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m Telomere biology disorders (TBDs) present heterogeneously, ranging from infantile bone
marrow failure associated with very short telomeres to adult-onset interstitial lung disease
* Forty-one percent of (ILD) with normal telomere length. Yield of genetic testing and phenotypic spectra for
families with cytopenias
and interstitial lung
disease and 3% with
familial hematologic

presentations have ] ) ] o
aTBD probands carried causative variants distributed among TERT (n = 6), TERC (n = 4), PARN

(n =5),0r RTEL1 (n = 1), of which 19% were copy number variants. The highest yield (9 of
22 [41%]) was in families with mixed hematologic and ILD presentations, suggesting that
ILD in hematology populations and hematologic abnormalities in ILD populations

TBDs caused by the expanding list of telomere genes in adults remain understudied. Thus,
we screened adults aged =18 years with a personal and/or family history clustering
hematologic disorders and/or ILD enrolled on The University of Chicago Inherited
Hematologic Disorders Registry for causative variants in 13 TBD genes. Sixteen (10%) of 153

* Carriers of heterozy-
gous PARN variants
often present with
lymphocyte telomere
lengths at or above the
10th percentile.

warrant TBD genetic testing. Four (3%) of 117 familial hematologic disorder families without
ILD carried TBD variants, making TBD second to only DDX41 in frequency for genetic
diagnoses in this population. Phenotypes of 17 carriers with heterozygous PARN variants
included 4 (24%) with hematologic abnormalities, 67% with lymphocyte telomere lengths
measured by flow cytometry and fluorescence in situ hybridization at or above the 10th
percentile, and a high penetrance for ILD. Alternative etiologies for cytopenias and/or ILD
such as autoimmune features were noted in multiple TBD families, emphasizing the need to
maintain clinical suspicion for a TBD despite the presence of alternative explanations.

Introduction
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Since 1999, 14 genes (ACD, CTC1, DKC1, NAF1, NHP2, NOP10, PARN, RTEL1, TERC, TERT,
TINF2, STN1, WRAP53, and ZCCHCS8) have been identified as the cause of human disorders of
defective telomere maintenance.’® Inherited defects in each of these genes can cause a range of
multiorgan system pathologies now considered part of a single disease entity variably referred to as
a telomeropathy, short telomere syndrome, or telomere biology disorder (TBD).*® TBD phenotypes of

Submitted 25 March 2020; accepted 11 August 2020; published online 9 October The full-text version of this article contains a data supplement.
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All pathogenic/likely pathogenic variants and variants of uncertain significance are

detailed in supplemental Methods and supplemental Tables 2 and 3 and have been

deposited into ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/).
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those diagnosed in infancy include severe immunodeficiency, bone
marrow failure (BMF), and gastrointestinal and neurologic dysfunc-
tion. Those diagnosed in adulthood first present with interstitial
lung disease (ILD),%'® emphysema,’*'® cryptogenic cirrhosis,'®'”?
isolated macrocytosis or mild cytopenia(s), severe BMF,'®'® and/or
hematologic malignancies.'®2%2' Depending on the causative gene,
the pattern of inheritance may be X-linked recessive, autosomal
dominant, or autosomal recessive with high variability in penetrance
and expressivity.*®

The prevalence of TBD in specific patient populations is actively
being defined. For example, the prevalence of the classical TBD
presentation, dyskeratosis congenita, featuring the triad of nail
dysplasia, skin pigmentation abnormalities, and oral leukoplakia
along with peripheral blood lymphocyte telomere lengths less than
the first percentile for age, is rare.?? In comparison, 1% of adults
with emphysema,'® 3% to 10% of adults with ILD,®"® and up to 30%
of those with familial pulmonary fibrosis,'* defined as 2 or more cases
of ILD in first- or second-degree relatives, harbor a pathogenic (P) or
likely pathogenic (LP) variant in a known TBD gene.

Prevalence in adults with hematologic disorders is less well
characterized. Most studies have examined TERT and TERC only,
and lack of access to germline tissue has limited broad genetic
testing of patients with active hematologic malignancies. With these
caveats, ~19% to 5% of those with aplastic anemia (AA)'®"923 and
1% to 3% of those with myelodysplastic syndrome (MDS)/acute
leukemia carry an inherited P/LP TBD gene variant.'®?"2® The
single series published to date in families clustering AA/MDS/acute
leukemia found P/LP variants in TERT or TERC in 5 (19%) of 27,
suggesting that this is a high-yield testing scenario.>* Given that
patients with TBD are prone to serious complications of standard
treatments for sporadic AA/MDS/acute leukemia and ILD,2°28
knowing whom to test as well as having sensitive and specific
diagnostic tests to identify these patients are critical.

When present within an individual or in close relatives in a family,
cooccurrence of hematologic and pulmonary symptoms has been
shown to increase the likelihood of identifying a causative variant in
TERT or TERC. In one series, when both overt AA and ILD were
present, all 10 families had an identifiable TERT or TERC variant.*
Diaz de Leon et al®® showed that asymptomatic TERT variant
carriers often have combined subclinical pulmonary and hemato-
logic features, including reduced diffusion capacity as well as mild
thrombocytopenia and larger red blood cell mean corpuscular
volume than their wild-type relatives. If hematologic and pulmonary
manifestations also frequently cooccur in those carrying P/LP
variants in TBD genes beyond TERT and TERC, this personal and/
or family history combination may be especially useful in selecting
whom to test.

From a clinical diagnostic perspective, critically short telomeres
(less than the first percentile for age) in peripheral blood
lymphocytes measured by flow cytometry and fluorescence in situ
hybridization (flowFISH)®' can be highly sensitive and specific for
a TBD diagnosis.*3?> However, telomere length interpretation in
those with active hematologic malignancies is complicated by the
effect of the hematologic malignancy itself on telomere length.
Furthermore, adults with genetically diagnosed TBD presenting
with ILD, mild blood count abnormalities, or MDS/acute leukemia
often have lymphocyte telomere lengths between the first and 10th
percentile and occasionally well above the 10th percentile. 223334
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Because these values overlap the lower end of the normal reference
range from healthy populations, it is frequently challenging to know
which patients are likely to have a TBD and which are not.

Challenges of telomere length interpretation, the lack of classical
mucocutaneous features in most, and the similarity between typical
age-related and TBD-related comorbidities make it difficult to provide
a clinical TBD diagnosis without genetic testing and detailed family
assessment in adult populations. Prevalence of TBD and phenotype
among adults with hematologic diagnoses are particularly under-
studied. Thus, we sought to determine the prevalence and
phenotype of TBD in adults with hematologic presentations that
should be enriched for TBD, those with familial clustering of
chronic hematologic abnormalities, and/or AA/MDS/acute leuke-
mia with or without ILD through comprehensive genomic screening of
13 TBD genes and family assessments. We describe phenotype and
lymphocyte telomere lengths measured by using flowFISH in 16 TBD
families, including 5 carrying heterozygous PARN variants.

Methods

Patient population

Probands aged =18 years who did not have a known genetic
diagnosis at the time of enrollment on The University of Chicago
Inherited Hematologic Disorders Registry between 2011 and
August 2019 were eligible. Those with a personal history of chronic
unexplained cytopenia(s) or macrocytosis, AA/MDS/acute leuke-
mia, and/or ILD fitting one of the following definitions were included:
(1) familial hematologic disorder cases, defined as 2 or more cases
of chronic cytopenia/AA/MDS/acute leukemia in first- and/or
second-degree relatives or a proband with AA/MDS/acute leuke-
mia with at least one additional nonpulmonary TBD feature; (2)
hematologic disorder and ILD overlap cases, defined as at least one
case of cytopenia/AA/MDS/acute leukemia and at least one case of
ILD in a proband or in first- and/or second-degree relatives; and (3)
familial pulmonary fibrosis cases, defined as 2 or more cases of ILD
without hematologic manifestations in first- and/or second-degree
relatives (supplemental Table 1). Informative close relatives were
enrolled whenever possible. Medical, exposure, and family history
were obtained by patient interview and review of medical records.
Imaging studies (by M.E.S. and A.A.), lung pathology (by A.N.H.), and
hematopathology (by S. Gurbuxani) were obtained and centrally
reviewed. Informed consent was obtained from all participants. This
study was approved by The University of Chicago Institutional Review
Board.

Genetic testing

Patient DNA extracted from cultured skin fibroblasts, peripheral
blood, or saliva underwent sequencing and analysis of ACD, CTC1,
DKC1, NAF1, NHP2, NOP10, PARN, RTEL1, TERC, TERT,
TINF2, STN1, and WRAP53 as part of larger hereditary hemato-
logic malignancy/BMF panels either by targeted genomic capture and
gene panel-based or whole-exome sequencing at The University of
Chicago or at The University of Washington (supplemental Table 1).353¢
Due to updating of genetic panels over time as new genes were
discovered, ACD and/or PARN were not covered in 28 patients.
Copy number variants were assessed by either next-generation
sequencing or custom high-density gene-targeted array compara-
tive genomic hybridization. Sanger sequencing, multiplex ligation-
dependent probe amplification, or quantitative real-time polymerase
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chain reaction (PCR) were used for validation of P/LP single
nucleotide variants, insertions/deletions, or copy number variants,
as well as for segregation analysis within a family. Variants were
classified by using The American College of Medical Genetics and
Genomics/The Association for Molecular Pathology guidelines and
the Clinical Genome Sequence Variant Interpretation Working
Group recommendations.®”*? Criteria were tailored in a gene-
specific manner as detailed in the supplemental Methods and
supplemental Tables 2 and 3.

Telomere length measurements

All peripheral blood lymphocyte telomere lengths were measured by
using flowFISH in the Johns Hopkins Pathology Laboratories,
except for proband 875 Ill.1, whose telomeres were measured at
Repeat Diagnostics Inc. using methods previously described.?3’

Quantitative real-time PCR

Primers were used to amplify patient DNA for specific exons of
BFAR, PARN, PLA2G10, and NOMOT1 using the StepOnePlus
Real-Time PCR System (Applied Biosystems) in triplicate. PCR
products were analyzed with StepOne Software v2.3 (Applied
Biosystems). One no template control was included per primer pair
per run. Amplification efficiency was calculated for each run by
using serial dilutions. The standard 2**°T method was used to
calculate copy number ratio.

Statistics

Two-sided Fisher's exact tests were used to test the difference
between categorical variables using Stata version 16 (StataCorp).

Results

Prevalence of P/LP variants vary by phenotype

In total, 153 adult probands met eligibility criteria (Figure 1;
supplemental Table 1). Of these, 139 included a personal or family
history of at least 1 hematologic manifestation; 117 met the familial
hematologic disorder definition, and 22 met the mixed hematologic
disorder and ILD overlap case definition. The remaining 14 fit familial
pulmonary fibrosis criteria. The median age at initial hematologic
and/or ILD diagnosis among all families was 50.8 years (range, 4-82
years) and 60.7 years (range, 41-78 years), respectively.

Overall, 16 (10%) probands were found to carry a P (n = 5) or LP
(n = 11) heterozygous variant in a TBD gene (Figure 1; Table 1;
supplemental Table 3), distributed among TERT (n = 6), TERC
(n = 4), PARN (n = 5), and RTEL7 (n = 1). Nine (56%) of the 16
variants were novel. All except for 1 variant (TERC n.114_115del,
which was identified in 2 seemingly unrelated families [218 and
684]) were unique to a single family. Three (19%) of the 16 variants
were copy number variants, including a whole-gene deletion of
TERC (supplemental Figure 1), a large deletion encompassing
exons 1-21 of PARN as well as several genes upstream (Figure 2A-B;
supplemental Figure 2), and a deletion of exon 12 of PARN. Single
TBD gene variants of uncertain significance were identified in 9
(6%) probands, one of whom (875) also carried an LP TERC
variant, distributed among CTC7 (3), NAF1 (1), PARN (1), RTEL1
(2), TERT (1), and WRAP53 (1).

Prevalence of an inherited P/LP variant in a TBD gene differed
according to phenotype. Among all 139 families with at least 1
hematologic manifestation (Figure 1A-B), 13 (10%) carried a P/LP
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variant. A significantly greater proportion were found in families in
which hematologic disorders and ILD overlap compared with those
with familial hematologic disorder presentations without ILD (9 of
22 [419%] vs 4 of 117 [3%], respectively; P < .01). The proportion in
overlap cases was similar to that in familial pulmonary fibrosis
families without hematologic manifestations (9 of 22 [41%] vs 3 of
14 [21%], respectively; P = .29) (Figure 1B-C).

In contrast, 21 (18%) of 117 families with familial hematologic
disorders without ILD carried P/LP variants in other hereditary
hematologic malignancy syndrome genes vs none with overlap or
familial pulmonary fibrosis presentations (P = .03 and P = .12,
respectively) (Figure 1D; supplemental Table 1). The 21 variants
were distributed among DDX41 (n = 7 [6%]), RUNXT (n = 4 [3%)]),
ANKRD26 (n = 2 [2%]), FANCA (n = 2 compound heterozygous
[29%]), and 1 (1%) each in CEBPA, CXCR4, ETV6, GATA2,
GP1BA (heterozygous), and SBDS (compound heterozygous)
(Figure 1). Although the overall prevalence of P/LP TBD gene
variants in familial hematologic disorders without ILD is modest
(n = 4 [3%]), cumulatively, this proportion ranks second behind
DDX41 and is tied with RUNX7 as the most frequently identified
disorders in this setting.

Hematologic presentations among adult carriers of
P/LP variants

Among the 13 families with inherited P/LP TBD gene variants with
overlap or familial hematologic disorder presentations, 5 (31%)
families reported at least 1 hematologic malignancy, of which 4
clustered multiple cases of MDS and/or acute leukemias (Table 1;
supplemental Table 4; supplemental Figure 3A-E). The remaining 9
had single or multiple individuals with macrocytosis/macrocytic
anemia, thrombocytopenia, neutropenia, and/or multiple cytopenias.

Blood counts were available for 24 of 42 confirmed P/LP TBD
variant carriers without active hematologic malignancy (supplemen-
tal Table 4). The complete blood count with differential was
completely normal in 11 (46%) carriers. The most common
abnormalities found were: macrocytosis (n = 7 [29%]), thrombo-
cytopenia (n = 5 [21%)]), neutropenia (n = 5 [21%)]), and anemia
(n = 3 [18%]). Neutropenia was common among TERC P/LP
variant carriers, observed in all 4 carriers without hematologic
malignancy, whereas neutropenia was noted in only 1 of 9 and 0 of
10 TERT and PARN variant carriers, respectively. Other identifiable
possible contributors to observed cytopenias were present in 3
cases and included: mild splenomegaly in 1 patient with thrombo-
cytopenia (669 1I.2), an acquired U2AF17 variant in 1 patient with
macrocytic anemia and thrombocytopenia (669 Il.1) (Table 1), and
B-thalassemia trait (1210 Il.1) as an explanation for the patient’s mild
microcytic anemia but not for the intermittent thrombocytopenia.

Hematologic malignancies were confirmed in 5 carriers. The
median age of onset of hematologic malignancy was 58.8 years
(range, 48-75 years). Specific diagnoses included: 1 patient (909
I.1) who carried a P heterozygous RTEL1 variant with concurrent
diagnoses of acute myeloid leukemia (AML) and gastric diffuse
large B-cell lymphoma, 3 patients with P/LP TERT variants with
MDS or AML (1 each with MDS with complex karyotype, MDS-
RARS, and AML with myelodysplasia-related changes), and 1
patient with an LP TERC variant with MDS-unclassifiable (supple-
mental Tables 1 and 4).
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Familial hematologic disorder cases

Definition: Two or more cases of chronic
cytopenia/AA/MDS/AL in FDR/SDR or

a proband with AA/MDS/AL with at least one
additional non-pulmonary TBD feature.

n=117

v

4 of 117 (3%)

Hematologic disorder and ILD
overlap cases
Definition: At least one case of
cytopenia/AA/MDS/AL and at least one case of ILD
in a proband or in FDR/SDR.

n=22

|

9 of 22 (41%)

RTELT 1 X PARN
TERC 2 < TERC
TERT 1 <+ TERT

C

Familial pulmonary fibrosis cases

Definition: Two or more cases of ILD without
hematologic manifestations in FDR/SDR.

n=14

'

3 of 14 (21%)

3 PARN 2
2 = TERT 1
4 b

{

21 of 117 (18%)

ns
DDX41 (7), RUNX1 (4), ANKRD26 (2), FANCA (2%), <€

'

D P/LP variants in other hereditary hematologic malignancy genes

0 of 22 (0%)

|

0 of 14 (0%)

\/

CEBPA (1), CXCR4 (1), ETV6 (1), GATA2 (1), GP1BA (1),

SBDS (1) *

<>

*number of probands with compound heterozygous P/LP variants in this gene

Figure 1. Comparison of the prevalence of causative TBD and other gene variants by familial hematologic and/or ILD presentations in adults. A total of 153

probands were tested and are grouped according to their phenotypic presentation. (A) Familial hematologic disorder cases. (B) Mixed hematologic disorder and ILD cases. (C)

Familial pulmonary fibrosis cases. The proportions of probands found to carry P or LP variants in telomere genes (A-C) or other hereditary hematologic malignancy syndrome

genes (D) by clinical presentation overall and by specific gene are provided and compared by using 2-sided Fisher's exact tests. Levels of significance are shown as: *P < .05,

**P < .001. AL, acute leukemia; FDR, first-degree relative; ns, not significant; SDR, second-degree relative.

Hematologic, pulmonary, and other manifestations in
carriers of heterozygous P/LP PARN variants

Among the 17 heterozygous P/LP PARN variant carriers identified
in this study, 2 had macrocytosis, 1 had transient thrombocytopenia,
and 1 had polycythemia as baseline blood count abnormalities
(Table 1; supplemental Table 4; Figures 2C-D and 3A-C). No
hematologic malignancies were reported. Bone marrow aspirate
performed before lung transplantation on proband 841 Il.1 revealed
dyserythropoiesis with megaloblastoid maturation (supplemental
Figure 4). He reported a family history of childhood-onset BMF
requiring transplantation in a distant relative, but carrier status of
this individual could not be confirmed. Other TBD organ system
manifestations were minimal, with 1 of 17 (832 Ill.13) reporting
osteoporosis and elevated liver function test results. Two family
members whose genotype was unknown had had intellectual
disability along with ILD or death in infancy due to liver and lung
abnormalities.

ILD, with a usual interstitial pneumonia pattern on imaging in all
whose images were available, was diagnosed in 11 of 17 PARN
P/LP variant carriers at a median age of 62.5 years (range, 49-77
years) (Table 1; supplemental Tables 4 and 5). Three PARN carriers
required lung transplantation. Despite normal to high blood counts
pretransplantation, patient 557 .1 developed pancytopenia follow-
ing a double-lung transplantation (Table 2; Figure 3D-E), requiring
medication dose reductions, packed red blood cell transfusions,
and granulocyte-colony stimulating factor. He also experienced
sternal wound dehiscence, anastomosis site insufficiency, severe
infections, and renal failure requiring hemodialysis. All of these
complications are similar to those seen in 2 P/LP TERT carriers

4876 FEURSTEIN et al

post-lung transplantation in this report (Table 2) and in 3 other
series, 274344

Family 832 presented with ILD affecting 13 members in 2
generations without any hematologic manifestations. Of the 25
family members screened, we identified a heterozygous deletion
encompassing exons 1-21 of PARN (Figure 2A-C) in 9 members.
All 8 family members with confirmed ILD carried the familial variant
or were obligate carriers. Using a high-density microarray and
quantitative real-time PCR, the deletion was found to encompass
additional genes with the upstream breakpoint located between
exon 4 of PLAG2G10 and exon 13 of NOMOT1. This deletion is
larger than 3 other intragenic multi-exon PARN deletions noted in
the literature, which were all associated with serious neuropsy-
chiatric manifestations.*® In addition, 1 healthy individual carrying
a heterozygous whole-gene PARN deletion has been reported.*®
Notably, none of the carriers in family 832 or 1210 had neuropsy-
chiatric disorders. From families 832 and 1080, 13 (76%) of 17 P/LP
PARN variant carriers aged >50 years have developed ILD.

Telomere length testing in P/LP TBD variant carriers

We performed peripheral blood lymphocyte telomere length measure-
ments by flowFISH in 29 of 42 confirmed P/LP variant carriers
(Table 1; supplemental Figure 5). Three of the 29 had active
hematologic malignancies, and 1 (1020 II.1) was post-Dbilateral lung
transplant at the time of measurement. The remaining carriers had
normal blood counts or mild cytopenias or macrocytosis. Thirteen
(45%) carriers had lymphocyte telomere lengths below the first
percentile, whereas 7 (24%) and 9 (31%) carriers had telomere
lengths at the first percentile to below the 10th percentile and 10th
percentile or above compared with age-matched control subjects,
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respectively. One TERC carrier (875 Ill.1 who had MDS at the time
of measurement) and 8 PARN variant carriers accounted for those
with telomere lengths at the 10th percentile or above. Among the
12 PARN P/LP variant carriers, 2 (17%) had lymphocyte telomere
lengths below the first percentile, 2 (17%) were between the first
and 10th percentile, and 8 (67%) were at the 10th percentile or
above (P < .01 compared with the distribution in all other P/LP
variant carriers) (Figure 3F).

Usual and atypical phenotypic findings in TBD P/LP
variant carriers

Twelve of the 42 P/LP variant carriers exhibited one or more
features known to be associated with TBD, including reticular skin
hypopigmentation, early graying of hair, liver fibrosis, skin squamous
cell carcinoma, or osteopenia/osteoporosis (Table 1; supplemental
Table 4). Atypical presentations included the Shwachman Diamond
syndrome-like presentation of proband 775 ll.1 who carried
a deletion of the entire TERC gene (supplemental Figure 1). He
initially presented with isolated neutropenia at 14 years of age
accompanied by minor bacterial skin infections. At age 20, an
evaluation revealed macrocytosis, a hypocellular bone marrow
without karyotypic abnormalities, and symptoms consistent with
pancreatic insufficiency, including steatorrhea, weight loss, and fat-
soluble vitamin deficiency that improved with pancreatic enzyme
replacement. Results of a sweat chloride test were negative. Patient
218 1I.1, who carries a heterozygous LP TERC variant in the context
of a strong family history of AA and ILD, had an atypical AA course.
She received immunosuppressive treatment with cyclosporine and
antithymocyte globulin for her AA before a TBD was diagnosed.
Unexpectedly, she went into a durable complete remission for
~15 years before relapsing. Neither a second course of cyclosporine
and antithymocyte globulin nor treatment with eltrombopag was
effective at relapse. Danazol led to a partial response, with
a decrease in transfusion dependency. Two other patients, 875
.1 and 684.l.1, both of whom also carry LP TERC variants,
developed moderate pancytopenia that remained stable for 13
and 22+ years without treatment, suggesting that even moderate
BMF may have prolonged stability in some TBD cases. The former
patient eventually progressed to MDS at age 53 years, emphasizing
the need for markers of progression and long-term outcome data of
transplant observation in these types of cases to best guide clinical
management.

Finally, inflammatory and/or autoimmune-disease related ILD pheno-
types were noted in several families (Figure 4A-C). These included
family 865, with all 3 family members with ILD having a chronic
hypersensitivity pneumonitis pattern. Nondiagnostic autoimmune
features such as positive antinuclear antibodies were noted in 4
patients with ILD, Raynaud’s phenomenon, and psoriasis were
each noted in one family (Table 1; supplemental Table 4). Review
of lung histology revealed diffuse lymphoplasmacytic infiltrates in
5 of 6 patients (Figure 4D), and results of bone marrow biopsies
revealed prominent lymphoplasmacytic infiltrates and clusters of
plasma cells and eosinophils, respectively, in 2 P/LP variant
carriers (Figure 4E; supplemental Table 5). Full autoimmune
serology panels were not available for most carriers. A Venn-
Euler diagram (Figure 4F) shows the phenotypic distribution and
overlap of hematologic, pulmonary, and autoimmune features in
our confirmed P/LP variant carriers.

TELOMERE BIOLOGY DISORDERS IN ADULTS 4879

202 AeIN 61 U0 159NB Aq Jpd° L2/ L000Z0ZAPESIOUBADE YO LI/ L/E/8Y/6 L /7/IPd-0[oIe/SeoueApEpOO|q/jeu"suonealigndyse//:dny woy papeojumod



144 Mo 145 Mb 146 Mo 147 Mb 148 Mb

Im |
2422 21

W
= PARN NPIPA3 )H’HB

sear > —HH-H werpaz >

1 b i

—H < prazeio
a0

Ly
Tt
12

mmmams Patient 4
83211
121001 -
Pationt 142 =
Patient 3 s—
Father of Patient 5

NOMO1 >
1

149 Mb

13 23 a1

C 832 PARN deletion ex 1-21

I | © & Cytopenia, Macrocytosis, BMF, AA
© & @ ILb

@ & [d Malignancy

(® & [® Other TBD-associated symptoms

D 1210 PARN deletion ex 12

.-

ILD at age 69 LD

oC  Obligate carrier oc oc
n mut/+ Heterozygous carrier

+/+  Wildtype

ILD
Vaginal ca

it/+
t/+
ut/+

+
=
5
E

5

%]E é]
ILD/UIP  ILD

dx. 67  dx. 63

LoEd b ¢

K
5 3 7

o

.
B oo

ILD ILD
dx. 63

ILD/UIP dx. 61
small airway disease

Age 59 Age 60

mut/+
+/:

6|

Age 45

%)c

ILo Lo LD LD I

] F =35 +
E <gsﬁz&w 11E12|E 13E 14[3153

Breast Age ILD/ ILD ILD
ca 60 UIP
Age 72

oc 113
1|mut/+
=
P4
ILD at age 56
Thrombocytopenia
Pthalassemia trait
GERD, hiatal heria

i

Breast cancer f-thalassemia trait

2 at age 30

/+
o/ +

dx. 63

Pthalassemia

Figure 2. Large heterozygous PARN deletions can be tolerated without neuropsychiatric disorders but may feature cytopenias. (A) Schematic of the genomic

region surrounding the deletion and location and distribution of the microarray probes. The genomic region displayed here ranges from 14.4 to 14.9 Mb on the short arm of

chromosome 16. All 6 protein-coding genes and their distribution of exons are shown in the upper part of the schematic. The middle part includes the deletions of proband

832 lll.1 and proband 1210 Il.1 found in our study (red bars) determined by microarray and/or quantitative real-time PCR. The distal breakpoint of the deletion ex1-21 is

located upstream of PARN within the dashed bar between exon 4 of PLA2G70 and exon 13 of NOMO1. The blue bars indicate the previously described 4 intragenic deletions

of PARN in the study from Dhanraj et al*® with the proximal breakpoint in patient 4 located further downstream (dashed bar). The green bar represents the previously reported

whole-gene deletion in the study from Moon et al*® with both the proximal and distal breakpoints located outside of the gene schematic (dashed bar). The bottom part displays

the distribution and location of the microarray probes used for proband 832 lIl.1. The

mean log, ratio of the deleted probes is —0.65, and the deleted region is highlighted with

a red bar. (B) Mapping of the distal breakpoint. Quantitative real-time PCR results of the relative copy number of exon 17 of PARN, exon 1-8 of BFAR, exon 4 of PLA2G10,

and exon 13 of NOMO7 compared with the non-deleted exon 22 of PARN. Values at or around 0.5 indicate a heterozygous loss, and values at or around 1 indicate the

presence of both alleles. (C-D) Pedigrees of a large family with a heterozygous deletion of exons 1-21 of the PARN gene and a family with a single exon PARN deletion.

A circle represents a woman, and a square represents a man. Roman numerals indicate generations (eg, I, Il lll, IV). A slash through the circle or square indicates that the

person is deceased. The proband is indicated by the arrow. The variant carrier status

is mut/+ for carriers and +/+ for wild type. OC indicates an individual who is an obligate

carrier of the familial PARN deletion. The phenotype is detailed below the symbol. The pedigree number and variant found in each family are noted above the pedigree.

Discussion

Using next-generation sequencing assays, we found inherited P/LP
variants in TBD genes in 16 (10%) of 153 probands at risk for
a TBD due to hematologic and/or pulmonary personal and/or family
history presentations. Overall, 19% of the causative variants were
large deletions, highlighting the need for testing strategies that also
incorporate copy number variant detection. Among the 139 with
familial hematologic disorders, prevalence of TBD was 41% in
those with hematologic manifestations and at least 1 case of ILD vs
3% in those with hematologic-only presentations; this suggests that
ILD history is a high-yield screening question in adults with
cytopenias and hematologic malignancies to help select patients
for TBD genetic testing. Lymphocyte telomere lengths were at the
10th percentile or greater in 9 (31%) of 29 P/LP variant carriers,
primarily accounted for by PARN carriers, among whom 67% had
telomere lengths in this range. Only 24% of heterozygous PARN
P/LP variant carriers had blood count abnormalities, but significant

4880 FEURSTEIN et al

bone marrow hypocellularity observed pre—lung transplantation and
severe cytopenias post-lung transplantation in 2 carriers suggest
the possibility of subclinical bone marrow abnormalities, similar
to findings observed for TERT, TERC, and RTEL1 P/LP variant
carriers. 262747

Our series confirms and extends the finding that families in which
hematologic disorders overlap with ILD are highly likely to have
a TBD. Parry et al*® found TERT or TERC P/LP variants in 10 of 10
families with AA or hypoplastic bone marrows and ILD. Here we
found that 41% of families with even mild hematologic manifes-
tations, such as mild cytopenias or macrocytosis alone, or AA and
ILD have a P/LP variant distributed among TERT, TERC, and PARN.
These data suggest that hematologists should screen for a per-
sonal/family history of ILD and pulmonologists for cytopenias,
macrocytosis, AA, or hematologic malignancies. All of those who
screen positive for this combination warrant a multi-gene testing
approach able to detect copy number variants and PARN, a gene
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Figure 3. Hematologic abnormalities and telomere lengths in carriers of heterozygous variants in PARN. (A-C) Pedigrees of families with segregating PARN

variants. A circle represents a woman, and a square represents a man. Roman numerals indicate generations (I, I, lll, IV). A slash through the circle or square indicates the

person is deceased. The proband is indicated by the arrow. The variant carrier status is mut/+ for carriers and +/+ for wild type. OC indicates an individual who is an obligate

carrier of the familial PARN variant. Color-shaded quarters represent different phenotypes differentiated by color: red stands for cytopenia, AA, or BMF; purple stands for ILD;

blue indicates the diagnosis of a malignancy; and green marks all other TBD-associated symptoms. The exact disease/phenotype is detailed below the symbol. Pedigree

numbers and the variant found in each family are all designated above the pedigree. Longitudinal hemoglobin (D) and platelet count (E) in patients pre— and post-lung

transplantation. Spaghetti plots depict longitudinal blood counts from 3 PARN variant carriers (purple, red, orange) and 2 TERT variant carriers (green, blue) pre— and post—

lung transplantation. The time of double-lung transplant is indicated as time point O, and negative and positive values on the x-axis indicate the number of months before or

after transplantation. (F) Peripheral blood lymphocyte telomere lengths as measured by flowFISH. Telomere length from each individual variant carrier is displayed as a red dot

with his or her respective pedigree and individual ID number. Each individual's age-adjusted telomere length is plotted compared with the testing laboratory's population of

healthy age-adjusted control subjects (in percentiles). HSCT, hematopoietic stem cell transplantation.

not yet commonly included on hereditary hematologic syndrome
gene panels.

In contrast, our overall yield of TBD genetic testing in families
clustering hematologic disorders in our series of 3% (4 of 117) is
significantly lower than the 19% (5 of 27; P = .01) observed by
Holme et al** and is more congruent with the 1% to 5% estimates in
sporadic AA/MDS/AML.'®'923 This discrepancy is likely due to
differing definitions of familial hematologic disorders, with their
series enriched for AA cases vs ours with familial MDS/acute
leukemia or chronic cytopenia cases without AA. Thus, AA will
enrich for TBD among familial hematologic disorder cases. Using
our case definition, TBD genes tie RUNX7 (n = 4 [3%]) and fall
behind only DDX41 (n = 7 [6%)]) in accounting for the most familial
hematologic disorder diagnoses. Thus, TBD genes, especially
TERT, TERC, RTEL1, and PARN, are important to include on the
differential of hereditary hematologic disorder evaluations.

Fifty to seventy percent of patients with familial pulmonary fibrosis
and 30% to 40% of patients with dyskeratosis congenita do not
have an identifiable P/LP variant in any known TBD gene.®'" 448
Similarly, in our series, many probands with a personal/family history

€ blood advances 13 ocToBer 2020 - voLUME 4, NUMBER 19

of ILD, MDS/acute leukemia, and/or chronic BMF/AA did not have
an identifiable P/LP TBD gene variant. For these patients, including
the 9 we identified with a TBD gene variant of uncertain significance
awaiting additional functional testing and segregation analyses to
allow updated classification, a clinical TBD diagnosis is still possible
if critically short lymphocyte telomeres and/or a classical dysker-
atosis congenita phenotype are present. However, in the absence
of a diagnostic phenotype, if ymphocyte telomere lengths fall within
the normal range, a definitive conclusion can be difficult. These
patients should be encouraged to participate in research and be
followed up longitudinally to monitor for additional phenotypic
features and to allow updated genetic testing as new genes are
discovered. Management must be individualized in this situation,
deciding whether enough evidence is present to warrant TBD-
specific management of any organ pathologies that arise.*°

Clinical diagnosis can also be hampered when plausible alternative
etiologies are found for possible TBD-related phenotypic features.
For example, autoimmune causes of combined cytopenia(s) and
ILD, such as rheumatoid arthritis, are known. Recent reports have
identified P/LP variants in TBD genes in populations with clinically
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Figure 4. Hematologic, pulmonary, and autoimmune features overlap in genetically defined TBD families. (A-C) Pedigrees of families with ILD and autoimmune

features. A circle represents a woman, and a square represents a man. Roman numerals indicate generations (1, II, lll). A slash through the circle or square indicates the person

is deceased. The proband is indicated by the arrow. The variant carrier status is mut/+ for carriers and +/+ for wild type. The exact disease/phenotype is detailed below the

symbol. The pedigree number and the variant found in this family are designated above the pedigree. (D) Lung biopsy specimen of confirmed TBD variant carrier (669.lIl.1) with

diffuse lymphoplasmacytic infiltrates. Depicted are fibroblastic foci with a diffuse lymphoplasmacytic infiltrate (magnification x40, hematoxylin and eosin [H&E] staining). (E)

Bone marrow biopsy specimen of confirmed TBD variant carrier (669.1ll.1) with diffuse lymphoid aggregates. This core biopsy sample shows clusters of lymphocytic aggregates

(magnification X 10, H&E staining). (F) Venn-Euler diagram of the overlap of hematologic, pulmonary, and autoimmune phenotypes observed in confirmed variant carriers. The

hematologic phenotype was divided into 5 different categories: MDS/AML (dark brown), macrocytosis/macrocytic anemia (red), neutropenia (teal), thrombocytopenia (purple),

and AA (peach); the pulmonary phenotype observed consisted of ILD (blue). The autoimmune overlap with ILD subtypes is highlighted in green. The number within the circles

represents the number of patients with this disease/combination of phenotypes.

diagnosed autoimmune disorders or, conversely, have diagnosed
autoimmune diseases in patients with known TBD P/LP variants.
Juge et al®® found germline P/LP RTEL 1, PARN, or TERT variants in
11% of patients with rheumatoid arthritis—associated ILD. Conversely,
ILD subtypes described in patients with P/LP variants in RTEL1, TERT,
and TERC included autoimmune or inflammatory disease—associated
subtypes as we saw in our cases.'%®"®2 Although not diagnostic of
overt autoimmune diseases, our findings of elevated antinuclear
antibodies, Raynaud's syndrome, and lymphoplasmacytic infiltrates in
lung and bone marrow biopsy specimens similar to those found in
intestinal biopsy specimens in TBD cases by others®® in confirmed
TBD carriers fit well with these reports. How autoimmunity, lymphocyte
telomere length, and TBD are or are not intertwined clinically or
mechanistically remain to be determined.>® In either case, given data
that immunosuppressive agents may be ineffective or even harmful in
the treatment of TBD-related BMF or ILD,” maintaining a high index of
suspicion for TBD despite autoimmune features is critical.

Whereas biallelic disruption of PARN can lead to classical dyskeratosis
congenita with BMF, the hematopoietic phenotype of heterozygous

€ blood advances 13 ocToBer 2020 - voLUME 4, NUMBER 19

P/LP PARN variant carriers is less characterized.®'? Stuart et al'?
found asymptomatic blood count abnormalities, including macrocytosis
(n = 3), anemia (n = 3), and thrombocytopenia (n = 1), in 6 (65%) of
11 carriers with ILD from 6 families with familial pulmonary fibrosis.
Here we found macrocytosis, thrombocytopenia, or polycythemia in 4
(24%) of 17 P/LP PARN variant carriers from 5 families. One carrier
had a hypocellular bone marrow with dyserythropoiesis and another
had severe pancytopenia requiring transfusions, granulocyte-colony
stimulating factor, and immunosuppressant dose reductions after
a double lung transplant, suggesting underlying bone marrow deficits.
This is similar to findings in patients with P/LP TERT, TERC, and
RTEL1 variants who underwent lung transplant.?®2747 To date,
hematologic malignancies have not been reported in a heterozygous
PARN P/LP variant carrier in our series or elsewhere. More data are
needed to determine the full range of hematologic phenotypes and
optimal peri-transplantation management.

Our study has limitations. First, the small numbers of familial
pulmonary fibrosis cases and the fact that all of these were referred
for a hereditary hematologic disorders evaluation may bias our
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estimates of the overall burden of TBD to this phenotype. However,
our 21% estimate falls close to the 26% found via sequencing of
TERT, TERC, PARN, and RTEL1 in 185 familial pulmonary fibrosis
kindreds by Stuart et al.'? Second, our estimates of lymphocyte
telomere lengths by flowFISH in P/LP variant carriers could be
biased by the overall small numbers and inclusion of results from
related individuals. In our series, 55% of patients with a genetically
diagnosed TBD had lymphocyte telomere lengths above the first
percentile. Similarly, Alder et al* found in a larger hospital-based
series of patients genetically diagnosed with TBD that 84% (49 of
58) identified at age =40 years and 100% (17 of 17) aged
=61 years had lymphocyte telomere lengths above the first
percentile. Telomere lengths in PARN variant carriers often fall at
the 10th percentile or higher: 67% in our series, 44% (4 of 9) of all
unrelated probands from our study, plus those in the published
literature measured by flowFISH,'2*6%8 and 43% (3 of 7) probands
measured by quantitative PCR fall in this range."? Thus, lymphocyte
telomere length as the sole diagnostic test for TBD in adults,
especially older adults and those carrying a heterozygous PARN
variant, is challenging.

In conclusion, we found P/LP variants in TBD genes in 10% of
families screened based on a personal/family history with hemato-
logic and/or pulmonary manifestations for whom a TBD was on the
differential diagnosis. Among those with hematologic manifesta-
tions, the combination of both hematologic abnormalities and ILD is
the highest yield genetic testing scenario. Screening for ILD in
hematology patients and hematologic abnormalities in ILD patients
can target all with combined features for multi-gene testing with
expected high yields. Yields for those with familial hematologic
disorders without ILD are still sufficient to warrant genetic testing
including TBD genes, especially TERT, TERC, PARN, and RTEL1
on panels frequently used for inherited BMF, familial MDS/acute
leukemia, and familial cytopenia/macrocytosis evaluations.
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