Clinical diagnostic value of telomere
measurement in
syndromes

length
inherited bone marrow failure

Bone marrow failure (BMF) is characterized by a
hypocellular marrow and encompasses a diverse group of
inherited and acquired disorders. Inherited bone marrow
failure syndromes (IBMFS) occur in approximately 5%—
30% of patients with BMF in pediatric cohorts and con-
sist of more than 25 defined disease entities, including
dyskeratosis congenita (DC), Fanconi anemia (FA),
Diamond-Blackfan anemia (DBA), and Shwachman-
Diamond syndrome (SDS).! IBMFS are a heterogeneous
group of disorders in which BMF is usually associated
with physical abnormalities. The diagnosis of IBMEFS pre-
viously relied on the recognition of characteristic clinical
features. Recent diagnostic advances using next-genera-
tion sequencing have revealed that some patients initially
diagnosed with idiopathic aplastic anemia (AA) had cryp-
tic presentations of IBMFS.? This issue is important as a
more accurate diagnosis may improve treatment out-
comes.

Telomeres are the end segments of chromosomes: they
are composed of long DNA repeats and a protein com-
plex, and are essential for genome integrity. Germline
mutations in genes involved in telomere biology can
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peripheral blood lymphocytes in patients with DC.?
Although there is a consensus on the usefulness of TL for
screening for DC, but not for other IBMFS, several inves-
tigators have demonstrated that TL is excessively short in
patients with AA* and non-DC IBMFS,® including FA,
SDS, and DBA. To assess the diagnostic value of TL, we
measured TL in 133 patients with BMF and compared it
to that in patients with DC, non-DC IBMFS, and AA.
We retrospectively studied 133 patients (68 male and
65 female) with BMF in Japan between 2013 and 2018.
We collected peripheral blood samples at diagnosis from
all patients, measured TL from peripheral blood lympho-
cytes, and performed targeted sequencing analysis cover-
ing 184 genes associated with IBMFS (Online
Supplementary Table S1), as described in our previous
studies.”* TL was measured by flow-fluorescence i situ
hybridization (flow-FISH) using a Telomere PNA Kit
(Dako Cytomation, Glostrup, Denmark) according to the
manufacturer’s instructions. We calculated the age-
adjusted relative TL in terms of the standard deviation
(SD) from 71 normal, age-matched, healthy controls
(median age, 29 years; range, 1-47 years) as previously
described.* In 112 of 133 (84%) patients, paroxysmal
nocturnal hemoglobinuria-type granulocytes and red
blood cells were also evaluated by flow cytometry.* As
thresholds for determining the presence of minor
paroxysmal nocturnal hemoglobinuria clones, we

result in significantly short telomere length (TL) in  defined >0.020% and >0.037% for CD11b* CD55"

Table 1. Clinical characteristics and laboratory findings of patients with bone marrow failure.

Age, years, median (range) 7(0-22) 7(1-19) 6 (0-15) 7(0-22) 0.675
Gender, n (%)
Male 68 (51) 5 (45) 7(47) 56 (52) 0.851
Female 65 (49) 6 (55) 8 (53) 51 (48)
Cytopenia, n (%)
Unilineage cytopenia 4(3) 1(9) 3 (20) 0(0) <0.001
Bicytopenia 24 (18) 327 3 (20) 18(17)
Pancytopenia 105 (79) 7(64) 9 (60) 89 (83)
Severity, n (%)*
Moderate 67 (52) 7.(70) 10 (83) 50 (47) 0.024
Severe 35 (27) 2 (20) 2(17) 31 (29)
Very severe 27 (21) 1 (10) 0 (0) 26 (24)
WBC, x10%L, median (range) 2.8 (0.3-12.8) 2.7 (1.7-5.3) 3.1 (1.7-7.8) 2.8 (0.3-12.8) 0.374
ANC, x10*L, median (range) 0.6 (0.0-5.4) 0.8 (0.6-1.7) 0.9 (0.2-5.4) 0.5 (0-5.2) 0.011
ALC, x10%L, median (range) 1.8 (0.1-8.2) 1.3 (0.5-4.3) 2.1(12-5.9) 1.8 (0.1-8.2) 0.065
Hb, g/dL, median (range) 8.0 (2.7-14.3) 84 (3.1-14.3) 6.6 (3.7-11.3) 8.1 (2.7-14.0) 0.307
Platelets, x10%L, median (range) 2.5 (0.2-40.9) 2.5 (0.3-7.5) 3.6 (0.2-40.9) 2.3 (0.2-38.0) 0.121
ARC, %o, median (range) 11.5 (0.0-57.0) 15.5 (4.0-32.0) 12.7 (1.2-39.1) 10.0 (0.0-57.0) 0.106
Minor PNH clones, n (%)
Positive 42 (32) 320 3 (20) 36 (34) 0.632
Negative 70 (53) 5 (46) 10 (67) 55 (51)
Not done 21 (15) 320 2 (13) 16 (15)
Very short TL, < -2.19 SD, n (%) 31 (23) 10 (91) 4 (25) 17(16) <0.001
Relatively short TL, <-1.71SD,n (%) 44 (33) 10 (91) 9 (60) 25 (23) <0.001
TL, SD, median (range) -0.96 (-5.73 to +4.00) -3.50 (-5.73 to +0.83) -1.89 (-4.74 to +2.05) -0.84 (-4.27 to +4.00) <0.001

DC: dyskeratosis congenital; IBMFS: inherited bone marrow failure syndromes; AA: aplastic anemia; WBC: white blood cell count; ANC: absolute neutrophil count; ALC:
absolute lymphocyte count; Hb: hemoglobin; ARC: absolute reticulocyte count; PNH: paroxysmal nocturnal hemoglobinuria; TL: telomere length; SD: standard deviation;
*excluding patients with unilineage cytopenia.
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Figure 1. Diagnostic flowchart and profiles of patients with bone marrow failure. (A) Diagnostic flowchart for inherited bone marrow failure syndromes (IBMFS)
and aplastic anemia (AA). The diagnoses were based on clinical criteria, syndrome-specific laboratory tests, and genetic analysis using targeted sequencing. (B)
Clinical and genetic profiles of 133 patients with bone marrow failure (BMF). Each column indicates one patient. DC: dyskeratosis congenita; FA: Fanconi ane-
mia; DBA: Diamond-Blackfan anemia; SDS: Shwachman-Diamond syndrome; AA: aplastic anemia; IBMFS: inherited bone marrow failure syndromes; PNH: parox-
ysmal nocturnal hemoglobinuria; TL: telomere length.
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CD59* granulocytes and glycophorin A* CD55~ CD59~
erythrocytes, respectively.

We diagnosed patients on the basis of a diagnostic flow-
chart (Figure 1A) developed using published diagnostic cri-
teria for specific IBMFS and acquired AA.%” The severity of
cytopenia was determined according to the Camitta sever-
ity criteria for AA.*We divided the 133 patients into three
groups: those with DC, those with non-DC IBMFS, and
those with AA. All statistical analyses were performed
using EZR (Saitama Medical Center, Jichi Medical
University, Saitama, Japan).” Written informed consent
was obtained from patients or their legal guardians. This
study was approved by the ethics committee of the
Nagoya University Graduate School of Medicine.

A *
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Table 1 shows the clinical characteristics of patients
included in this study. The median age at diagnosis of the
total cohort was 7 years (range, 0-22 years). Of the 133
patients, 105, 24, and 4 were diagnosed with pancytope-
nia, bicytopenia, and unilineage cytopenia (3 anemia and
1 thrombocytopenia), respectively. In patients with pan-
cytopenia or bicytopenia, severity was assessed as very
severe, severe, and moderate in 27, 35, and 67 patients,
respectively. The median TL in all 133 patients was —0.96
SD (range, —5.73 to +4.00 SD). Using targeted sequenc-
ing, in 24 patients (18%) we detected 35 pathogenic vari-
ants (5 nonsense, 13 missense, 5 frameshift, 7 splice site,
and 5 deletions) of known causative IBMFS genes,
including TINF2 (n=6), TERT (n=3), FANCA (n=6),
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FANCG (n=3), RPL5 (n=2), RPS19 (n=1), RPS17 (n=1),
SBDS (n=1), and BLM (n=1). Homozygous mutations
were found in three patients (2 in FANCG and 1 in
FANCA), compound heterozygous mutations in four
patients (2 in FANCA and 1 each in FANCG and SBDS),
hemizygous mutations in three patients in FANCA, and
heterozygous mutations in 14 patients (6 in TINF2, 3 in
TERT, 2 in RPL5, and 1 each in RPS17, RPS19, and BLM).
Each patient’s genetic variants are shown in Ounline
Supplementary Table S2.

Out of the 133 patients and following the diagnostic
flowchart (Figure 1A), 11 were diagnosed with DC (8%),
15 with non-DC IBMFS (11%), and 107 with AA (81%).
The schematic representation of the results of gene
analysis and the clinical features of IBMES are shown in
Figure 1B. Of the 11 patients with DC, nine were genet-
ically diagnosed (6 with mutations in TINF2 and 3 with
mutations in TERT), and those without diagnostic genetic
mutations were diagnosed on the basis of clinical criteria.
The 15 non-DC IBMES cases consisted of nine FA, four
DBA, one SDS, and one Bloom syndrome. All of these
diagnoses were confirmed by the presence of germline
mutations in IBMFS-related genes. Physical anomalies
were observed in 11 of 15 (73%) patients. The individual
clinical features and genetic results of the patients with
IBMEFS are shown in Ounline Supplementary Table S2.

We compared the clinical characteristics of patients
with DC, non-DC IBMEFS, and AA (Table 1). The median
age and gender distribution did not show significant dif-
ferences among the three groups. Severe or very severe
cytopenia was significantly more frequent (P=0.024) in
AA cases (57/107, 53%) than in DC (3/10, 30%) and
non-DC IBMES cases (2/12, 17 %).

The median TL in patients with DC, non-DC IBMFS,
and AA were —3.50 SD (range, —5.73 to +0.83 SD), —-1.89
SD (range, —-4.74 to +2.05 SD), and -0.84 SD (range,
-4.27 to +4.00 SD), respectively (Figure 2A). Patients
with DC had significantly shorter TL compared to those
with non-DC IBMFS (P=0.031) and AA (P<0.001).
Furthermore, patients with non-DC IBMFES tended to
have shorter TL than those with AA (P=0.096).

To validate the efficacy of TL measurement in diagnos-
ing DC and IBMEFS, receiver operating characteristic
curves identified two cut-off values with the optimum
sensitivity and false positive rate (1-specificity) combina-
tion, <-2.19 SD (for patients with DC) (Figure 2B) and
<-1.71 SD (for patients with IBMFS) (Figure 2C), defined
as “very short TL” and “relatively short TL,” respectively.
For the diagnosis of patients with IBMFS, the TL cut-off
value at —1.71 SD (relatively short TL) yielded a relatively
high negative predictive value (0.921; 95% confidence
interval [95% CIJ: 0.873-0.958) and a moderately positive
predictive value (0.432; 95% CI: 0.333-0.505). Of the
total cohort, 44 patients (33%) were classified as having
“relatively short TL”, which was significantly more fre-
quent (P<0.001) in DC (10/11, 91%) and non-DC IBMFS
(9/15, 60%) than in AA (25/107, 23%).

Although germline mutations in TL maintenance genes
are known to cause very short TL in patients with DC,?
several studies found that patients with AA also had
shorter TL than healthy individuals.* Furthermore, sever-
al cases of short TL in patients with non-DC IBMES have
been reported (Online Supplementary Table S3).3>'%" Alter
et al.’ previously reported that very short telomeres (<1°
percentile of normal) were observed in five of 78 (6%)
patients with non-DC IBMFS, although little overlap was
seen in the distribution of TL between DC and non-DC
IBMES cases.
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In this study we measured TL by standard flow-FISH in
a cohort of BMF patients comprehensively and genetical-
ly evaluated by next-generation sequencing. We defined
TL < -1.71 SD of normal as a new criterion of “relatively
short TL”; the proportions of patients who met this crite-
rion were significantly higher in DC (91%) and non-DC
cases (60%) than in AA cases (23%). These results sug-
gest that TL measurement is useful as a screening test for
DC and as a clinical diagnostic tool for non-DC IBMFS
patients needing comprehensive genetic analysis.

One limitation of this study is its small sample size: we
found that 73% (n=26) of IBMFS cases and 23% (n=107)
of AA cases in this cohort had “relatively short TL.” A
power calculation to check “relatively short TL” effective-
ness in diagnosing IBMFS concluded that the power of
0.998 was high enough to support the assumption of a
sufficient number of cases in this study.

A second limitation of the present study is the small
number of non-DC cases (n=15), which was insufficient
to discuss the significance of TL measurements in each
IBMES subtype. However, “relatively short TL” (<-1.71
SD) was observed in six of nine FA cases, two of four
DBA cases, and one case of SDS (Figure 1B). The median
TL were —1.84 SD (range, —4.74 to +2.05 SD), —0.89 SD
(range, —2.83 to +1.21 SD), and —1.99 for FA, DBA, and
SDS cases, respectively (Online Supplementary Table S2).
These results support those in previous case reports
demonstrating relatively short TL in FA, DBA, and SDS
(Online Supplementary Table S3). Nevertheless, future
studies in larger cohorts of patients are warranted.

This study confirms that a relatively short TL was pres-
ent in a significant proportion of patients with DC and
non-DC IBMFS, indicating the clinical diagnostic value of
TL measurement in identifying patients who need further
testing, particularly comprehensive genetic analysis.
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