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The telomerase enzyme is essential for telomere maintenance. Pathogenic variants in telomere-
associated genes have been associated with critical telomere shortening, resulting in telomere 
biology disorders (TBD) such as bone marrow failure, idiopathic pulmonary fibrosis, and dyskeratosis 
congenita. The TBDs are clinically heterogeneous and families with TBD often experience an earlier 
onset and increased symptom severity for each generation. Consensus guidelines have identified 
certain genetic variants as pathogenic or likely pathogenic, but many are classified as variants of 
uncertain significance (VUS) in the absence of additional supporting evidence. The pathogenicity of 
a VUS in genes encoding the telomerase complex could be evaluated by in vitro telomerase activity 
(TA) measurement. We have developed a functional TA assay in patient-derived T-cells based on the 
Telomeric Repeat Amplification Protocol (TRAP) combined with qPCR. TA was significantly lower 
in six TBD patients with a TERT or TERC variant compared to controls (0.11 versus 0.54, p < 0.001). 
Four patients had a TA of more than three standard deviations below the mean of controls, strongly 
supporting pathogenicity of the variants. In summary, functional analysis of TA in patient-derived cells 
could support pathogenic evaluation in clinical diagnostics and reduce the number of reported VUS for 
TBD patients.
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Telomeres at the end of human chromosomes protect the genome from degradation by interacting with the 
shelterin complex. The telomeres gradually shorten during cell replication due to the inability of the DNA 
polymerase to fully copy the chromosome ends. As a result, the protective telomere structure cannot be 
maintained, and the cell will eventually enter senescence and/or apoptosis1,2. A selection of highly proliferating 
cells, including germ cells, hematopoietic stem cells, and activated lymphocytes, counteract the telomere attrition 
by expressing the enzyme telomerase. Telomerase is a reverse transcriptase enzyme encoded by TERT (telomerase 
reverse transcriptase) and TERC (telomerase RNA component) that associates with several proteins essential for 
stability and telomere binding, such as DKC1, NHP2, NOP10, GAR1, and TCAB13,4. Variants in telomere-
associated genes can lead to pathological telomere shortening, resulting in telomere biology disorders (TBD)5. 
TBDs are usually characterized by short telomere length combined with hematological and/or pulmonary 
symptoms, including bone marrow failure, idiopathic pulmonary fibrosis, and dyskeratosis congenita6–8. TBD 
patients have a heterogenous clinical presentation, and families often display genetic anticipation, which results 
in earlier onset and more severe manifestation of the disease across generations9,10.

Determining the pathogenicity of a novel genetic variant can be challenging, mainly due to variable phenotypic 
expression and reduced penetrance11,12. Support for pathogenicity is for example the absence of the variant in 
the general population, in silico algorithms predicting a deleterious effect of the variant, and co-segregation 
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of the variant with disease in the family9,13,14. Some variants are considered pathogenic or likely pathogenic 
by consensus guidelines from the American College of Medical Genetics and Genomics (ACMG), but many 
are classified as variants of uncertain significance (VUS) in the absence of additional supporting evidence of 
pathogenicity15. Identified variants in telomere-associated genes are evaluated using the ACMG guidelines, but 
may also be supplemented by telomere length analysis or other functional assays12,16,17. In addition, variants 
in genes encoding components of the telomerase enzyme could be evaluated by in vitro assays such as site-
directed mutagenesis. This technique involves incorporation of the variant into a plasmid, transformation into 
a host cell, and then telomerase activity (TA) measurements18,19. However, this approach is time-consuming as 
it requires primer design and sequencing of the transformed cells to confirm the presence of the mutation. In 
addition, the cellular effects of the variants may not be fully recapitulated by site-directed mutagenesis assays. 
As an alternative, functional analysis of TA can be performed directly on patient-derived cells which exhibit 
phenotypes directly related to the disease, offering an advantage in form of clinical relevance.

In this study, we aimed to develop a functional assay for measuring TA in patient-derived cells based on the 
Telomeric Repeat Amplification Protocol (TRAP) combined with qPCR. To validate the assay, TA was analysed 
in activated T-cells from healthy controls and from patients with a pathogenic or likely pathogenic variant in 
a telomerase-associated gene, as these variants are expected to impair the function of the telomerase enzyme. 
Having established the assay’s ability to detect reduced TA in known pathogenic cases, we plan to use the method 
in patients with VUS to support pathogenic evaluation.

Method
Sample collection
Peripheral venous blood from 100 healthy blood donors (range: 18–73 years, 51% men) were collected at the 
University Hospital, Umeå, Sweden, between the years 2021 and 2023. The blood samples were anonymized, 
and the only available information was the donors’ gender, age, and confirmation that they met the eligibility 
criteria for blood donation according to the hospital’s standard procedures. For TA analysis, peripheral venous 
blood was collected in sodium heparin tubes. For telomere length analysis, peripheral venous blood was 
simultaneously collected in EDTA tubes; however, sufficient material was available from only 90 of the 100 
donors and telomere length analysis was therefore limited to this subset. For the control group, we aimed to 
include a uniform distribution of age and gender for every decade, although perfect match was not obtained for 
the oldest individuals (18–29 years (10 men and 10 women), 30–39 years (10 men and 10 women), 40 − 49 (10 
men and 10 women), 50–59 (10 men and 12 women), and > 60 (11 men and 7 women)). The inclusion criteria for 
patients with suspected TBD were a pathogenic or likely pathogenic variant in a telomerase-associated gene and 
sufficient material for TA and RTL analysis. Six TBD patients referred to Clinical Genetics, University Hospital 
in Umeå for genetic testing by Sanger sequencing and/or telomere length measurements by qPCR were included. 
The patients carried genetic variants that had been classified as pathogenic (TERT p.(Arg865His) (n = 1)) or 
likely pathogenic (TERT p.(Leu1017_Leu1019del) (n = 1), p.(Asp684Gly) (n = 1), and p.(Tyr1002Cys) (n = 2), 
and TERC n.64G > A (n = 1)) according to the ACMG guidelines15.

The study was approved by the Regional ethical review board in Umeå (Dnr 2016/258 − 31) and conducted in 
accordance with the Declaration of Helsinki. Informed consent was obtained from patients and controls.

T-cell activation and proliferative capacity
Mononuclear cells (MNC) were isolated from peripheral blood using the standard Lymphoprep™ protocol (Stem 
Cell Technologies, Cambridge, UK). The cells were counted on a HemoCue® WBC DIFF instrument (HemoCue, 
Ängelholm, SE) and 250 × 103 cells/ml were stimulated in RPMI-1640 medium with 2.7% phytohemagglutinin 
(T-cell specific mitogen), 20% FCS, 200 mM L-glutamine, 5000 IU penicillin, and 5000 µg/ml streptomycin. 
The cell suspensions were cultured at 37  °C and 5% CO2 for three days (72–77  h) to reach maximum 
telomerase activity of T-cells, which has previously been shown to peak around three days of stimulation with 
phytohemagglutinin20,21. The proliferative capacity of the T-cells was evaluated through S-phase fraction (SPF) 
analysis by flow cytometry.

An aliquot of each sample was diluted to a concentration of 106 cells/ml. The cell nuclei were isolated by 
incubation in trypsin solution containing Nonidet P40 detergent and spermine tetrachloride. After vortexing 
and filtration, the nuclei were stained with propidium iodide solution in the dark for a minimum of 30 min 
at 4  °C22,23. The samples were analyzed using a FACSVia™ flow cytometer (BD Biosciences, Franklin Lakes, 
NJ, US), and DNA histograms were generated. All datasets were analyzed by the ModFit LT™ software v3.0 
(Verity Software House, San Diego, CA, USA) to determine the SPF. The cut-off for acceptable runs was > 10,000 
modeled events in the G0/G1, G2/M, and S-phase components of all cycling populations.

Protein concentration measurements
The activated T-cells were lysed in CHAPS lysis buffer (#S7710, Sigma-Aldrich, Saint Louis, MO, US), and an 
aliquot from each sample was used for protein concentration measurements with the Pierce™ BCA protein assay 
kit (#23227, ThermoFisher Scientific, Waltham, MA, US). A standard curve from bovine serum albumin with 
a working range of 20–2000 µg/ml was included in every run. Optical density was measured at 562 nm on a 
DeNovix DS-11 instrument (DeNovix, Wilmington, DE). All samples were measured in triplicates with the 
mean value stated as the total protein concentration. The CHAPS lysates were then treated with dithiothreitol 
(#Y00147, Invitrogen, Waltham, MA, US) and Recombinant RNasin® Ribonuclease Inhibitor (#N2515, Promega, 
Madison, WI, US) with a working volume of 1 mM dithiothreitol and 1 U/µl RNasin.
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Telomerase activity measurement
TA was assessed with TRAP, which includes telomerase extension, PCR amplification, and quantification24 using 
the Telomerase Activity Quantification qPCR Assay Kit (#8928, ScienCell Research Laboratories, Carlsbad, 
CA, US). The assay was conducted according to the manufacturer’s instructions, but modified slightly to allow 
adding a fixed protein concentration instead of a fixed number of cells to the telomerase extension step. A 
T-lymphoblastoid cell line (CCRF-CEM) was included as a reference in every run to monitor the efficiency of the 
assay. The CCRF-CEM cells were lysed in CHAPS lysis buffer (Sigma-Aldrich) to an equivalent of 25,000 cells/
µl, corresponding to approximately 1000 ng/µl. 2000 ng CCRF-CEM lysate or 500 ng of sample lysate (control, 
TBD, CCRF-CEM positive control, heat-inactivated CCRF-CEM negative control, or no template control) was 
added to the telomerase extension buffer in separate test tubes. The tubes were incubated at 37 °C for 3 h on a 
Veriti™ 96-Well Fast Thermal Cycler (Applied Biosystems, Waltham, MA, US), and thereafter heated to 85 °C 
for 10  min to inactivate the telomerase enzyme. A standard curve (concentration 100 − 0.16 ng/µL, dilution 
1:5) was generated from the reaction with 2000 ng CCRF-CEM to monitor the qPCR runs. The TA of each 
sample (Control: n = 100 and TBD: n = 6) was measured in duplicates on a QuantStudio™ 6 Flex System with the 
QuantStudio™ Real-Time PCR software v1.3 (ThermoFisher Scientific, Waltham, MA, US). The software set an 
automatic cycle threshold (CT) and baseline for each run. TA was calculated as 2−(CT X −CT P ), where CTX 
corresponds to the mean CT-value of the analyzed sample and CTP to the mean CT-value of the CCRF-CEM 
positive control. The TRAP assay was run on two separate occasions for sixteen samples (Control: n = 10 and 
TBD: n = 6) to monitor assay reproducibility.

Telomere length measurements
Genomic DNA was extracted from peripheral blood leukocytes from 90 controls and six TBD patients using the 
Gentra Puregene blood kit (#158023, Qiagen, Hilden, DE) according to the manufacturer’s instructions. Relative 
telomere length (RTL) was measured by qPCR as previously described25–27. Briefly, a telomere to single-copy 
gene (T/S) ratio was generated for each sample by the formula 2−(CT T −CT S), where CTT corresponds to the 
mean CT-value of the telomere sequence and CTS to the mean value of the single-copy gene. The RTL values 
were generated by dividing the T/S value of a given sample with the T/S value from a positive control included in 
every run (CCRF-CEM). A reference curve from CCRF-CEM was included on every PCR plate to monitor the 
efficiency of the qPCR. All samples were measured in triplicates on two separate occasions, generating a mean 
RTL from both runs.

Statistical analysis
All statistical analyses were conducted in the R statistical software v. 4.2.228. The Mann-Whitney U test was used 
to compare the controls and TBDs, and linear regression modeling was used to compare continuous variables. 
To account for SPF-related variation in TA, TA values were first converted back to delta CT (ΔCT) values, where 
ΔCT = CTX-CTP. A linear regression model was then fitted to the control cohort, with ΔCT as the dependent 
variable and SPF as the independent variable. The residuals from this model, representing SPF-adjusted ΔCT 
values, were centered by adding the predicted ΔCT at the median SPF of the control cohort. Lastly, the adjusted 
ΔCT values were transformed back to TA values using the  2−(CT X −CT P ) formula.

Results
TBD patients had short telomeres and reduced telomerase activity but normal proliferative 
capacity
TA was measured in activated T-cells in an adult control cohort (n = 100) and evaluated in six TBD patients 
with a pathogenic or likely pathogenic variant in a telomere-associated gene (TERT, n = 5 and TERC, n = 1) 
(Table 1). The control cohort had a uniform distribution of age and gender across each decade (range: 18–73 
years, 51% men), enabling the observation of age-related variation in TA. The activation-induced TA is known 
to peak at day three of stimulation20,29 and our cohort therefore had a median activation time of 72.5 h (range: 
72–77  h). Additional blood samples for RTL analysis were available for 90 of the controls and all six TBD 
patients. We examined whether RTL, TA, SPF, and age differed between the controls and TBDs. There was a 
significant difference in RTL (Control: 1.69 ± 0.25, TBD: 0.99 ± 0.21, p < 0.001) and TA (Control: 0.55 ± 0.34, 
TBD: 0.09 ± 0.07, p < 0.001), between the groups, but no significant difference in SPF (Control: 35.7 ± 7.4, TBD: 
30.1 ± 4.7, p = 0.060) or age (Control: 44.5 ± 14.3, TBD: 55.3 ± 16.1, p = 0.147) (Fig. 1).

Positive association between telomerase activity and proliferative capacity in control 
samples
Previous studies have reported a decline in TA in normal activated T-cells with age30 and a decline in T-cell 
proliferative capacity with age, which could influence TA31. Therefore, we investigated the association between 
SPF, age, RTL, and TA in the control cohort. The controls showed a moderate negative correlation between SPF 
and age (adjusted R2 = 0.473, p < 0.001, Fig. 2A) and a weak positive correlation between SPF and TA (adjusted 
R2 = 0.149, p < 0.001, Fig.  2B). However, there was no correlation between TA and age (adjusted R2 = 0.014, 
p = 0.123, Fig.  2C). In addition, age-related telomere attrition in T-cells has previously been associated with 
reduced TA30. In our cohort, RTL was measured in leukocytes, as the quantity of available material did not 
allow for T-cell isolation. Leukocyte RTL had a weak positive correlation with TA (adjusted R2 = 0.066, p = 0.008, 
Fig. 2D), a moderate negative correlation with age (adjusted R2 = 0.181, p < 0.001, Fig. 2E), and a weak positive 
correlation with SPF (adjusted R2 = 0.134, p < 0.001, Fig. 2F). In a multiple linear regression analysis, both SPF and 
age were significantly associated with TA (p < 0.001 and p = 0.046, respectively), while RTL was not (p = 0.068) 
(Table 2). However, after excluding RTL, age was no longer significantly associated with TA (p = 0.075) (Table 2). 
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These results confirmed that the T-cell proliferative capacity declined with age and that a lower proliferative 
capacity resulted in lower TA.

Reduced telomerase activity in TBD
The TA was adjusted for SPF to compensate for age and variation in proliferative response. The TA values were 
converted to ΔCT values (difference between sample (CTX) and the control cell line (CTP)), since these values 
are log-scaled and better reflect the distributional assumptions of linear regression. A linear regression model 
was constructed using SPF as the independent variable and ΔCT of healthy blood donors as the dependent 
variable. Positive ΔCT values meant the sample had a higher CT value than the control cell line and thus a 

Fig. 1.  Comparison of relative telomere length (RTL), telomerase activity (TA), S-phase fraction (SPF), and 
age between controls and TBD patients. ***Corresponds to p-values < 0.001 and NS to not significant (Mann-
Whitney U test). (A) RTL of leukocytes (Control: n = 90 and TBD: n = 6). (B) TA of T-cells (Control: n = 100 
and TBD: n = 6). (C) SPF of T-cells (Control: n = 100 and TBD: n = 6). (D) Age (Control: n = 100 and TBD: 
n = 6).

 

TBD 
sample Age Gender Variant Symptoms

ACMG 
classification 
before TA analysis RTL SPF TAadj SD

Classification 
after TA 
analysis

Sample 1 59 F TERT p.(Leu1017_Leu1019del) Pulmonary fibrosis, pancytopenia, 
early graying of hair, osteoporosis Likely pathogenic 0.88 29.1 0.27 1–3 Likely 

pathogenic

Sample 2 64 M TERT
p.(Asp684Gly) Pulmonary fibrosis Likely pathogenic 1.07 32.9 0.15 1–3 Likely 

pathogenic

Sample 3 33 F TERT
p.(Tyr1002Cys)

Pulmonary fibrosis, pancytopenia, 
early graying of hair, liver cirrhosis Likely pathogenic 1.10 35.0 0.04 > 3 Pathogenic

Sample 4 79 F TERT
p.(Tyr1002Cys)

Cancer, fragile nails, skin lesions, 
osteoporosis Likely pathogenic 1.03 33.0 0.07 > 3 Pathogenic

Sample 5 43 M TERT
p.(Arg865His) Pulmonary fibrosis Pathogenic 1.22 22.0 0.05 > 3 Pathogenic

Sample 6 54 M TERC
n.64G > A

Pulmonary fibrosis, pancytopenia, 
renal failure Likely pathogenic 0.61 28.8 0.09 > 3 Pathogenic

Table 1.  Genetic variants in TBD patients. TBD = Telomere biology disorder. ACMG = American College of 
Medical Genetics and Genomics. RTL = relative telomere length of leukocytes. SPF = S-phase fraction of T-cells. 
TAadj=telomerase activity (TA) adjusted for SPF in T-cells. SD = standard deviation.
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lower TA. Plotting the adjusted ΔCT (ΔCTadj) values against age showed that the healthy blood donors had 
a ΔCTadj range of ± 3 standard deviations (SD) (Fig.  3A). Four TBD patients (TERT p.(Tyr1002Cys) (n = 2), 
TERT p.(Arg865His) (n = 1) and TERC n.64G > A (n = 1)) had ΔCTadj values which were more than 3 SD from 
the mean of the controls, clearly separating them from the healthy cohort. The other two TBD patients (TERT 
p.(Leu1017_Leu1019del) and TERT p.(Asp684Gly)) differed by at least 1 SD. At a group level, the TBD patients 

Variables Adjusted R2 Intercept Estimate Standard error p-value

Model 1 0.202 −1.059

SPF 0.025 0.006 < 0.001

AGE 0.007 0.003 0.046

RTL 0.271 0.150 0.068

Model 2 0.168 −0.606

SPF 0.026 0.006 < 0.001

Age 0.005 0.003 0.075

Table 2.  Multiple linear regression analysis of the effects of S-phase fraction (SPF), age, and relative telomere 
length (RTL) on telomerase activity (TA). Significant p-values are indicated by bold text.

 

Fig. 2.  Linear regression analysis of the relationship between S-phase fraction (SPF), telomerase activity (TA), 
age, and relative telomere length (RTL) in the control cohort. The SPF and TA were measured in activated 
T-cells (n = 100) and RTL in leukocytes (n = 90). (A) SPF and age. (B) TA and SPF. (C) TA and age. (D) TA and 
RTL. (E) RTL and age. (F) RTL and SPF.
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had a significantly higher mean ΔCTadj than controls (3.50 versus 1.06, p < 0.001, Fig. 3B) and, correspondingly, 
a lower mean TAadj than the controls (0.11 versus 0.54, p < 0.001, Fig. 3C and D) (Table 1).

Assay reproducibility
To monitor the TA variation with the assay, 16 samples (ten randomly selected controls and all six TBD patients) 
were run on two separate occasions. The inter-assay coefficient of variation had a median of 10% (4%;15%, 
25th;75th percentiles), which was considered acceptable. The ΔCTadj values from both runs were plotted against 
age (Fig.  4A), showing that there was small variation between the first and second run for most samples. 
Converting the ΔCTadj to TAadj values showed that lower TAadj values differed less between plates than those of 
higher TAadj values (Fig. 4B).

In clinical routine, blood samples from patients with suspected TBD may be transported between medical 
centres. This process can take several days before the samples reach the laboratory, which may have a negative 
impact on cell viability. In our TBD cohort, MNCs were isolated within 7–32  h of blood withdrawal. To 
examine if time duration between blood withdrawal and MNC isolation had any preanalytical effect on SPF, 
three additional blood samples from healthy controls were examined. MNCs were isolated at two time points; 
immediately and after storage in room temperature for two days. After stimulation, SPF was higher than 30% 

Fig. 3.  ΔCT and telomerase activity (TA) adjusted for S-phase fraction (SPF) and plotted against age. Controls 
are represented as white circles and TBD patients as grey circles. ***Corresponds to p-values < 0.001 (Mann-
Whitney U test). (A) Adjusted ΔCT in controls and TBD plotted against age. The black solid line represents 
the mean of the normal controls and the black dashed lines represent standard deviation ± 1, ±2, and ± 3. 
(B) Boxplots of adjusted ΔCT in controls and TBD patients. The black solid line represents the median. (C) 
Adjusted TA in controls and TBD plotted against age. The black solid line represents the mean adjusted 
TA (converted from the mean ΔCT) of the normal controls and the black dashed lines represent standard 
deviation ± 1, ±2, and ± 3 from the mean (converted from the ΔCT standard deviations). (D) Boxplots of 
adjusted TA in controls and TBD. The black solid line represents the median.
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at both time points for all three samples. No statistical analysis could be conducted due to the low sample size. 
However, our results indicate that blood samples could be analyzed after two days in room temperature, even 
though a more thorough study of the preanalytical phase is required.

Discussion
We have evaluated the relevance of implementing TA measurements as a functional test for pathogenicity 
assessment of variants in telomere-associated genes. Accurate variant classification relies on many types of 
evidence to support interpretation15. Most disease-associated TERT variants observed in TBD patients are 
missense substitutions and occur within all structural domains32. In the absence of compelling family history or 
supporting functional evidence, most rare variants are classified as VUS and thus present a dilemma, since they 
would not be actionable in clinical practice. Furthermore, in silico prediction algorithms may have limited utility 
in predicting the effects of novel missense variants in patients. We therefore determined the functional effect of 
rare pathogenic and likely pathogenic variants in TERT or TERC, that were previously identified in TBD patients 
at our clinic. These variants are expected to impair telomerase function and were included to establish the assay’s 
ability to detect reduced TA.

It is well-known that telomere length decreases with age in normal blood cells10,16,33 but there is conflicting 
data regarding the association between TA and age in normal activated lymphocytes30,34,35. We evaluated if 
age affected TA in our normal cohort but did not identify a significant association. However, the proliferative 
capacity of activated T-cells decreased with age, and lower SPF resulted in lower TA. These results are in line with 
a previous study that found a significant correlation between TA in activated T-cells and proliferative capacity31. 
We therefore suggest that adjustment of proliferative capacity should be done during TA analysis. Although 
the TBD patients had significantly lower TA than the controls, there was no difference in SPF between the 
groups, indicating that the reduced TA in TBD patients was not due to reduced proliferative capacity. TA is not 
required for short-term activation-induced proliferation of normal T-cells29 and could explain why there was 
no significant difference in SPF between controls and TBDs. Furthermore, leukocyte RTL was weakly correlated 
with TA and was not a significant predictor in our multiple linear regression analysis. Prior research has shown 
discrepancies in telomere length attrition with age between different cell types, with lymphocytes exhibiting 
more rapid attrition compared to granulocytes10. The weak correlation between TA and leukocyte RTL in our 
control cohort may be attributed to the different cell populations for each measurement. On the other hand, 
telomere length in T-cells and other leukocytes is strongly correlated30,36–38 and leukocyte RTL thus gives a good 
representation of T-cell telomere attrition. Ideally, telomere length would have been assessed in T-cells; however, 
this was not feasible due to limited sample availability. Furthermore, analysis of RNA expression patterns (e.g., 

Fig. 4.  Monitoring telomerase activity (TA) variation between different PCR plates. (A) Adjusted ΔCT value 
for each sample (n = 16) on the first and second plate. The black solid line represents the mean adjusted ΔCT 
and the black dashed lines standard deviation ± 1, ±2, and ± 3 based on the entire control cohort (n = 100). (B) 
Adjusted TA for each sample (n = 16) on the first and second plate.
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hTERT and other telomere-associated genes) could have added valuable information, but was not possible due 
to the limited number of T-cells.

Natural aging causes immunosenescence, which is a gradual decline in immune function where one of the 
characteristics is a shift in naïve/memory T-cell ratio33,39. The shift in T-cell ratio contributes to decreased TA 
with age, since naïve T-cells respond better to activation than memory cells or effector T-cells33,40. In addition, it 
has been shown that only a fraction of CD28 + T-cells express robust TA upon activation with anti-CD3/CD2829. 
We did not investigate TA in specific T-cell subtypes, and thus, our study cannot confirm if any sub-fraction was 
more prone to express telomerase. However, the age-related reduction of SPF indicated that our cohort showed 
the same pattern.

Genetic variants in components of the telomerase enzyme can cause total loss of function, partial loss of 
function, or have little to no effect41. In our analysis, four patients had a TAadj which were more than 3 SD 
below the mean of controls, which was considered a significant difference and support for pathogenicity. One 
of these patients carried the pathogenic variant TERT p.(Arg865His), which has been demonstrated to have 
decreased TA compared to wild-type TERT in previous in vitro studies18,19,41. Two patients carried a novel TERT 
p.(Tyr1002Cys) variant and one patient a novel TERC n.64G > A variant that has not been previously described. 
Since these patients had short telomeres and a TAadj at the same level as the known TERT p.(Arg865His), we 
considered these novel variants to be pathogenic. The remaining two TBD patients had a TAadj which was less 
than 3 SD below the mean of controls and was considered less significant, thus supporting pathogenicity at a 
lower level of evidence. These variants should not be reclassified15,17. Further evaluation of pathogenic and likely 
pathogenic variants is warranted to confirm these thresholds, as well as to determine whether the functional 
evidence should be considered strong, moderate, or weak, according to the ACMG consensus guidelines. 
However, these variants are essential for establishing a reference for what constitutes pathogenic TA levels and 
once this baseline is defined, VUS can be assessed. Support for reclassification of VUS to pathogenic would be 
TA levels comparable of known pathogenic variants. Conversely, TA levels comparable to controls would argue 
against pathogenicity. Assay reproducibility is a requirement for implementing TA analysis as an evaluation 
tool. Reanalysis of ten controls and all six TBDs showed small variation and identical classification between the 
first and second run, indicating that the assay produces consistent and reliable results. However, further studies 
involving repeated testing of samples over time are required to determine the maximum allowable duration 
before lymphocyte stimulation must be initiated following blood collection.

In our cohort, genetic variants in only TERT and TERC were analyzed. These are the main components 
of the telomerase enzyme, and changes in these genes are expected to alter the enzymatic effect5,42. Variants 
in genes encoding for telomerase-accessory proteins (e.g., DKC1, NHP2, NOP10, or GAR1) would most likely 
have the same effect on TA in stimulated T-cells, but this should be confirmed in future studies. The shelterin 
components (TRF1, TRF2, TINF2, RAP1, POT1, and ACD1) have been linked to TBD and could compromise 
the function of telomerase at the telomeres42. However, the TRAP assay uses an artificial telomeric sequence, 
and a dysfunctional shelterin complex would probably not have a functional effect on TA with this assay. Thus, 
stimulation of T-cells from patients with pathogenic genetic variants in the shelterin complex would most likely 
have normal TA in the assay, but this also needs further evaluation.

In conclusion, we have shown that activated T-cells from TBD patients with a disease-causing variant had 
reduced telomerase activity. Pathogenicity was supported for variants with a TA that differed more than 3 SD 
from normal controls. We suggest that this functional assay of TA can provide a valuable tool to aid in clinical 
annotation of VUS and thus reduce the number of reported uncertain variants.

Data availability
The dataset generated and analyzed during the current study are available from the corresponding author on 
reasonable request.
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