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The mechanisms that drive T cell aging are not understood. We report that children and adult telomerase mutation
carriers with short telomere length (TL) develop a T cell immunodeficiency that can manifest in the absence of bone
marrow failure and causes life-threatening opportunistic infections. Mutation carriers shared T cell–aging phenotypes seen
in adults 5 decades older, including depleted naive T cells, increased apoptosis, and restricted T cell repertoire. T cell
receptor excision circles (TRECs) were also undetectable or low, suggesting that newborn screening may identify
individuals with germline telomere maintenance defects. Telomerase-null mice with short TL showed defects throughout T
cell development, including increased apoptosis of stimulated thymocytes, their intrathymic precursors, in addition to
depleted hematopoietic reserves. When we examined the transcriptional programs of T cells from telomerase mutation
carriers, we found they diverged from older adults with normal TL. Short telomere T cells upregulated DNA damage and
intrinsic apoptosis pathways, while older adult T cells upregulated extrinsic apoptosis pathways and programmed cell
death 1 (PD-1) expression. T cells from mice with short TL also showed an active DNA-damage response, in contrast with
old WT mice, despite their shared propensity to apoptosis. Our data suggest there are TL-dependent and TL-independent
mechanisms that differentially contribute to distinct molecular programs of T cell apoptosis with aging.

Research Article Aging Genetics

Find the latest version:

https://jci.me/120216/pdf

http://www.jci.org
http://www.jci.org/128/12?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI120216
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://www.jci.org/tags/10?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://www.jci.org/tags/22?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/120216/pdf
https://jci.me/120216/pdf?utm_content=qrcode


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

5 2 2 2 jci.org   Volume 128   Number 12   December 2018

Introduction
T cell number and function decline with age; this age-dependent 
program, at times referred to as T cell immunosenescence, con-
tributes to increased morbidity (1, 2). Several T cell phenotypic 
changes occur with aging; these include a depletion of naive T cells 
that is associated with thymic involution, a decline in T cell–prolif-
erative capacity, and a progressive restriction of the T cell reper-
toire. While these age-associated changes are well described, the 
genetic and molecular programs that drive T cell aging remain 
poorly understood (1, 2).

Telomere length (TL) is a heritable trait; it is determined by 
the parental TL as well as common polymorphisms near the telo-
merase and telomere maintenance genes (3–5). Telomeres short-
en with age, and at critical cellular thresholds, short telomeres 
become dysfunctional, signaling a p53-related DNA-damage 
response that provokes senescence and apoptosis (6–8). While 
telomere shortening is universally acquired with aging, there 
are clinically relevant thresholds in the human population that 
are associated with telomere-mediated disease (9). Importantly, 

although TL shortens in T cells with aging, the causal contribution 
of short telomeres to the human T cell–aging phenotype has not 
been established. The T cell–replicative potential has been hypoth-
esized to be sensitive to telomere reserves, since T cell memory 
needs to be maintained through adulthood (10). To minimize 
telomere attrition with replication, T cell receptor (TCR) activa-
tion upregulates telomerase activity (10). However, this increase 
in telomerase activity does not entirely offset telomere shortening 
(3, 11), and the replicative demands throughout life cause T cells 
to have the highest rate of telomere attrition with age relative to 
other leukocyte subsets (11, 12).

Mendelian disorders provide a clinically relevant context for 
distinguishing the causal contribution of short telomeres from cor-
relative changes that occur with aging. In humans, short telomeres 
manifest in a monogenic disease spectrum known as short telo-
mere syndromes (13). They are most commonly caused by loss-
of-function mutations in the genes encoding the telomerase core 
enzyme components: the telomerase reverse transcriptase, TERT, 
and the telomerase RNA TR (also known as TERC) (9). TL is the 
primary determinant of disease severity in these patients (9). Chil-
dren diagnosed with short telomere syndromes have more severe 
telomere defects than adults and develop bone marrow failure 
that is at times recognized in the disorder dyskeratosis congeni-
ta (14–16). Adults with milder TL defects develop lung disease, 
both idiopathic pulmonary fibrosis (IPF) and emphysema (9). The 
prevalence of these lung disorders and the high proportion of IPF 
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the other hand, ST patients had abnormally short TL, at or below 
the first percentile, and carried mutations in TERT (n = 5), TR (n = 
6), or DKC1 (n = 3) or had familial forms of dyskeratosis congenita 
(n = 2) (Supplemental Table 2). The 3-way comparison would allow 
us to test the contribution of short telomeres alone relative to the 
T cell changes that occur with aging. We first examined the distri-
bution of peripheral T cells from each of the 3 groups to determine 
whether T cells may show the T cell–skewing pattern character-
istic of the T cell–aging phenotype and found the ST group had 
markedly fewer naive (CD45RA+CCR7+) CD4+ and CD8+ T cells 
compared with age-matched controls (Figure 2, C–F). The extent 
of this decrease was similar to that in OA who were 50 years old-
er. Since ST patients also had T cell lymphopenia (Figure 1F), this 
result indicated that the absolute naive T cell pool was extremely 
depleted in ST patients. Concurrently, and also similarly to OA, 
ST patients accumulated terminally differentiated CD8+ effec-
tor memory CD45RA+ T cells (CD45RA+CCR7–, TEMRA), which 
made up the majority of circulating CD8+ T cells (Figure 2, E and 
F). These data suggested that short telomeres are sufficient to 
drive the characteristic T cell skewing that occurs with aging.

Telomerase mutation carriers have decreased thymic output. To 
understand why naive T cells are depleted in ST patients, we first 
examined thymic output by quantifying the proportion of circu-
lating recent thymic emigrants (RTEs) (CD4+CD45RA+CD31+) 
(19) and found their fraction was somewhat decreased (Figure 
2G). This led us to directly test thymic function by quantifying cir-
culating TCR excision circles (TRECs). This PCR-based assay is 
the current standard screening test across the United States and 
elsewhere for severe primary immunodeficiencies in newborns, 
with the goal of implementing timely treatment prior to the onset 
of fatal infections (20–22). Among the 10 ST patients we tested, 
6 (60%) had abnormally low TRECs below the age-adjusted fifth 
percentile (P < 0.001, χ2 test) (Figure 2H). One of these cases was 
an infant who presented prior to implementation of newborn 
TREC screening and who had severe enterocolitis as a first pre-
sentation, similar to what has been described (16). He was found 
to carry a de novo DKC1 mutation (Figure 2H and Supplemental 
Table 2). His TREC levels were tested at the time of his diagno-
sis, at 8 months of age, and were found to be undetectable (Figure 
2H). These observations collectively indicated that some telo-
merase mutation carriers may be identified during TREC new-
born-screening programs; their identification has implications 
for therapy, given the exquisite sensitivity of short telomere syn-
drome patients to standard therapies.

Mice with short telomeres show T cell–autonomous apoptotic 
defects. To define how short telomeres may cause thymic export 
failure, we studied telomerase RNA null, mTR–/–, generation 4 
(mTR–/–G4) mice, which acquire short telomeres after successive 
generations of breeding (23). We first tested whether short telo-
meres disturbed the thymic niche in mice and compared the capac-
ity of the short telomere niche to support WT T cell development. 
We transferred WT hematopoietic stem-progenitor cells into WT 
or mTR–/–G4 recipients after a small sublethal dose of radiation 
(ref. 24 and experimental design in Figure 3A). The choice of this 
low-dose protocol was intentional, given the known radiosensitiv-
ity of short telomere mice and to minimize a skewed engraftment 
(25). We found bone marrow engraftment was similar in both 

patients who carry mutant telomerase genes make the short telo-
mere syndromes the most common premature aging disorders 
(13). Recognizing short telomere syndrome patients at the bedside 
is critical, since they develop severe toxicities to otherwise tolerat-
ed therapies (9, 13). They are also exquisitely sensitive to ionizing 
radiation, similar to patients with other DNA double-strand repair 
syndromes (17), making conventional protocols for hematopoietic 
stem cell transplantation highly toxic and fatal (18).

Here, we report a primary and potentially fatal T cell immu-
nodeficiency in young patients with short telomere syndromes, its 
overall prevalence, and its association with recurrent patterns of 
opportunistic infections. Some affected patients lacked the classic 
hallmarks of telomere-mediated disease, including bone marrow 
failure. We show that T cells from short telomere syndrome patients 
show a premature aging phenotype, but in contrast with T cells from 
older adults (OA) with normal TL, have a distinct molecular pro-
gram related to the DNA-damage response and intrinsic apoptosis. 
Our data identify abnormally short telomeres as sufficient to drive T 
cell aging, but suggest that additional TL-independent mechanisms 
promote T cell aging in individuals with normal TL.

Results
Telomerase mutation carriers develop a severe and potentially fatal T 
cell immunodeficiency. We noted a high prevalence of opportunis-
tic infections in a Johns Hopkins–based cohort of short telomere 
syndrome patients. Among 28 patients under the age of 60 who 
were evaluated from 2005 to 2015, 9 (32%) developed opportu-
nistic infections associated with T cell immunodeficiency (Table 
1 and Figure 1A). Their absolute CD4+ T cell counts and, where 
available, absolute CD8+ T cell counts were abnormally low (Table 
1). For more than half the patients (5 of 9, 55%), there was no clini-
cal evidence of bone marrow failure at the time of diagnosis (Table 
1). The infections were most commonly related to herpes viruses: 
varicella zoster (VZV) and cytomegalovirus (CMV) (6 of 9, 66%, 
Table 1 and Figure 1, A–E). In cases in which CMV caused end- 
organ disease, either encephalitis or pneumonitis, the infection 
was fatal (3 of 3, Table 1 and Figure 1, A, D, and E). To characterize 
the immunodeficiency of short telomere syndromes, we examined 
immune indices for 17 mutation carriers, including 10 individuals 
who carried germline mutations in telomerase genes, but had no 
history of infection, and found the most common abnormalities 
were CD4 lymphopenia and low IgM levels (Figure 1F). These 
observations indicate that a combined immunodeficiency may 
be a first manifestation of short telomere syndromes. This immu-
nodeficiency can appear in adults in the absence of bone marrow 
failure and predispose to life-threatening opportunistic infections.

Telomerase mutation carriers show severe depletion of naive T 
cells. Since short telomeres are acquired with aging, we tested 
whether short telomere syndrome–mediated immunodeficien-
cy resembles the T cell–aging phenotype. We designed a 3-way 
comparison of young patients who carried mutations in telomer-
ase genes (hereafter referred to as short telomere [ST], mean age, 
21 years), young healthy controls (YC) (mean age, 26 years), and 
healthy OA (mean age, 73 years) (Figure 2A and Supplemental 
Table 1; supplemental material available online with this article; 
https://doi.org/10.1172/JCI120216DS1). YC and OA had normal 
age-adjusted TL, near the 50th percentile (Figure 2, A and B). On 
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Table 1. Characteristics of patients enrolled in the Johns Hopkins Telomere Syndrome Registry who developed opportunistic 
infections, their mutation, and bone marrow function

Patient Age (yr) Sex Gene/Mutation Complication CD4 (/μl)A Blood counts
1 0 M DKC1, A308G Enterocolitis 621 Normal
2 1 F RTEL1, R1264H;R1264H Enterocolitis 753 Normal
3 18 F TERT, K902N VZV reactivation 442 Normal
4 19 F TERT, V1025F CMV encephalitis 50 Severe AA
5 23 M TERT, G135Q VZV reactivation, Tinea cruris 94 Moderate AA
6 33 M DKC1, IVS2-5C>G HPV-associated anal carcinoma 195 Mild AA
7 36 F TR, del375-377 VZV reactivation 399 Normal
8 48 F TR, G257T CMV pneumonia, P. jiroveci pneumonia 386 Severe AA
9 61 M TERT, L841F CMV pneumonia 349 Normal
AAll CD4 counts noted are below the age-adjusted normal range. Absolute CD8 counts were available for patients 1, 3, 5, 7, and 8, and they fell near or below 
the age-adjusted range at 146, 187, 235, 256 and 185/μl, respectively. Patient 9 developed fatal CMV pneumonia after lung transplantation.

Figure 1. T cell primary immunodeficiency and its complications in telomerase mutation carriers. (A) Telogram showing total lymphocyte TL measured 
by flow cytometry and FISH of mutation carriers relative to a nomogram of healthy controls. Those who developed opportunistic infections are noted. 
One TERT mutation carrier (patient 4, Table 1) did not have TL measured, so only 27 of 28 patients studied are plotted. (B and C) Images showing vesicular 
rash characteristic of VZV reaction (patients 3 and 5 in Table 1, respectively). (D) Brain MRI showing evidence of enhancing periventricular flare (marked 
by arrows) in a 19-year-old who died from fatal CMV encephalitis (Table 1, patient 4). (E) Chest CT scan image from a patient who developed concurrent 
P. jiroveci pneumonia that was complicated secondarily by CMV pneumonitis; the latter was treatment refractory and ultimately fatal. (F) Proportion of 
telomerase mutation carriers with lymphocyte count abnormalities (defined as at least 2 SD below the age-adjusted mean). Low CD4 counts and low IgM 
levels were the most common anomalies. Data are derived from 17 patients, including 7 from Table 1 for whom the full immune evaluation was available.
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Figure 2. Telomerase mutation carriers have premature skewing of T cell subsets and decreased TRECs. (A) Telogram showing the age-adjusted lympho-
cyte TL for each individual falling in 1 of 3 groups studied. (B) Difference in TL from the age-adjusted median for cases shown in A. YC and OA groups clus-
ter around the age-adjusted median, whereas ST patients are at or below the first percentile. (C) Representative flow plots of peripheral CD4+ T cells from 
YC and ST subjects. (D) Percentage of naive CD4+ T cells, defined as CD3+CD4+CD45RA+CCR7+. (E) Representative flow plots from YC and ST cases showing 
naive CD8+ T cells (CD3+CD8+CD45RA+CCR7+) and terminally differentiated CD8+ TEMRAs, defined as CD3+CD8+CD45RA+CCR7neg. (F) Percentage of CD8 naive 
and TEMRA populations as defined in E. For C–F, n = 5 YC, 2 male/3 female; n = 6 ST, 2 male/4 female; and n = 5 OA, 3 male/2 female. (G) Quantification 
of RTEs defined as CD4+CD45RA+CD31+. n = 6 YC, 2 male/4 female; n = 6 ST, 3 male/3 female; n = 4 OA, 2 male/2 female. (H) TRECs measured by quanti-
tative PCR in telomerase mutation carriers. Data from each of the 10 patients (5 male/5 female) are graphed relative to an age-adjusted nomogram with 
the fifth percentile shown. The normal range was derived from 254 controls. For 9 patients, the mutated gene is shown, and 1 patient had classic features 
of dyskeratosis congenita (DC). In an infant with DKC1 mutation, TREC levels were undetectable. Error bars represent SEM. *P < 0.05; **P< 0.01; ***P < 
0.001, Student’s t test, 2-sided.
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itor precursors quantified by c-Kit+Sca–Lin– (KSL) and CD150+48–

Lin–c-Kit+ (SLAM) markers (Supplemental Figure 1, B–E) and 
found they were severely depleted in short telomere mice, as has 
been seen previously (26). Hematopoietic progenitors from short 
telomere mice also had a severe engraftment defect when trans-
planted into WT mice (Supplemental Figure 1, F and G), similar 
to what had been seen previously (26). These data are consistent 
with the known repopulation defects of short telomere cells and 

groups of recipients (Supplemental Figure 1A). While overall T cell 
engraftment was lower, given the small dose of radiation utilized, 
CD4+ and CD8+ T cell fractions in the thymus and periphery were 
similar in WT and mTR–/–G4 recipient mice (Figure 3, B and C). 
These data indicate that the thymic niche of short telomere mice 
can support normal thymocyte development and export.

Next we determined whether short telomeres compromise T 
cell development. We first examined hematopoietic stem-progen-

Figure 3. T cell–intrinsic apoptosis contributes to T cell lymphopenia. (A) Schematic for congenic transplant of bone marrow hematopoietic stem progen-
itor cells (HSPCs), defined as lineage-negative population. Cells were transplanted into WT or fourth-generation telomerase RNA-null mice (mTR–/–G4). 
Donor-derived T cell fractions were assessed. (B and C) Quantification of donor-derived CD4+ and CD8+ T cells in thymuses and peripheral blood at 4 and 
8 weeks after transplantation for WT and mTR–/–G4 recipient mice (n = 6 recipients were studied, 3 male/3 female for each genotype at each time point). 
(D) Thymocyte apoptosis rates in CD3negCD4–CD8– (DN) populations 1, 2, 3, and 4, defined by their cell-surface markers, as shown. (E) Apoptotic fraction 
of CD3loCD4+CD8+ (DP) thymocytes in newborn. (F and G) Apoptotic fraction of CD3hiCD4+ and CD3hiCD8+ thymocytes. For D–G, the apoptotic fraction was 
quantified as the total annexin V+ population in newborn mice (1 week old, n = 6/group, sex not determined because of young age). (H–J) Peripheral blood 
absolute CD4+, CD8+ T cell counts and the CD4/CD8 ratio, respectively. For H–J, n = 10 WT, 7 male/3 female, n = 9 mTR–/–G4, 4 male/5 female, 6–16 weeks). 
(K) Peripheral T cell apoptosis quantified at 48 hours as total annexin V+ PIneg plus annexin V+ PIlo populations for splenocytes stimulated with CD3/CD28. 
Total T cells were isolated from 10 WT (7 female/3 male) and 9 mTR–/–G4 (4 female/3 male), 20–25 weeks; 7 old WT (5 female/2 male), 55–67 weeks. (L) 
Apoptosis quantified at 48 hours (as in K) for T cells isolated from peripheral blood of YC (n = 13, 8 male/5 female), ST (n = 9, 3 male/6 female), and OA  
(n = 5, 3 male/2 female). The analysis for K and L included total T cells. Error bars represent SEM. *P < 0.05; **P < 0.01, Mann-Whitney U test.
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indicate that an autonomous hematopoietic stem-progenitor 
defect at least partially contributes to T cell deficiencies caused  
by short telomeres.

We next tested whether there were additional thymocyte 
developmental defects that compound those caused by hemato-
poietic stem-progenitor failure. When we examined thymocyte 
numbers, we found them to be generally intact in both newborn 
and adult short telomere mice (Supplemental Figure 2, A and B). 
We then specifically examined T cell precursors marked by a dou-
ble-negative population, CD3–CD4–CD8– (DN). Using CD44 and 
CD25 antibodies to distinguish the 4 developmental DN popula-
tions (ref. 27 and Supplemental Figure 2C), we found trends toward 
increased rates of apoptosis in DN1, DN2, and DN3 populations, 
although this was only statistically significant for DN3 (Figure 3D). 
A similar pattern could be seen in adult mice (Supplemental Fig-
ure 2D); while these trends were not statistically significant, they 
suggested T cell attrition occurs during intrathymic T cell devel-
opment during development and in adult mice. We noted that, for 
the DN4 population, in both newborn and adult mice, the trend 
was reversed, with increased apoptosis in WT mice (Figure 3D and 
Supplemental Figure 2D); the reasons for this pattern are unclear. 
However, in several of the remaining T cell developmental stages, 
we found relatively increased apoptosis, including in CD4+CD8+ 
double-positive (DP) and committed single-positive (SP) thymo-
cytes with short telomere CD8+ SP cells having the statistically 
significant and highest rates in both newborns and adults (Figure 
3, E–G, and Supplemental Figure 2, E–G, respectively). The cumu-
lative attrition was most evident when we quantified peripheral T 
cells, which showed severe depletion in mTR–/–G4 mice. They had 
only 57% and 36% of WT absolute CD4+ and CD8+ T cell counts, 
respectively (Figure 3, H–J, and Supplemental Figure 3, A–F). This 
magnitude of lymphopenia mirrors the defects we documented in 
the ST patients we studied (Table 1 and Figure 1).

To definitively test whether the T survival defects were cell 
autonomous, we studied the responses of CD3+ T cells ex vivo 
after stimulation with anti-CD3 and anti-CD28 antibodies. We 
first tested whether there were any cell-cycle defects by incubat-
ing the stimulated T cells with EdU, but we found no differences in 
the cell-cycle profiles (Supplemental Figure 4A). In contrast, when 
we examined annexin V expression, we found that stimulated 
mTR–/–G4–derived T cells showed higher rates of apoptosis, nearly 
30% higher (Figure 3K and Supplemental Figure 4B). The signif-
icant increase in apoptosis was similar to that in aged WT mice, 
which are known to have normal TL (Figure 3K and Supplemental 
Figure 4B). To test the relevance of this finding to the patients we 
studied, we purified total CD3+ T cells and stimulated them simi-
larly ex vivo. We again found no change in proliferation rate mea-
sured by EdU incorporation; however, similarly to those in short 
telomere mice, T cells from ST patients showed increased apopto-
sis relative to YC, comparable to that in OA (Figure 3L and Supple-
mental Figure 4, C and D). Together, these data from ST patients 
and mice indicated that short telomere T cells have autonomous 
defects that predispose them to apoptosis similarly to what is seen 
in aged WT mice and OA humans.

TCR diversity is restricted in telomerase mutation carriers. The 
increased apoptosis we observed led us to ask whether higher rates 
of apoptosis in vivo over a lifetime may predispose ST patients to 

have a restricted TCR diversity, which would further compound 
their quantitative immunodeficiency. To test this hypothesis, we 
first examined the TCR repertoire by flow cytometry, quantifying 
the frequency of T cells expressing each of 24 TCR-Vβ proteins 
for which expression in controls is defined based on data from 
85 healthy individuals (28). These Vβ proteins represent approxi-
mately 70% of the TCR repertoire. For each individual, and across 
the 3 study groups, we compared the expression of each of the 
24 TCR-Vβ families relative to the control range, quantifying the 
number of TCR-Vβ families that were 1 or 2 SD from the mean 
(example in Supplemental Figure 5A and summarized in Figure 
4A). YC had minimal deviations from healthy controls, as expect-
ed, but ST patients had a significant divergence in total CD3+ and 
CD8+ T cells. The extent of this divergence in ST individuals was 
similar to that in OA (Figure 4, A–D). The greatest divergence was 
in CD8+ T cells, where half (12 of 24) of the TCR-Vβ families ana-
lyzed were over- or underrepresented by at least 1 SD (P = 0.02 for 
comparison to YC, Mann-Whitney U test, Figure 4D).

To further assess the mechanisms underlying the restricted 
CD8+ TCR repertoire, we performed an unbiased, high-resolu-
tion sequencing analysis of the highly variable complementarity- 
determining region 3 (CDR3) using immunoSEQ (Adaptive Bio-
technologies) (29). We compared YC and ST individuals and 
found that the distribution of CDR3 lengths, as well as the addition 
of nucleotides by TdT at V-D and D-J junctions, was similar (Sup-
plemental Figure 5B). This result indicated that the loss of diver-
sity occurred after effective recombination and TCR assembly. In 
this immunoSEQ analysis, we also found evidence for a restricted 
TCR repertoire. ST cases had on average 18% fewer unique CDR3 
sequences and a 13% reduction in the relative richness, defined 
as the average number of unique rearrangements per CD8+ T cell 
sequenced (Figure 4, E and F). The restricted diversity was inde-
pendently reflected in a lower mean Pielou’s J index of Vβ gene 
usage, a calculation of the uniformity, where 0 is complete redun-
dancy and 1 is perfect evenness (30) (Figure 4G). We also found 
evidence for an asymmetric loss of diversity. The usage of the 5 
most frequently represented Vβ families, the most highly utilized, 
was overrepresented in the ST group (Figure 4H). Conversely, the 
next 15 frequently utilized Vβ genes were underrepresented (Fig-
ure 4H). Similar trends in Vβ usage have been documented in OA 
T cells (31). The skewing of the repertoire toward greater usage 
of the more common Vβ genes and lower use of the less common 
genes is consistent with sampling a population that has undergone 
a drastic reduction in size and subsequent loss of diversity.

The short telomere–associated apoptosis program is distinct from 
that in OA with normal TL. Our data so far supported that short 
telomere syndrome patients have a T cell immunodeficiency that 
is both quantitative and qualitative and that it is driven in part by T 
cell apoptosis. To begin to understand the mechanisms underlying 
this apoptotic defect, we examined the gene expression pattern of 
CD8+ TEMRAs (schematic in Supplemental Figure 6). We chose 
this population because it was the most abundant in ST patients 
and OA, constituting more than half of circulating T cells (Fig-
ure 2F). We found that the extent of intergroup variance in gene 
expression was greater among the 3 groups than within each of 
them (Figure 5A). Moreover, unexpectedly, there was no major 
overlap in the expression pattern of genes in the ST group with 
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Figure 4. The TCR repertoire is restricted in telomerase mutation carriers. (A) Expression of 24 Vβ proteins by flow cytometry for YC, ST, and OA relative 
to 85 controls. Each column represents data from a single individual, with gray representing percentage of Vβ-expressing T cells within 1 SD from the mean 
and the colors representing greater deviation from means derived from controls. The degree of deviation is noted in the key. Data are shown for CD3+, CD4+, 
and CD8+ T cells and are summarized in the bottom 2 rows. (B–D) Bar graphs show mean number of Vβ families deviating 1–2, or more than 2, SD for CD3+, 
CD4+, and CD8+ T cells, respectively. n = 6 YC, 2 male/4 female; n = 7 ST, 2 male/5 female; n = 5 OA, 3 male/2 female. Error bars in B–D represent SEM. (E)  
T cell diversity as measured by the mean unique sequences per T cell determined by deep sequencing of the CDR3 of the TCR-β gene on sorted CD8+ T cells  
(n = 4/group, 2 male/2 female for each). (F) Unique productive sequences per CD8+ T cell for data generated for E. Whiskers in E and F mark the minimum 
and maximum values. (G) Pielou’s J index, a calculation of evenness of Vβ usage where 1 represents an even distribution and 0 represents complete domi-
nance of 1 Vβ. (H) Dot plot of total usage of the 20 most frequently utilized Vβ genes in YC compared with ST subjects shows a higher usage in ST patients. 
Inset shows summed usage frequency of the top 5 most frequently used Vβ genes; the increased usage of highly utilized genes is reflected in a decreased 
usage of the subsequent Vβ genes (i.e., those ranked 6 to 20). *P < 0.05; **P < 0.01, Mann-Whitney U test.
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Figure 5. Distinct pathways to apoptosis in short telomere and OA T cells. (A) Heatmap and dendrogram of gene expression showing the mean subtract-
ed expression values on a log2 scale. For each of 12 samples, YC, ST, and OA groups (2 male/2 female/group), the log2 expression value was subtracted from 
the mean log2 expression value of the entire cohort. The dendrogram showing relatedness of the samples is above, and relatedness of the gene transcripts 
is to the left. The differential change in gene expression is shown as positive and negative change on color scale indicated in key. (B) Venn diagram shows 
4 of 20 nonoverlapping upregulated pathways in IPA involved in apoptosis. (C and D) CD95 expression in CD4+ and CD8+ T cells, respectively. (E and F) PD-1 
expression in CD4+ and CD8+ T cells, respectively. For C–F, n = 5 YC, 2 male/3 female; n = 6 ST, 2 male/4 female; and n = 5 OA, 3 male/2 female. (G and H) 
Kap1 and p-Kap1 levels on protein from isolated mouse T splenocytes. p-Kap1 and actin were detected first. Then the blot was stripped and reblotted with 
Kap1 antibody. Protein from irradiated splenocytes is a positive control. (H) Shown are quantification data from 3 independent Western blots from a total 
of 11 mice: WT (30 weeks, 1 male/3 female), mTR–/–G4 (30–33 weeks, 4 female), and old WT mice (50–73 weeks, 3 female). (I) qRT-PCR from unstimulated 
T splenocytes. Each data point represents an independent experiment with ages similar to those in H. (J) Model of T cell–aging mechanisms showing 
differences in immunophenotype and T cell apoptosis program in young ST T cells and OA with normal TL. Older individuals with short telomeres are pre-
dicted to have extrinsic and intrinsic apoptotic mechanisms contributing. Error bars represent SEM. *P < 0.05; **P < 0.01, Student’s t test.
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dent cyclin-dependent kinase inhibitor, were unchanged (Figure 
5I). Thus, even though T cells with short telomeres share a pro-
pensity to apoptosis with old WT T cells (Figure 3K), they uniquely 
upregulate a p53-related, DNA double-strand break response.

Discussion
Although telomeres shorten with age in humans, their role in 
driving human aging and age-related disease is still incompletely 
understood. Here, we show that short telomeres are sufficient to 
mediate a T cell–aging phenotype, but only at abnormal thresholds. 
In individuals with germline mutations in telomerase, we identified 
a quantitative and qualitative T cell immunodeficiency that causes 
severe and, at times, fatal complications. While abnormal immune 
indices have been reported in children with dyskeratosis congenita 
(34, 35), we found complications related to a telomere-mediated T 
cell immunodeficiency may be a first presentation in the absence 
of all the other stigmata of telomere-mediated disease, includ-
ing bone marrow failure. In some cases, these individuals may 
be identified presymptomatically during TREC-based newborn 
screening. These observations add the disease-causing telomere 
and telomerase genes to the causes of primary immunodeficiency. 
Recognizing affected patients through genetic testing and clinical 
quality TL measurement is critical, since in contrast with most 
patients with primary immunodeficiency, these individuals are 
highly susceptible to fatal toxicities from conventional therapies, 
including myeloablative stem cell transplantation, and attenuated 
treatment protocols are necessary (9, 36, 37).

While young telomerase mutation carriers had a 5-decade 
acceleration of T cell–aging phenotypes, the extent of their immu-
nodeficiency was far greater than that of OA. This likely occurs 
because of ongoing and persistent depletion of precursors in the 
bone marrow, thymus, and periphery of individuals who are born 
with short telomeres. To our surprise, we also found that short 
telomere T cells had a distinct molecular signature. Short telomere 
patient–derived T cells also showed evidence of a DNA-damage 
double-strand break response and upregulated intrinsic apopto-
sis, in contrast with OA T cells with normal TL, which showed a 
gene expression profile consistent with extrinsic apoptosis that was 
associated with PD-1 upregulation. Thus, although short telomeres 
are acquired with aging, there appears to be a threshold where this 
shortening is biologically and clinically relevant and sufficient to 
signal telomere dysfunction on a cellular level. Such a threshold 
may not be reached in most individuals with aging. One or a few 
short telomeres are sufficient to induce cellular phenotypes, and 
the threshold of 400 base pairs has been suggested to be suffi-
cient to induce a short telomere cellular response (38). In clinical 
settings, the average lymphocyte TL is measured, and it is usually 
below the tenth age-adjusted percentile in most patients with telo-
mere-mediated disease (9). Therefore, while telomeres shorten 
with aging in T cells, the consequences of the resultant change may 
not always be sufficient to drive telomere-mediated phenotypes. 
Our data suggest that there are other telomere-independent T 
cell–aging programs that can provoke the T cell–aging phenotype. 
Understanding the predominant T cell–aging–driving mechanism 
for a given patient at the bedside and its genetic determinants is 
likely to have precision medicine applications, given the increasing 
use of T cell–directed therapies in cancer and autoimmunity.

those in OA or YCs (Figure 5A). In fact, YC and OA shared a far 
more similar gene expression pattern than ST (Figure 5A).

To test the functional relevance of this observation, we exam-
ined the most differentially expressed genes in ST and OA (2-fold 
difference) relative to YC using the Ingenuity Pathway Analysis (IPA) 
platform. Among the top 20 upregulated pathways, there was no 
overlap between the ST-YC and OA-YC comparisons (Supplemental 
Figure 7A), and only 3 of the top 20 downregulated pathways were 
shared (Supplemental Figure 7B). Nevertheless, among the upregu-
lated pathways, we noted in both comparisons that there were path-
ways related to cell survival and that 4 pathways within each com-
parison group involved apoptosis (Figure 5B). In the ST versus YC 
comparison, these upregulated pathways included cell-cycle regula-
tion, p53 signaling, checkpoint regulation, and retinoic acid–mediat-
ed apoptosis signaling (Figure 5B). In the OA versus YC comparison, 
the pathways included apoptosis signaling, iCOS signaling, death 
receptor signaling, and Myc-mediated apoptosis (Figure 5B). These 
analyses raised the possibility that divergent mechanisms, intrinsic 
apoptosis for ST T cells and extrinsic apoptosis in OA, converge phe-
notypically to contribute to the survival defects we documented (Fig-
ure 3L), but may be driven by distinct programs.

To determine whether ST and OA T cells may have distinct 
apoptotic signaling mechanisms, we analyzed their cell-surface 
markers. Both ST and OA showed upregulated CD95 expres-
sion, consistent with their apoptosis-prone state (Figure 5, C and 
D, and Supplemental Figure 8, A and B). In contrast, only OA T 
cells upregulated the expression of the programmed cell death 1 
(PD-1) receptor (Figure 5, E and F, and Supplemental Figure 8, C 
and D). There was also a trend for OA, but not ST T cells, to have 
a greater loss of CD28, the costimulatory molecule required for T 
cell activation, and to upregulate CD57 expression on CD8+ T cells 
(Supplemental Figure 8, E–H); both of these latter features have 
been associated with age-related immunophenotypes (32). These 
observations supported the possibility that distinct pathways may 
be contributing to ST and OA apoptosis and that extrinsic signal-
ing is associated with OA T cells, but not those from ST patients.

It is established that short telomeres activate a DNA-damage 
response that is p53 dependent and that this response mediates 
the cellular short telomere phenotype (6). Since both mouse short 
telomere and old WT T cells are prone to apoptosis (Figure 3K), we 
tested to determine whether the DNA damage signal is restricted 
to mTR–/–G4 T cells. We thus isolated mouse T cells and exam-
ined them for evidence of a DNA double-strand break response. 
We first quantified baseline phosphorylated Kap1 (p-Kap1) pro-
tein levels, a downstream effector of ATM signaling and a known 
effector of short dysfunctional telomeres. We found that p-Kap1 
levels, relative to total Kap1 levels, were upregulated in irradiated 
T cells, as would be expected (Figure 5, G and H; see also com-
plete, unedited blots in the supplemental material). Importantly, 
T cells from mTR–/–G4 mice similarly had increased p-Kap1 levels, 
but old WT mice lacked this signal (Figure 5, G and H; see also 
complete, unedited blots in the supplemental material). We next 
tested the relevance of the gene expression microarray results 
implicating p53 signaling. To do so, we quantified the mRNA 
expression of p53 targets and found the levels of p21 and Bax were 
significantly increased in mTR–/–G4, but not in old WT T cells (Fig-
ure 5I). In contrast, the expression levels of p27, a p53-indepen-
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were used to analyze the data. A lymphocyte gate was created on for-
ward- versus side-scatter plots, followed by doublet and nonviable 
event exclusion gating. Subpopulations CD3+CD4+ and CD4+CD8+ 
were then analyzed for markers of interest. At least 20,000 viable 
events were collected for each sample.

Cell sorting. For the TCR-β sequencing studies, PBMCs were sort-
ed using a MoFlo Legacy (Beckman Coulter). The sorted populations 
CD3+CD4+CD56– and CD3+CD8+CD56– (100,000 cells) were pre-
pared for DNA extraction using the Gentra Puregene Blood Core Kit 
(QIAGEN). For the gene expression microarray, an average of 20,000 
CD3+CD8+CD45RA+CCR7– (TEMRA) cells were sorted from PBMCs, 
using a MoFlo XPD (Beckman Coulter), directly into TRIzol (Invitro-
gen) and stored at –80°C. Total RNA was extracted using the Agen-
court RNAdvance Tissue Kit (Beckman Coulter).

TREC assay. TRECs were measured by quantitative PCR (Cellular 
and Molecular Immunology Lab, Mayo Clinic) as previously described 
(22), using T cell DNA derived from freshly collected blood samples. 
T cells were isolated from EDTA whole blood using the RosetteSep 
(StemCell Technologies) for adult samples, while pediatric samples 
were enriched for total lymphocytes (StemCell Technologies) due to 
limited volume. Absolute CD3+, CD4+, and CD8+ T cells were quanti-
fied in whole blood by flow cytometry. Quantitative real time PCR was 
performed using probes specific to signal-joint TRECs (sjTRECs), and 
the albumin gene was used for normalization of cell counts and as an 
internal control. TREC copy number was determined using standard 
curves, and the data were expressed as copies per 1 million CD3+ T 
cells. Age-appropriate reference ranges were generated from pediatric 
(n = 138) and adult (n = 116) controls, and values less than the fifth per-
centile were considered abnormal.

Mice. Mice were housed at the Johns Hopkins University School 
of Medicine campus. mTR–/– mice on the C57BL/6J background were 
derived and maintained as previously described (23). WT donor mice 
were purchased from Charles River Laboratories or the Jackson Labo-
ratory (B6.SJL-Ptprca Pepcb/BoyJ, males, 6 weeks, CD45.1). Recipient 
mice for adoptive transfer experiments were purchased from the Jack-
son Laboratory (C57BL/6J, 16 weeks, male and female, CD45.2). For 
complete blood counts, 100 μl of blood from a cardiac puncture was 
analyzed on the Procyte Dx Hematology Analyzer (IDEXX Labora-
tories). Bone marrow and thymocytes were harvested using standard 
methods, and where relevant, samples were prepared and analyzed by 
flow cytometry, as described above.

Adoptive transfer experiments and thymocyte studies. Bone marrow 
from WT mice (CD45.1) was harvested from femurs and tibias and 
brought to single-cell suspension in 2% FBS/PBS supplemented with 
1 mM EDTA. For experiments testing the competency of the short 
telomere niche, hematopoietic progenitors were enriched by negative 
selection using the EasySep Mouse Hematopoietic Progenitor Cell 
Isolation Kit (StemCell Technologies). Enriched progenitors (9 × 104) 
were injected via tail vein into 18- to 22-week-old WT or mTR–/–G4 
recipients (CD45.2) after a sublethal dose of irradiation (1 Gy, Cs-137 
irradiator); this was modified from the protocol previously published 
(24). Recipient mice were sacrificed at preplanned time points, and the 
donor-derived fraction in the blood, thymus, and bone marrow were 
calculated by flow cytometry using antibodies specific for CD45 hap-
lotypes (CD45.1 and CD45.2). At least 15,000 cells were analyzed for 
each sample. For experiments testing the competency of short telomere 
engraftment, 50,000 lineage-depleted hematopoeitic progenitors were 

We focused our studies on young patients with short telomeres 
to uncouple the short telomere defect from those associated with 
aging in OA with normal TL. Our studies would, however, predict 
that OA with short TL may be prone to an even more severe immune 
aging phenotype that is driven by both the short telomere defect 
and additional changes that promote TL-independent T cell aging 
(Figure 5J). Indeed, there are clinical observations that support this 
idea. For example, short telomere OA are prone to developing lung 
disease that manifests as IPF. These IPF patients are exquisitely 
sensitive to developing fatal toxicities of T cell cytotoxic drugs, as 
has been recently shown (39). Moreover, IPF lung transplant recipi-
ents have higher rates of CMV infection than age-matched controls 
(40, 41). Our data indicate that reliable TL measurement, which is 
clinically available (9), is an independent predictor of T cell-prolif-
erative potential, since short telomere–mediated T cell dysfunction 
lacks the classic immunophenotype associated with T cell aging. 
There are indeed data that support this view, and short TL is associ-
ated with lower antitumor proliferative responses and poor clinical 
outcomes in patients with melanoma who receive autologous T cell 
therapies (42). In summary, our data show that abnormally short 
telomeres cause a severe T cell immunodeficiency, but indicate 
their role in mediating T cell aging may be qualified and limited to 
only a subset of the population.

Methods
Subjects and controls. Patients were recruited from 2005 to 2015 as 
part of the Johns Hopkins Telomere Syndrome Registry (16, 43). Clin-
ical data were extracted from existing medical records. Mutations 
were identified by PCR amplification followed by Sanger sequencing 
(37, 44), TruSeq Custom Amplicon sequencing followed by PCR and 
Sanger verification (45), or exome and genome sequencing (46–48). 
Healthy controls were recruited from volunteers in the Baltimore area 
from 2009 to 2014. Peripheral blood mononuclear cells (PBMCs) 
were separated by Ficoll-Paque from whole blood (SepMate, Stem-
Cell Technologies) and frozen until analysis. TL was measured by flow 
cytometry and FISH (flowFISH), as previously described (9, 49).

Sample preparation for immunophenotyping and antibodies. After 
thawing, PBMCs were treated to lyse contaminating red cells (Red 
Cell Lysis Buffer, eBioscience), then washed and suspended in 100 μl 
2% FBS/PBS solution for antibody staining. Viability was determined 
using LIVE/DEAD Fixable Stain conjugated with aqua fluorescent 
reactive dye (Invitrogen). Samples were then washed and suspended 
in 100 μl 2% FBS/PBS for antibody staining. Antibody staining was 
performed for 20 minutes in the dark at 4°C. Cell-surface phosphati-
dylserine (PS) was detected with APC-labeled annexin V in binding 
buffer (BD Biosciences) and counterstained with propidium iodide 
(PI) (BD Biosciences). Details regarding the human (n = 26) and mouse 
(n = 18) antibodies, including their conjugates, clone identifiers, and 
suppliers, are given in Supplemental Tables 5 and 6, respectively.

Flow cytometry and analysis. Flow cytometry data were acquired 
using CellQuest Pro v.5.1.1 on a FACSCalibur and using the FACSDiva 
v.6.1.2 on an LSR II (BD Biosciences). Ideal antibody concentrations 
were determined by serial dilutions and stain-index calculations. Sin-
gle-color controls were collected for each antibody, and additional 
fluorescence-minus-one (FMO) controls were collected for low abun-
dance markers (human PD-1, CCR7). Analyses were performed using 
FlowJo (v.X, Treestar). Both Boolean and sequential gating strategies 
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used to select the genes that were input for downstream functional 
pathway analysis.

Pathway analysis. To examine the pathways involved, we identified 
the genes with greater than 2 SD change in a given comparison. They 
were considered to have significant differential expression. This 2 SD 
corresponded to a linear fold change of approximately ± 2.61-fold for 
ST versus YC, and 2.10 for OA versus YC ANOVAs, which resolved to 
962 up- and 2,131 downregulated transcripts for the former, and 1,760 
up- and 1,386 downregulated for the latter. These probe set transcripts 
were then uploaded to the IPA platform (IPA, QIAGEN, www.ingenu-
ity.com) to evaluate their functional relevance in canonical pathways. 
The analysis was last performed on January 2, 2015. P values for path-
way selection were calculated using Fisher’s exact test, and the top 20 
pathways were analyzed for each 2-way comparison (Supplemental 
Tables 3 and 4). All the pathways listed had P values of less than 0.01 
(right-tailed). The MIAME-compliant microarray data were deposited 
in the NCBI’s Gene Expression Omnibus database (GEO GSE77525).

TCR-Vβ diversity by flow cytometry. Analysis of TCR-Vβ diver-
sity was performed by flow cytometry using the IOTest Beta Mark 
Kit (Beckman Coulter), which targets 24 Vβ proteins as previously 
described (28). The details for the CD3+ APC, CD4+ PerCP Cy5.5, and 
CD8+ V450 antibodies used to distinguish the 24 Vβ family expression 
on T cell subsets are listed in Supplemental Table 5. At least 80,000 
lymphocyte events were analyzed for each sample.

Sequencing of the TCR-β locus. The TCR-β CDR3 was sequenced 
using the immunoSEQ platform (Adaptive Biotechnologies), as previ-
ously described (29). We sequenced DNA from sorted CD8+ T cells. The 
immunoSEQ data calculated a comparable number of CD8+ T cells ana-
lyzed across groups with a mean of 8,335 cells and an average depth of 
coverage of ×31. Several measures were used to examine the repertoire 
diversity. Richness was defined as the number of unique, productive 
(i.e., in-frame, no stop codon) sequences per sampled T cell. To compare 
the diversity of Vβ gene usage, the average frequency of gene usage was 
measured by group for each of the 58 Vβ genes detected. We calculated 
Pielou’s J index as a measure of the diversity of gene usage (30).

Western blotting and qRT-PCR. Western blotting was performed as 
previously described (48). Briefly, mouse splenocytes were harvest-
ed on ice and T cells isolated as mentioned. For irradiated controls, 
mouse or splenocyte suspensions were irradiated (Cs-137). Cells 
were lysed using radioimmunoprecipitation assay (RIPA) buffer sup-
plemented with a protease inhibitor cocktail (Roche). Proteins were 
resolved with SDS-PAGE and, after transfer to a PVDF membrane, 
blocked in 5% milk in TBS-Tween. The following primary antibodies 
were used: Kap1 (rabbit, catalog A300-274, 1:1000; Bethyl Laborato-
ries) and p-Kap1S824 (rabbit, catalog A300-767, 1:500; Bethyl Labora-
tories) with acting loading control (mouse, catalog ab8226, 1:2000; 
Abcam). Secondary antibodies were conjugated to dyes IR680 (don-
key) or IR800 (goat) (1:10,000; LI-COR), and blots were visualized 
using an Odyssey scanner (LI-COR). Quantitative reverse-transcrip-
tion PCR (qRT-PCR) on total RNA isolated from T cells was performed 
as previously described using iQ SYBR Green Supermix (Bio-Rad) (50, 
51). Amplifying primers were previously published: p16 and p21, and 
p27, Hprt (52), and Bax (51).

Statistics. We used GraphPad Prism v.6.05 (GraphPad Software) to 
generate the graphics and, unless otherwise noted, for statistical com-
parisons. Means were compared by Student’s t test and, where appro-
priate, Mann-Whitney U test. All the P values reported, unless other-

injected into either WT or mTR–/–G4 recipient mice that were lethally 
irradiated (10 Gy). Engraftment for these experiments was assessed 
similarly, but from peripheral blood samples that were collected from 
the tail vein. Thymuses were harvested and dissociated mechanically 
using a 0.7 micron filter and syringe, then prepared for flow cytometry.

Mouse T cell apoptosis studies. Mouse CD3+ T cells were stimulated 
as described for human T cells (described below), except using mouse 
antibodies (Dynabeads Mouse T-Activator CD3/CD28, Life Technol-
ogies). Cell numbers and apoptosis fractions were then analyzed as 
outlined for the human studies. At least 15,000 cells were analyzed 
for each sample.

T cell stimulation and proliferation. CD3+ T cells were isolated from 
PBMCs (EasySep Human T Cell Enrichment Kit, StemCell Technolo-
gies). Cells were resuspended in media in flat-bottomed 96-well plates 
(Corning) at 8 × 104 cells per well. Anti-CD3 and anti-CD28 covalent-
ly coupled to magnetic beads at a ratio of 1:1 were used for stimula-
tion (Dynabeads Human T-Activator CD3/CD28, Life Technologies). 
The viable cell count was measured using the colorimetric WST assay 
(Dojindo Molecular Technologies), and cell death was analyzed using 
annexin/PI staining. Cell proliferation was measured by EdU staining 
using the Click-iT EdU Imaging Kit following kit instructions (Thermo 
Fisher Scientific). Briefly, cells were incubated for 12 hours with a final 
concentration of 1 μg/μl EdU. After incubation, cells were washed, 
stained with extracellular antibodies, and then fixed and permea-
bilized. Then cells were treated with the Click-iT reaction cocktail, 
washed, and examined by flow cytometry. A total of 15,000 events 
were collected for each sample.

Gene expression microarray of CD8+ TEMRAs. RNA was amplified 
from sorted CD8+ T cells (≥98% purity) and reverse-transcribed using 
the Ovation Pico WTA System V2 (NuGEN). Transcriptional profil-
ing was performed at the Johns Hopkins University Deep Sequencing 
and Microarray Core Facility using Affymetrix GeneChip PrimeView 
Human Gene Expression Array. CEL file data were extracted and nor-
malized with the Partek Genomics Suite software using the robust 
multi-array average (RMA) algorithm. To ensure better understanding 
of the transcriptome, the array’s Affy probe set annotation was updat-
ed to contemporary HUGO/NCBI nomenclature and those that could 
not be aligned to the genome were excluded.

Gene expression analysis. An ANOVA including all 3 groups gen-
erated P values to select informative genes for a supervised heatmap 
construction. All the genes’ log2 expression values were mean subtract-
ed across all samples and imported into the Spotfire DecisionSite with 
Functional Genomics platform (TIBCO Spotfire) for further analyses. 
These mean subtracted expression values from 3,156 genes passing a 
P < 0.05 cutoff (2-sided) underwent hierarchical clustering with a cor-
relation similarity measure and unweighted pair group method with 
arithmetic mean (UPGMA) (unweighted average) clustering method 
across all 12 samples assayed. The resulting heatmap was color coded 
by each gene’s log2-fold difference from its average expression across 
all samples, i.e., its mean subtracted value.

Student’s t test was used to compare transcript expression levels 
between short telomere patients and YCs, and separately, OAs and 
YCs. The 48,880 aligned transcripts with gene-level annotation were 
selected for further analysis. A 2-sided P value of less than 0.05 was 
considered significant. These genes’ log2-fold change distribution was 
then evaluated to determine their SD higher or lower than the mean 
of 0 (i.e., no change). These fold change–based thresholds were then 



The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

5 2 3 3jci.org   Volume 128   Number 12   December 2018

formed the other experiments. MA analyzed the clinical data and 
wrote the paper with input from CLW. All the authors reviewed 
and approved the manuscript.
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