-
sels/experiment) were homogenized in an ice-cold lysis buffer
(4% SDS, 0.1.2 m Tris, 20% glycerol, 0.4 mm DTT, 2 mm EDTA),
which contained protease and phosphatase inhibitors (5872S;
cell signaling), centrifuged, and the supernatant was extracted.
Total protein concentration was determined using a BCA pro-
tein assay kit according to the manufacturer’s instructions



Ait-Aissa et al. 5

(23 225; Thermo Scientific). Lysates were loaded and sepa-
rated using SDS-PAGE and transferred onto a PVDF mem-
brane. The following antibodies were used: A custom β-
del TERT antibody (1:500; Open Biosystems) generated from
rabbit against a unique human β-TERT antigen sequence-
RPVPGDPAGLHPLHAALQPVLRR and anti-GAPDH (1:1000; ab8245;
Abcam). β-TERT antibody validation is shown in Supplementary
Figure S10.

mtDNA Damage Analysis

Quantitative PCR (qPCR) was used to assay mtDNA damage as
previously described.45 Total mtDNA was extracted using QIAGEN
Genomic Tip and Genomic DNA Buffer Set Kit (QIAGEN, Valen-
cia, CA, USA). Purified genomic DNA was quantified fluoromet-
rically using Pico Green dsDNA reagent (Molecular Probes, Life
Technologies, USA). Lambda (λ)/Hind-III DNA (Gibco Invitrogen,
Paisley, UK) was used to generate a standard curve and adjust
the final DNA concentration to 3 ng/μL. The “hot start” PCR used
the Gene Amp XL PCR Kit (Applied Biosystems, Foster City, CA,
USA) with 15 ng DNA, 1X buffer, 100 ng/μL BSA, 200 μm dNTPs,
20 pmol of each primer (Small fragment: Sense 5′-CCC CAC AAA
CCC CAT TAC TAA ACC CA-3′, Antisense: 5′-TTT CAT CAT GCG
GAG ATG TTG GAT GG-3′; Large fragment: Sense: 5′-TCT AAG
CCT CCT TAT TCG AGC CGA-3′, Antisense: 5′-TTT CAT CAT GCG
GAG ATG TTG GAT GG-3′), 1.3 mm Mg++ and water. The reaction
was brought to 75◦C then 1 U/reaction enzyme was added. Spe-
cific primers were used to amplify a large fragment of mtDNA
(8.9 kb) to determine mtDNA integrity. A small fragment (221 bp)
of the mitochondrial genome was used to monitor changes in

mtDNA copy number and to normalize the amplified data. Rela-
tive amplifications were calculated to compare CAD arterioles to
non-CAD. These values were then used to estimate, assuming a
Poisson distribution, the number of lesions present in mtDNA as
previously described.45

Measurement of mtROS and NO Production in Isolated
Vessels

MitoPY146 was used to evaluate microvessel generation of

mtH2O2. As previously described,2,42 after cannulation in a
warmed chamber (37◦C) containing HEPES buffer at pH 7.4, arte-
rioles were perfused intraluminally with MitoPY1 (5 μmol/L, 1 h)
using flow levels below the threshold of causing dilation until
the luminal surface was bathed in MitoPY1 containing buffer.
Next, the trans-vascular pressure gradient was changed from 0
to 100 cm H2O and fluorescence was measured after 2 min. Flu-
orescence was evaluated at an excitation wavelength of 488 nm
and emission was measured between 530 and 590 nm (GFP fil-
ter). NO production in response to flow was measured using an
NO-specific probe47 under similar conditions as MitoPYI. Fluo-
rescence readings were performed at excitation wavelength of
561–594 nm and emission measured at 615 nm. All data are nor-
malized to pre flow values and expressed as fold increase at
100 cm H2O (5 min) pressure gradient.

All comparisons were made to no flow conditions and
expressed as fold change. The response to the NOS inhibitor L-
NAME (prevented increase in NO levels) or Peg-Cat (scavenges
H2O2)2,42,48 was measured. Then the specificity of the probe was
established using the NO scavenger c-PTIO (1 μm).

Immunohistochemistry (IHC)

Isolated vessels from surgically discarded tissue were fixed in
10% zinc formalin, embedded in paraffin wax, cut into 4μm sec-
tions, and rehydrated. A DAKO autostainer was then used for
antigen retrieval and antibody staining. Sections were incubated
with secondary antibody alone or normal serum IgG as nega-
tive controls. The MCW/CHW Pathology Core facility was used
for all IHC studies. Antibodies to both TERT (Bioss, bs-1411R), β-
del TERT (custom antibody Open Biosystems), and GFP (Abcam
# ab290) were used.

Statistical Methods

Data presented as mean ± SD. For all flow response curves,
differences between groups at each concentration were deter-
mined using a 2-way repeated-measures analysis of variance
(ANOVA). A post hoc Tukey’s test was used for individual com-
parisons. A probability value of P < 0.05 was statistically signif-
icant. Fluorescence studies, western blots, or RNA expression
analysis used either a paired t-test or 1-way ANOVA with post
hoc Tukey’s test to identify individual differences within groups.
Statistical outliers were identified via Thompson-tau method
and excluded from analysis.

Results

Increased Levels of Dominant Negative TERT Splice
Variants Are Observed in Patients With CAD

FL-, α-del, and β-del are all naturally occurring splice variants
of TERT. Expression of FL-, α-del, and β-del TERT mRNA was
measured in LV tissue from CAD and non-CAD subjects by
quantitative real-time PCR. Compared to non-CAD, tissue from
CAD subjects showed decreased FL-TERT mRNA expression and
increased α-del and β-del TERT expression (Figure 1A–C). IHC
and immunoblots for β-del TERT showed elevated protein lev-
els in microvessels and LV in CAD subjects compared to non-
CAD (Figure 1D–F). Supplementary Figure S1 shows representa-
tive images of western blots and IHC supporting these findings.

Increased β-del TERT Promotes Pathological while
Decreased β-del TERT Promotes Physiological
Mechanism of FMD

β-del TERT has been shown to behave in a dominant neg-
ative fashion to FL-TERT due to the deletion in the reverse
transcriptase domain.35 To investigate the effect of the β-del
TERT isoform on microvascular function, microvessels extracted
from adipose tissue of non-CAD subjects were treated with
lentivirus expressing β-del TERT-GFP fusion protein. Expres-
sion of β-del TERT-GFP was confirmed via IHC (Figure 2A–D).
FMD in microvessels from non-CAD adipose is normally medi-
ated by endothelial production of NO.49 β-del TERT overexpres-
sion switched the mediator of FMD from NO to H2O2 (Figure
2E), which is similar to what is observed in microvessels from
CAD patients. Supplementary Figure S3 shows expression and
subcellular localization of FL and β-del TERT. Smooth mus-
cle vasodilator function, assessed as the response to papaver-
ine, was unaltered (Figure 2F). Based on our prior work, empty
lentiviral expression alone has no impact on dilator capacity or
underlying mechanisms.41

Knockdown of β-del TERT and total-TERT (all splice variants)
levels in vessels transfected with the siRNA against β-del TERT
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Figure 1. Increased levels of β-del TERT expression in CAD subjects. Relative levels of FL (A), α-del (B), and β-del (C) TERT mRNA expression were measured in LV tissue

from non-CAD vs. CAD subjects (N = 6–9). (D) β-del TERT expression was measured by IHC in coronary arteries isolated from non-CAD vs. CAD subjects (representative
of 3 replicates). (E + F) Western blot analyses of β-del TERT levels in LV tissue of patients with and without CAD. ∗ P < 0.05 vs. non-CAD t-test. Values are means ± SEM,
N = 5–8.

Figure 2. Overexpression of β-del TERT in non-CAD adipose microvessels confers a CAD phenotype. Lentiviral transfection of β-del TERT-GFP (107 TU/mL intraluminal)
increased expression of β-del TERT and GFP compared to negative controls. Representative image of IHC β-del TERT (A + B) or GFP (C + D). Lenti-GFP has no impact on
dilator capacity or mechanism (ie, remains NO-mediated) (E), whereas β-del TERT is sufficient to induce loss of NO-mediated dilation to flow (ie, no longer inhibited by

L-NAME) while triggering a compensatory increase in flow-induced H2O2 (inhibited by PEG-catalase) dilation (F). (G) Smooth muscle-dependent dilation to papaverine
was not impaired. ∗ P < 0.05 2-way ANOVA RM, N = 7–8. Lenti-GFP, N = 4 historic data from Kadlec et al. (2017).41

compared to the negative control siRNA was verified by IHC
(Figure 3A and B). Silencing β-del TERT in CAD vessels partially
restored the mediator of FMD from H2O2 to NO-mediated vasodi-
lation (Figure 3C). Smooth muscle vasodilator function assessed
as the response to papaverine was unaltered (Figure 3D). Evalu-
ation of flow-induced NO and mtH2O2 production in vessels iso-
lated from subjects with CAD confirmed the functional findings.
Following transfection with β-del TERT siRNA, flow-induced NO
levels increased, which was accompanied by decreased mtH2O2

production (Figure 3F).
Silencing total TERT in non-CAD vessels switched the medi-

ator of FMD from NO to H2O2 and decreased vasodilation to
ACh, which is similar to what we previously reported with the
pharmacological TERT inhibitor BIBR 1532 (Supplementary Fig-
ure S2).2 Because H2O2 is already the predominant mechanism
of dilation in CAD vessels, the effect of total-TERT knockdown
was not tested in CAD vessels. Control siRNA, as previously pub-
lished,50 had no effect of dilator function or its underlying mech-
anism (Supplementary Figure S2).

Mitochondrial, but not Nuclear, TERT Regulates the
Mediator of FMD in Health and Disease

To differentiate the effects of mitochondrial vs. nuclear TERT,
we utilized lentiviral vectors expressing WT- or mutant versions
of TERT. WT-TERT-GFP and MTS-mutant TERT-GFP (mutation of
the MTS)2 localize primarily to the nucleus with a small amount
of diffuse cytoplasmic localization, whereas NLS-mutant TERT
(deletion of the NLS)9 primarily localizes to the cytoplasm and
mitochondria (Supplementary Figure S4).

In vessels from non-CAD patients, overexpression of WT-
or NLS-mutant TERT did not alter dilator function. In con-
trast, overexpression of MTS-mutant TERT resulted in a CAD-
like phenotype by switching the mediator of dilation from NO to
H2O2 (Figure 4). This corresponds with findings in microvessels
from CAD patients, where MTS-mutant TERT overexpression did
not alter dilation, while overexpression of NLS-mutant TERT
restored NO-mediated dilation (Figure 5). Thus, NLS-mutant
TERT overexpression in CAD vessels mimics targeted β-del TERT
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Figure 3. siRNA mediated knockdown of β-del TERT partially restores NO bioavailability in CAD. Representative images showing siRNA targeted β-del TERT (A) or total
TERT (recognized all isoforms) from (B) knockdown and control siRNA treated vessels. β-del TERT in part restores NO-mediated dilation to flow (L-NAME inhibitable)
in vessels from subjects with CAD am H2O2 (Peg-catalase inhibitable) dilation was reduced (C). Endothelium-independent dilation to papaverine was not impaired (E).
siRNA to β-del TERT increased flow-induced NO production while reducing H2O2 (D). CTRL siRNA had no effect on dilator function or NO/H2O2 production (not shown).
∗ P < 0.05 2-way ANOVA RM, N = 7–8 for C.∗ P < 0.05 unpaired t-test, N = 5–8 for D and E.

Figure 4. Increased nuclear but not mitochondrial TERT causes pathological switch form NO to H2O2 mediated dilation. (A) Representative images showing lentiviral
overexpression of WT, MTS, or NLS mutant TERT compared to negative controls. WT-TERT had no effect on the underlying mechanism of FMD (B), while overexpression
of NLS mutant TERT shifted FMD from NO (L-NAME inhibitable) to H2O2 (Peg-catalase inhibitable) (C). Similar to WT-TERT overexpression, MTS mutant TERT had no

effect on the mechanism of dilation (D). Smooth muscle dependent dilation to papaverine was not impaired (E). ∗ P < 0.05 2-way ANOVA RM, N = 6–8.

Figure 5. Increased mitochondrial but not nuclear TERT restores physiological NO in vessels from patients with CAD. (A) In vessels from patients with CAD, overexpres-
sion of the MTS mutant TERT has no affect on the mechanism of vasodilation. (B) Overexpression of the NLS mutant TERT changed the mechanism of FMD from H2O2

(Peg-catalase inhibitable) to NO (L-NAME inhibitable). (C) Smooth muscle dependent dilation to papaverine was not impaired. ∗ P < 0.05 2-way ANOVA RM, N = 6–8.

knockdown (Figure 5A) and promotes a dilator phenotype like
non-CAD vessels. Collectively, these observations suggest that
extranuclear TERT (eg, TERT localized to mitochondria) pro-
motes NO-mediated FMD, whereas TERT localized to the nucleus
does not impact FMD. Moreover, TERT overexpression rescues
NO-mediated FMD in CAD vessels, which is independent of
nuclear localization, while preventing mitochondrial localiza-
tion of TERT induces a CAD-like dilator phenotype in non-CAD
vessels.

mtDNA Integrity is Critical to Preserve NO-mediated
Dilation

Prior evidence from our lab2,19,42 and that of other
groups26,27,51,52 suggest a critical role of telomerase activ-
ity in preventing mtDNA damage. To our knowledge, increase
in mtDNA damage or its functional relevance has not been
directly investigated in the human microcirculation. We
observed increased mitochondrial lesion frequency (reduced
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Figure 6. mtDNA damage repair in CAD microvessels induces NO-mediated FMD. (A) Isolated microvessels from showed higher levels of mtDNA damage in patients
with CAD than non-CAD. Quantitative end-point PCR was used to measure the relative amplification of an 8.8 kbp segment and a 221 bp segment of the mitochondrial

genome and calculate the relative DNA lesion frequency (N = 10–12). (B) NO-driven FMD was restored in microvessels from subjects with CAD after treatment with
Endo III (N = 6–8) but not after (C) treatment with inactive mEndo III (N = 3–5). (D) In vessels from subjects without CAD, Endo III prevented the BIBR 1532-induced
switch from NO to pathological H2O2 (N = 3–4). (E) Smooth muscle response to papaverine was not altered (N = 4–8). ∗ P < 0.05 A unpaired t-test; B–D 2-way ANOVA
RM.

Figure 7. MTS mimetic induces pathological H2O2 mediated dilation, while NLS mimetic restores physiological NO-mediated dilation. (A) Treatment of vessels from
non-CAD subjects with the TERT MTS mimetic peptide induces a CAD like phenotype for FMD (Peg-catalase inhibitable), (B) while treatment with TERT NLS mimetic
has no effect. (C) Treatment of vessels from subjects with CAD with TERT NLS mimetic is sufficient to restore FMD to NO (L-NAME mediated). (D) Endothlial indepedent
dilation to papaverine was not alterd in any groups. ∗ P < 0.05 2-way ANOVA RM, N = 6–11.

amplification) in vessels from subjects with CAD compared
to non-CAD vessels (Figure 6A). To confirm this observation,
vessels from subjects with and without CAD were stained with
an antibody specific for 8-oxo-dG aggregates as a marker of
DNA damage. Although this is not a quantifiable measure and
is not specific to mtDNA (nuclear DNA and RNA also detected),
a qualitative increase in staining intensity was observed in
vessels from subjects with CAD (Supplementary Figure S5). To
establish the functional relevance of mtDNA damage, vessels
from atrial or adipose tissue from subjects with CAD were
treated with mitochondria-tagged endonuclease III (Endo III)
to initiate mtDNA repair machinery, which restored NO as the
mediator of FMD (Figure 6B). In a control experiment, treating
CAD vessels with the catalytically inactive mEndo III did not
restore NO-driven FMD (Figure 6E). Thus, mtDNA lesions and
DNA damage are elevated in CAD tissue and initiating mtDNA
repair with Endo III rescues NO-mediated FMD.

Supplementary Figure S2 and our previously published work2

demonstrate that the decreased TERT is sufficient to trigger the
switch in the mediator of FMD from NO to H2O2. To confirm
the relationship between mtDNA damage and TERT-associated
changes in dilator mechanisms, vessels from subjects without
CAD were co-incubated with the specific telomerase inhibitor
BIBR 1532 and Endo III. Although BIBR alone switches the medi-
ator of FMD from NO to H2O2,2 co-incubation with Endo III pre-
vented the pathological dilator switch (Figure 6D) and induced
decrease in ACh mediated dilation (Supplementary Figure S6).

Mimeitc Peptides as Means to Manipulate
Mitochondrial and Nuclear TERT-related Vascular
Function

Both the NLS and MTS of TERT have been defined previ-
ously.9,27,53 We used these amino acid sequences to design pep-
tides that will serve as decoys of the actual enzyme to inhibit or
decrease the post-transcriptional modifications to TERT that are
necessary for nuclear import (phosphorylation of S227) or mito-
chondrial import (nature of post-translational modifications to
date not defined). Peptides are displayed in Table 2.

To test if these novel decoy peptides have any effect on vascu-
lar function, we first confirmed cell permeability and uptake by
overnight treatment with 5-FAM labeled NLS mimetic peptide.
Both isolated microvessels and cultured cells showed unassisted
uptake of the peptide as demonstrated by an increase in 5-FAM
fluorescence (Supplementary Figure S7).

Next, vessels from subjects with and without CAD were incu-
bated with decoy peptides designed to prevent nuclear import
(NLS mimetic) or mitochondrial translocation (MTS mimetic).
The MTS mimetic resulted in a switch of vasodilator mechanism
from NO to H2O2, mimicking the phenotype of subjects with CAD
(Figure 7A). The NLS mimetic did not alter FMD in vessels from
patients without CAD; however, it was sufficient to restore NO-
mediated FMD in vessels from patients with CAD (Figure 7B and
C). Neither of the decoy peptides had any effect on papaverine-
induced dilation (Figure 7D).
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To further establish the effects of NLS mimetic and MTS
mimetic on endothelial function, vessels were treated with vehi-
cle or ANG II (10–8 m) to mimic physiologically relevant stress.
ANG II caused a significant decrease in endothelium-dependent
dilation. The global telomerase inhibitor BIBR 1532 was used
to establish the specificity of the decoy peptides to telomerase
activity. The NLS mimetic was sufficient to preserve ACh- and
flow-induced endothelium-dependent dilation after an acute
ANG II challenge (Supplementary Figure S8A and C). However,
the protective effect was abolished by either co-treatment with
BIBR 1532 or when using a peptide with a mutation in the AA
equivalent to S227 of full length TERT (NLS mimetic-A) (Sup-
plementary Figure S7B and C). The MTS mimetic did not have
any effect on baseline dilation but augmented ANG II-induced
endothelial dysfunction with FMD and ACh, alike (data not
shown). Smooth muscle function in response to papaverine was
not impaired with either of the treatments (Supplementary Fig-
ure S7D).

0.1 Decoy Peptides as Means to Manipulate
Mitochondrial and Nuclear TERT-related Vascular
Function

To elucidate molecular changes in pathways involved in redox
regulation, mtDNA integrity, and general mitochondrial function,
we used qPCR to investigate the expression of genes from iso-
lated vessels from non-CAD and CAD subjects from both atrial
and adipose tissues. Table 3 shows the summary of the results.
While some trends were observed, to our surprise, few changed
where significant when comparing all samples. However, when
separating the data by vascular bed and sex, additional signif-
icant changes were uncovered. Changes in SOD2 levels are in
line with previous resports as a downstream target of TERT.54 In
relation to our past observations, these findings are somewhat
surprising due to the fact that to date we have not observed
any significant differences comparing isolated vessel function
or molecular changes from male vs. female or between adipose
peripheral vs. atrial microvessels. Future investigations are nec-
essary to define the physiological relevance of these changes.

Discussion

Novel data presented here support the following significant find-
ings: (1) Patients with CAD have altered TERT splice variant dis-
tribution in cardiac tissue and microvessels compared to sub-
jects without CAD. Specifically, both α- and β-del TERT lev-
els are elevated, while FL-TERT mRNA levels are reduced in
CAD patients. (2) Overexpression of β-del TERT in non-CAD ves-
sels confers a CAD phenotype, while silencing of β-del TERT
in vessels from CAD subjects partially restores NO-mediated
FMD, increases flow-induced NO production, and suppresses
H2O2 levels. (3) Increasing mitochondrial TERT but not nuclear
TERT restores physiological mechanisms of FMD, while nuclear
TERT promotes pathological H2O2-mediated dilation. (4) Ele-
vated mtDNA damage is observed in CAD tissues. mtDNA repair
initiated by administration of Endo III restores NO-mediated
dilation and overcomes the effect of global pharmacological
TERT inhibition. (5) Lastly, we introduce novel decoy peptides
with the potential to manipulate subcellular TERT localization
that show potential to restore physiological vasodilation and
protect against ANG II-induced endothelial dysfunction. Figure
8 illustrates proposed mechaims supported by the new findings
of this manuscript. Ta
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Figure 8. Proposed mechanism of TERT/β-Del TERT in regulating mechanism of flow-mediated dilation in the human microcirculation. CAD, coronary artery disease;
H2O2, hydrogen peroxide; mt, mitochondrial; NO, nitric oxide; and TERT, catalytic subunit of human telomerase complex.

More than 20 alternate splice variants of TERT have been pre-
viously described.31–34 Of these, the most highly expressed splice
variants, aside from full-length TERT, are those with deletions in
the catalytic domain, namely α-del and β-del TERT.55 Expression
patterns of these splice variants have been widely described dur-
ing embryogenesis56,57 and for various malignancies.58–61 How-
ever, to our knowledge, the role of alternate splicing of TERT in
cardiovascular disease has not been investigated. We have previ-
ously shown that TERT is necessary for normal endothelial func-
tion in the microvasculature. In the present study, we expanded
on these findings. Understanding how alternate splicing of TERT
is regulated may provide new therapeutic targets for the treat-
ment of cardiovascular disease.

Nuclear TERT vs. a Noncanonical Role of Mitochondrial
TERT

The first role of TERT discovered was telomere elongation, the
absence of which results in gradual telomere shortening that
has been implicated in aging and cancer-related pathologies.
While a significant body of evidence suggests that telomere
shortening contributes to development of cardiovascular dis-
ease, the underlying mechanisms are complex. Different tissue-
and cell-specific roles of TERT have been described that make
interpretation of existing data challenging [reviewed by Hoff-
mann et al. (2021)51]. In addition with our current knowledge,
pinpointing a causative event in humans (reduced telomerase
activity should preceed telomere shortening) is difficult. Evi-
dence from rodent models suggests that gradual telomere short-
ening over 3 to 4 generations is necessary to provoke cellu-
lar stress responses to critically short telomeres.62,63 Our pre-
vious work suggests that the onset of CAD results in changes
of microvascular physiology/pathology, which can be overcome
acutely by a transcriptional activator of TERT (AGS-499).2,42 Sim-
ilarly, acute telomerase inhibition provokes a CAD-like phe-
notype in isolated vessels from patients without cardiovascu-
lar disease.64,65 In addition, genetic deletion of TERT, the pro-
tein subunit of telomerase, but not TERC, the RNA subunit
of telomerase, causes a telomere-independent microvascular

phenotype in mice.19 This evidence suggests that extranuclear
TERT serves as a response to cellular stress and is critical
in maintaining normal physiological function. Recent work by
Chatterjee et al. (2021)66 demonstrates that overexpression of
TERT in a mitochondrial-dependent manner is sufficient to over-
come doxorubicin-induced heart failure in mice. This is relevant
because, in nongenetically modified models, the onset of phe-
notypes such as chemotherapy-induced heart failure or ANG II-
induced hypertension is too short to be fully explained by telom-
ere shortening. In the present study, we show for the first time
that mitochondrial/extranuclear, but not nuclear, translocation
of TERT is able to restore physiological responses. In particu-
lar, we demonstrate that viral overexpression of novel decoy
peptides restores NO-mediated dilation in vessels from subjects
with CAD, where FMD is otherwise mediated by H2O2. Previous
work by Radam et al. (2014)67 has described that different levels
of extracellular O2 are able to alter splice variant distribution of
TERT, which is in line with our findings of elevated β-del TERT
in microvessels and cardiac tissue of subjects with CAD, as CAD
is a form of ischemic heart disease.

A number of studies have demonstrated a direct link
between low levels of TERT and increased mtDNA damage in
response to various stressors.26,27,53,68 The underlying mecha-
nisms by which TERT protects mitochondrial integrity is not
fully understood and are likely multifactorial. As TERT is an
RNA-dependent DNA polymerase, binding of TERT to mtDNA is
a logical assumption. However, given that the mitochondrial
genome is circular and, hence, does not contain telomeres,
telomere elongation does not explain the protective effects. Sev-
eral studies have demonstrated that, in the nucleus, TERT reg-
ulates gene expression of key proteins involved in maintain-
ing mitochondrial health (eg, MnSOD or catalase).69–71 Other
possible mechanisms are supported by the literature, includ-
ing regulation of mitochondrial encoded RNAs, a critical RNA
component of mitochondrial RNA processing endoribonucle-
ase (RMRP), which is required for cellular development and/or

mtDNA replication.72

The rapid timeline of experiments employing TERT modu-
lation (<24 h for pharmacological manipulation and ∼48 h for
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viral overexpression), combined with our prior work showing
that changes in dilator phenotype are independent of transcrip-
tion and translation,2 further underlines a noncanonical role of
TERT. Recently introduced overexpression models that target FL-
TERT specifically to the mitochondria or nucleus show a pro-
tective effect of mitochondrial TERT, while nuclear TERT pro-
tects from myocardial ischemia/reperfusion injury by improv-
ing complex I composition and function.73 These findings are
in line with the phenotype observed in our own rat model of
global loss of TERT function that have increased susceptibility
to ischemia/reperfusion injury.18 In summary, data presented
in this manuscript underline the possible efficacy of increased
mitochondrial TERT as a new target for cardiovascular disease,
including CAD. Current means to increase TERT in patients rely
on lifestyle interventions or dietary supplements (eg, TA-65) that
increase total TERT, which includes nuclear TERT and may there-
fore potentially contribute to pathological cell proliferation. To
our knowledge, the decoy peptides presented in the current
study are the first pharmacological tools that allow separation
of mitochondrial vs. nuclear actions of TERT.

Limitations of Current Study

The present study has a number of limitations that are diffi-
cult to address in human studies or with use of human tissue.
Due to the relatively short window of opportunity to study func-
tional changes in isolated human vessels (∼24–36 h for atrial
derived vessels and 48–72 h for adipose-derived vessels), long-
term manipulations, and functional evaluations are not possi-
ble. Future mechanistic studies in preclinical models are neces-
sary to establish the long-term physiological relevance of sub-
cellular manipulation of TERT.

The current data and past publications by us and others
clearly indicate a role of TERT in regulation of cellular redox
environment. Mitochondrial TERT suppresses ROS production,
while the lack of mitochondrial TERT is associated with ele-
vated free radicals. Unfortunately, in large part due to small
sample size of human microvessels, we are not able to differen-
tiate the underlying mechanism and define if ROS, mtDNA dam-
age, or lack of ATP is causative for functional phenotypes. Fur-
ther, in our studies, acute inhibition of TERT does not cause an
increase in mtDNA damage (data not shown). While vessels from
patients with CAD have been exposed to many stressors in vivo
(eg, increases in ROS, elevated glucose, or reduced O2) that pro-
motes mtDNA damage, ex vivo exposure of vessels to the TERT
inhibitor BIBR 1532 only directly impact of TERT without fur-
ther stressors that may cause mtDNA damage in the absence
of TERT activity. TERT activity is hypothesized to protect against

mtDNA damage, but the loss of TERT activity will not necessar-
ily cause mtDNA damage without further stressors. These find-
ings would suggest that TERT is sufficient to protect from mtDNA
damage in vivo but not causative for mtDNA damage in ex vivo
experiments.

While the current study directly links the cellular local-
ization of TERT with mtDNA damage and elevated levels of
ROS, proximal and distal signaling components remain unex-
plored. Previous work by our lab and others indicates key path-
ways (eg, autophagy,50 Sirtuin signaling,74 PGC1α,41 ceramide,75

Lysophosphatidic acid,76 acute exposure to elevated intralumi-
nal pressure,48,77 and ANG 1–742) are involved in protecting
mitochondrial integrity and will require additional studies in
animal models. Similar changes in gene expression presented
in Table 3 show differnees between CAD and non-CAD but do not

necessarily correlate or are a result of changes in TERT splice
variant distribution.

For the first time, we introduce a novel tool to manipulate
subcellular TERT levels via decoy peptides that mimic NLS or
MTS sequences. To our knowledge, these are the first pharma-
cological tools that allow separation of mitochondrial vs. nuclear
actions of TERT, and our current data show expected functional
changes as evidenced by similar effects as targeted overex-
pression of TERT mutants that lack MTS or NLS. However, we
are unable to confirm the mechanism of action of these pep-
tides. We propose that NLS and MTS mimetics prevent post-
transcriptional modifications of TERT necessary for nuclear or
mitochondrial import; we are not able to recapitulate this idea
in cultured endothelial cells and do not have sufficient mate-
rial in isolated vessels to perform cell franctionaltion experi-
ments. We have tested multiple commercial TERT antibodies in
cultured endothelial cells and failed to obtain images with suffi-
cient background to noise ratio that allows us to definitively con-
clude that NLS mimetic in fact prevents nuclear import, while
MTS mimetic prevents mitochondrial import after exposure to
H2O2. Similarly, we do not see changes in p-TERT S227 levels
after treatment with NLS mimetic. The exact mechanism of
post-translational modification at the MTS sequence is, to date,
not defined, and hence could not be tested in immunoblots.
Presented data with viral mediated overexpression construct
back up the general idea of a critical role of mitchondrial but
not nuclear TERT; however, we cannot determine if the balance
between nuclear vs. mitcondrial TERT is driving the phenotype
or if the overexpression constructs silence any naturally occur-
ring TERT effects. Future studies need to identify how these
decoy peptides affect TERT localization.

Conclusions and Future Outlook

The subcellular distribution of TERT and its splice variants
modulate microvascular endothelial function and determine
whether FMD is mediated by NO or H2O2, which has impor-
tant implications for CAD. Cumulatively, our data suggest that
mitochondrial localization/activity of TERT is a key factor in
the development of this phenotype. The ability to manipu-
late splice variants and the intracellular distribution of TERT
presents intriguing possibilities for both cardiovascular protec-
tion and anticancer therapy via a noncanonical role of TERT
without promoting proliferative capacity (eg, that observed in
cancer cells and atherosclerosis). Indeed, ongoing efforts utiliz-
ing splice-blocking oligonucleotides for TERT or other molec-
ular means show promising results in cell culture models or
embryonic development.72 The introduction of cell-permeable
peptides that can alter cellular localization of TERT represents
another promising direction to target TERT as a treatment for
chronic disorders ranging from cardiovascular disease to cancer
and neurodegenerative disease where TERT has been described
as a key component of disease pathology.

Supplementary Material

Supplementary material is available at the APS Function online.
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