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Synonymous Mutation in DKCI Causes

‘ '.) Check for updates

Telomerase RNA Insufficiency Manifesting
as Familial Pulmonary Fibrosis

Valeriya Gaysinskaya, PhD,; Susan E. Stanley, PhD, MD, Soheir Adam, MD, and Mary Armanios, MD

BACKGROUND: Idiopathic pulmonary fibrosis (IPF) is the most common of short telomere
phenotypes. Familial clustering of IPF is common, but the genetic basis remains unknown in
more than one-half of cases. We identified a 65-year-old man with familial IPF, short
telomere length, and low telomerase RNA levels. He was diagnosed with a short telomere
syndrome after developing hematologic complications post-lung transplantation, but no
mutations were identified in a clinical testing pipeline.

RESEARCH QUESTION: What is the molecular basis underlying the familial IPF and low
telomerase RNA levels in this patient?

STUDY DESIGN AND METHODS: We analyzed whole-genome sequence data and performed
functional molecular studies on cells derived from the patient and his family.

RESULTS: We identified a previously unreported synonymous variant c¢.942G>A p.K314K
in DKCI, the gene encoding the dyskerin ribonucleoprotein, which is required for telo-
merase RNA biogenesis. The mutation created a competing de novo exonic splicing
enhancer, and the misspliced product was degraded by nonsense-mediated decay causing
an overall dyskerin deficiency in mutation carriers. In silico tools identified other rare
silent DKCI variants that warrant functional evaluation if found in patients with short
telomere-mediated disease.

INTERPRETATION: Our data point to silent mutation in telomere maintenance genes as a
mechanism of familial pulmonary fibrosis. In contrast to DKCI missense mutations,
which primarily manifest in children as dyskeratosis congenita, hypomorphic mutations
affecting dyskerin levels likely have a predilection to presenting in adults as pulmonary
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Idiopathic pulmonary fibrosis (IPF) is a progressive, age-
related disease. Several lines of evidence have linked
short telomere length to genetic susceptibility to IPE."
Approximately 30% to 35% of patients with familial IPF
carry germline mutations in a telomerase or other
telomere maintenance genes.‘z’10 Moreover, at least one-
half of patients with IPF, both with isolated and familial
cases, have short telomere lengths that fall in the lowest
decile of the population.>"" The short telomere length in
these patients is genetically determined, systemic, and
has been documented in multiple leukocyte lineages,
alveolar epithelial cells, and lung fibroblasts.™'* At least
10% of patients with IPF show features of
extrapulmonary telomere-mediated disease.”'” These
include varying degrees of bone marrow failure,
immunodeficiency, and liver disease including
hepatopulmonary syndrome."”'® In the setting of lung
transplantation, where immunosuppressive regimens
challenge bone marrow and immune reserves,
cytopenias and infectious complications, especially
cytomegalovirus, are common and can unmask the
diagnosis of telomere-mediated IPF.'*'”"® The
diagnosis of telomere-mediated IPF, either clinically or
as identified by combining telomere length and DNA
sequencing, has thus been increasingly appreciated to

have implications for patient care in lung
transplantation as well as other settings."’

Among the known familial pulmonary fibrosis genes,
the most commonly mutated group affects the integrity,
biogenesis, and catalytic functions of the RNA
component of the telomerase enzyme. Telomerase RNA
(TR, also known as TERC) is an essential core
component of the telomerase enzyme; it provides the
template for telomere repeat addition to the reverse
transcriptase TERT. In addition to the TR gene itself,
four of the eight known telomere-related IPF genes play
a role in TR biogenesis. DKCI, which encodes dyskerin,
is required for TR posttranscriptional stability,”
NAF]I encodes a ribonucleoprotein that is required for
TR trafficking and eventual assembly with TERT.””!
Mutations in ZCCHC8 and PARN disrupt TR 3'-end
maturation and processing of the nascent and
adenylated TR, respectively.'”** We previously
identified a number of families with low TR levels who

while

have no obvious mutations in the known genes,’
suggesting there are yet undiscovered mechanisms that
compromise TR integrity. Here we show that a “silent”
mutation in DKCI, which does not affect its protein
sequence, manifests as familial IPF by compromising
dyskerin levels through missplicing.

Materials and Methods
Subjects and Study Approval

Subjects were recruited as part of the Johns Hopkins Telomere
Syndrome Registry as previously described.'>”> They were assigned
the short telomere syndrome diagnosis if they had short telomere
length with classic features of a familial short telomere syndrome
(eg, history of aplastic anemia and IPF), or had classic short
telomere syndrome features with abnormally low telomerase RNA
levels even in the absence of a family history.” The study was
approved by the Johns Hopkins Medicine Institutional Review
Board, and all the subjects gave written informed consent.
Lymphoblastoid cell lines (LCLs) were generated by Epstein-Barr
virus transduction as previously described.”

Telomere Length Measurement

Telomere length was measured in peripheral blood leukocytes by flow
cytometry and fluorescence in situ hybridization (flowFISH) as
previously described.”**’

Quantitative Reverse Transcription-Polymerase Chain
Reaction

Quantitative reverse transcription-polymerase chain reaction (qRT-
PCR) was performed by the SYBR Green method, random hexamer-
primed cDNA, and TR-specific primers with standards as previously
detailed.” DKCI (RefSeq ID: NM_001363) cDNA was amplified with
this primer pair: exon 10-F (5 -atatgaggacggcattgagg) and exon 11-R
(5'-ccatggtcgcaggtagagat). Both TR and DKCI levels were normalized
relative to ARF3. Reactions were performed in triplicate, and results
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were replicated at least twice for all data shown, each time from an
independent RNA isolation.

Whole-Genome and Sanger Sequencing

Whole-genome sequencing was performed on blood-derived genomic
DNA as previously described.'” Briefly, 150 paired-end sequencing
was performed at Macrogen, using a HiSeq X platform (Illumina).
Reads were aligned and called relative to GRCh37/hgl9, using Isaac
aligner (version 01.15.02.08) and variant caller (version 2.0.13),
respectively. The mean depth of genome coverage for the proband
was 88x with 98.5% covered at 30x. ANNOVAR-annotated VCF
files were generated and filtered, using PhenoDB,** on the basis of
mutation frequency and predicted effect on protein sequence (ie,
exonic or splicing). Nonsynonymous variants that were absent in
dbSNP version 129 and version 131 and had a minor allele
frequency (MAF) < 0.0001 in ESP6500 and 1000 Genomes™ were
examined further if they additionally had an MAF < 0.005 in ExAC.
Because these filtering criteria did not yield any obvious candidates,
we manually queried BAM files of the five familial IPF TR-associated
genes (Integrative Genomics Viewer): TR itself, DKCI, PARN, NAFI,
and ZCCHCS for other structural anomalies or synonymous variants.
Segregation for the DKCI candidate variant was performed by
Sanger sequencing. Whole-exome sequence data were queried for
silent mutations in other genes and analyzed as previously.’

In Silico Splice Prediction

To evaluate the impact of rare DKCI synonymous variants on
splicing, we focused on rare variants defined as having an
MAF < 0.00002 in the Genome Aggregation Database
(gnomAD).”" Splice predictions were performed with Human
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Splicing Finder (HSF version 3.1).”> Variants predicted to affect less
than 25% of transcripts were considered likely benign in this
context; the remaining variants were annotated as potentially
pathogenic (e-Table 1). Variants with opposing effects or multiple
predicted outcomes are also annotated in e-Table 1.

Immunoblot for Dyskerin

Immunoblotting was performed with the LI-COR system as described.’
Briefly, total protein from LCLs was isolated in RIPA buffer (Cell
Signaling Technology) supplemented with cOmplete mini protease
inhibitors (Roche), and lysates were quantified with a Pierce BCA
protein assay kit (Thermo Fisher Scientific). Using the NuPAGE
sodium dodecyl sulfate-polyacrylamide gel system, 15 pg was
resolved (3%-8% Tris-acetate gel) with Tris-acetate running buffer
(150 V for 1 h) and transferred, using the iBlot 2 dry blotting
system (20 V for 7 min) (Thermo Fisher Scientific). After blocking
(Odyssey blocking buffer, 2 h at room temperature), the following
antibodies were used: dyskerin (rabbit, sc-48794, 1:500 [Santa Cruz
Biotechnology], overnight at 4°C) and then actin (mouse, ab8226,
1:3,000 [Abcam], for 2 h). Membranes were incubated with anti-
rabbit or anti-mouse IRDye secondary antibodies (IR680 or IR800,
donkey, at 1:10,000), which were used for visualization on an
Odyssey scanner, and quantification was done with Image].”

Nonsense-Mediated Decay Analysis

We used cycloheximide to inhibit nonsense-mediated decay. Two
million LCLs were incubated with cycloheximide (50 pg/mL; Cell
Signaling) diluted in 2 mL of dimethyl sulfoxide-containing
medium for 4 h. RNA was isolated and cDNA was prepared for
DKC1 RT-PCR, using exon 9-F (5'-tggtgacaatgcatgatgtge) and
exon 10-R (5'-tgcttctectttggtggtga). PCR products were resolved
on a Novex 10% TBE (Tris-borate-EDTA) gel. DNA fragments
were then gel isolated by the “crush and soak” method, using
acrylamide gel elution buffer (0.5 M ammonium acetate, 1 mM
EDTA, pH 8.0, and 0.1% [w/v] sodium dodecyl sulfate) at 55°C
for 2 h. The DNA was then ethanol precipitated and
resuspended. To obtain sufficient PCR product for sequencing,
the eluted DNA was reamplified, as above, and then Sanger
sequenced.

X-Inactivation/HUMARA Assay

X-inactivation analysis was performed using the HUMARA (human
androgen receptor gene) assay.””’” Briefly, genomic DNA was
digested with a methylation-sensitive restriction enzyme, Hpall. PCR
amplification was then performed with an FAM-labeled forward
primer and an unlabeled reverse primer. Allele size was quantified
on an ABI genome analyzer.

Results

Patient With Classic Short Telomere Syndrome
Features and Familial Pulmonary Fibrosis

The index patient was a 65-year-old man with familial IPF;
he was diagnosed with IPF at age 58 and had a history of
multiple nonmelanoma skin cancers and antecedent bone
marrow failure associated with mild thrombocytopenia
(Fig 1A). At the time of diagnosis, he reported having two
male relatives with pulmonary fibrosis (Fig 1A). The
patient underwent single lung transplantation; his
posttransplant course was complicated by cytopenias, a
persistent transfusion requirement, invasive fungal
infection, and a need for renal replacement therapy. His
immediate posttransplant course was reported in a series
that described the recurrent posttransplant complications
in patients with short telomere IPF.'” Subsequent to that
report, he underwent a second lung transplantation, but
continued to suffer from recurrent infections and died of
sepsis 23 months after the initial transplant. On the basis of
his presentation and family history, the diagnosis of a short
telomere syndrome was recognized. Peripheral blood
testing confirmed that his telomere length fell below the
first age-adjusted percentile (Fig 1B), but no mutations
were identified during genetic evaluation in a clinical
testing pipeline.

DKC1 c.942G>A Segregates With Low TR and Short
Telomere Length

To narrow the mutant pathway in this patient, we
quantified TR levels in his cells, using real-time PCR, and
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found he had abnormally low TR levels, near 50% of
control levels. This abnormality was similar to patients with
short telomere IPF and patients with emphysema we had
studied, who were subsequently found to carry deleterious
mutations in NAFI and ZCCHCS8™'’ (Fig 1C). We thus
performed whole-genome sequencing and focused our
analysis on genes that affect the biogenesis, processing, and
localization of TR, but we found no nonsynonymous
variants that fulfilled the preset criteria. We then manually
examined the whole-genome data for intronic,
synonymous, structural, and regulatory mutations in the
five TR-related IPF genes including TR itself. One candidate
in the X-chromosome DKCI gene stood out. It fell in exon
10: ¢.942G> A; this variant predicted a silent protein
substitution, p.K314K (Fig 1D). It was a compelling
candidate because it had not been reported in 141,456
individuals in gnomAD and was predicted to create a de
novo exonic splicing enhancer in silico. Moreover, the
patient’s sister, who was a heterozygous carrier of this
mutation, showed 100% skewed X-inactivation (Fig 1E). To
directly test the pathogenicity of this variant, we recruited
additional family members. We identified one
asymptomatic male relative who carried the same mutation;
he also had abnormally low TR levels and short telomere
length, below the first age-adjusted percentile (Figs 1A-1C).
In contrast, another male relative who was a noncarrier of
the mutation had intact TR levels and normal telomere
length (Figs 1A-1C). These data supported the IPF
inheritance in this family being X-linked, and this rare silent
mutation being potentially pathogenic.
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Figure 1 - Rare synonymous germline mutation in DKCI segregates with idiopathic pulmonary fibrosis (IPF), short telomere length, and low telomerase
RNA (TR) levels. A, IPF proband (arrow) and family pedigree, with numbers below indicating age at assessment or diagnosis. “d.” refers to age at death
from IPE. The yellow boxes contain the genotype at position 153,999,060 on chromosome X in the GRCh37/hgl9 genome assembly. (Continued)
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DKC1 Mutation Alters Splicing and Causes
Nonsense-Mediated Decay

Some synonymous variants affect mRNA splicing,’® and
we tested this hypothesis by performing RT-PCR on
DKCI1 using primers flanking the ¢.942G>A variant, but
we could not detect an aberrant product in patient cells
even though DKCI mRNA levels were low (Fig 2A).
Because in silico analysis predicted altered splicing, we
tested whether the misspliced product may be degraded
by nonsense-mediated decay (NMD). We exposed
control- and proband-derived LCLs to cycloheximide,
an inhibitor of NMD, and resolved the RT-PCR
products. Under these conditions, we identified an
aberrant product in the proband that was not seen in
control cells (Fig 2B). It included a 40-base pair deletion
in exon 10 (Figs 2C and 2D), consistent with c.942G>A
creating a de novo exonic splicing enhancer. The new
site competed with the canonical splice junction
sequence at the native intron-exon boundary and led to
an aberrant RNA that had similar abundance to the
normally spliced product (Fig 2B). The aberrant product
was predicted to encode a premature stop codon at
amino acid 336, but the truncated product was not
detected by immunoblot (Figs 2E and 2F). Indeed,
immunoblotting for dyskerin showed that total levels
were low in cells from mutation carriers, near 50% of
healthy control cells, and in contrast to DKCI missense
mutation carrier, protein levels were intact (Figs 2E and
2F). These data establish that ¢.942G>A mutation
impairs dyskerin abundance through NMD; the
dyskerin insufficiency in turn leads to TR insufficiency.

Other Rare “Silent DKC1 Mutations” Are
Candidates for Familial Short Telomere Syndromes

To test if other silent variants in telomere genes may
explain the genetic basis in other uncharacterized
families, we screened 26 unrelated short telomere
syndrome probands for rare synonymous variants in
TERT, RTELI, and PARN in whole-exome and genome
data but found no alterations. These data were
consistent with this mechanism being rare and highlight
the locus heterogeneity and diverse mechanisms that
underlie the genetic basis of telomere-mediated diseases
including TPF.'""” Because the culprit variant we

identified had been missed in a clinical pipeline, we
queried in silico tools to test if other silent single-
nucleotide variants may affect DKCI splicing. Among
the reported synonymous DKCI variants in gnomAD at
the time (141,456 individuals: 125,748 exomes and
15,708 genomes), 57 were rare and had a frequency
similar to that of mutations seen in familial IPF, that is,
less than 1 in 50,000 individuals (minor allele
frequency < 0.00002 in male patients), and 35 of these
had a single predicted interpretation of either “wild
type” or “potentially pathogenic” (e-Table 1). Among
these 35, seven variants were predicted to alter more
than 25% of transcripts relative to wild-type splicing (Fig
3). Given the sensitivity of TR stability to dyskerin
integrity,” these variants, and undoubtedly others in
DKC1, as well as other telomere-related genes, could be
considered candidates for further functional and/or
genetic characterization if identified in patients with
short telomere syndrome features.

Discussion

We report, to our knowledge, a first case of familial IPF
caused by a silent mutation in a telomerase-related gene.
Our data further underscore the causal link between
telomere dysfunction and genetic susceptibility to
familial IPF, as well as the specificity of the clinical IPF-
bone marrow failure co-occurrence for germline defects
in telomere maintenance."” Although the synonymous
mutation we identified was not detected in a clinical
pipeline, the short telomere syndrome diagnosis was
initially confirmed by telomere length testing. The
clinical presentation of this patient raises a
contemporary question related to the indications for
genetic and molecular testing in patients with IPF. The
proband we studied had a history of thrombocytopenia
predating his lung transplantation, but he was diagnosed
in the post-lung transplantation period after developing
a transfusion requirement. At the time of his
presentation, clinical testing for telomere length and
genetic studies were in their early stages of clinical use
and the natural history of post-lung transplant
complications had not yet been well-delineated. In
recent years, limited bone marrow reserves and T cell

Figure 1, (Continued) — B, Telogram shows age-adjusted lymphocyte telomere length by flow cytometry and fluorescence in situ hybridization
(flowFISH) in the proband and family [arrow and pedigree identifiers as in (A)]. C, Relative TR levels measured by quantitative real-time PCR in
lymphoblastoid cell lines [arrow and pedigree identifiers as in (A)]. Each point refers to a control- or patient-derived sample as labeled. Error bars
represent SEM and asterisks (**) refer to P < .01 (two-sided, Student t-test). D, Scheme of dyskerin protein with known domains including the nuclear
localization signal. The putative position of the DKCI variant, if it were successfully translated, is near the end of the protein. E, Pherogram shows
skewed X-chromosome inactivation pattern in blood-derived genomic DNA of proband’s sister, using HUMARA. It shows the size of CAG repeats in the
promoter of the androgen receptor (AR) gene. Allele size with and without digestion with methylation-sensitive restriction endonuclease Hpall is shown.
Only one allele is detectable after digestion, consistent with 100% skewing. HUMARA = human androgen receptor gene; NL = nuclear localization;

WT = wild type.
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Figure 2 — Synonymous DKCI ¢.942G>A variant causes aberrant mRNA splicing and reduced dyskerin protein levels. A, Relative DKC1 mRNA levels
measured by quantitative real-time polymerase chain reaction (qQRT-PCR) in lymphoblastoid cell lines (LCLs), using primers in exons 10 and 11
downstream of the mutation. Error bars represent SEM and P values are two-sided, calculated by Student t-test. This experiment was independently
replicated twice. B, DKCI RT-PCR product resolved on a polyacrylamide gel after 0 or 4 h of cycloheximide treatment to inhibit nonsense-mediated
decay in LCLs. The location of primers relative to the mutation (lollipop) is indicated in the embedded diagram. C, Sanger sequencing results of excised
bands in (B) reveal an aberrant 40-base pair out-of-frame deletion in the proband. D, A diagram showing DKCI ¢.942G>A impact on splicing. E,
Immunoblot of dyskerin protein in LCLs from four healthy control subjects (CI through C4) and a patient with a missense T49S DKCI mutation with
normal protein levels compared with the reduced dyskerin levels in the proband and the affected nephew (labeled with pedigree identifier from Fig 1A).
Quantification of dyskerin levels relative to actin control is shown. Lane 8 contains protein extract from 293FT cells transfected with DKC1-MycFLAG
tag to show specificity. F, Quantitation from three independently harvested protein lysates shows decreased dyskerin protein levels in male mutation
carriers compared with control subjects and a T49S DKC1 mutant. Means were compared by Student t-test. Error bars represent SEM and P values are
two-sided. cDNA = complementary DNA; CHX = cycloheximide.
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DKC1 gene, Xg28 (14.9 kb)

Rare DKC1 synonymous variants that may affect splicing (n = 7)

c.36A > G p.Lys12Lys
c.48A > G p.Lys16Lys

c.252G > A p.Gly84Gly
¢.366T > G p.Gly122Gly

c.669C > T p.Gly223Gly
c.684A > G p.Thr228Thr

¢.810G > A p.GIn270GIn

c.942G > A
(this study)

Figure 3 — Schematic map of disease-causing DKCI splicing mutations and synonymous variants predicted to affect splicing. Scheme of genomic DKCI
locus showing the positions of potentially splice-altering synonymous variants identified from the Genome Aggregation Database (above the gene axis)
at the time of query relative to the numbered exons. Variants shown fulfill the criteria of in silico prediction of > 25% from wild-type based on Human

Splicing Finder (HSF) and are summarized from e-Table 1.

immunodeficiency in patients with short telomere IPF
have been well-documented in numerous settings.'*'”"*
Our group has thus suggested that attenuating
immunosuppression in the lung transplant setting may
avert some complications without increasing the risk of
graft rejection.'* Such an approach has however not yet
been systematically studied. The case we present here
raises a question as to the indications of telomere length
and genetic testing in pre-transplant evaluations, in at
least the subset of patients with IPF with overt short
telomere syndrome features, given that it may inform
the risk of complications and identify strategies to avert
them.

Dyskerin is responsible for the stability and biogenesis of
hundreds of box H/ACA motif-containing noncoding
RNAs including TR.”® It is also an essential
pseudouridylase catalyzing uridine to pseudouridine
residues of ribosomal and other RNAs.”® Mutations in
DKCI1 were initially identified in male patients with the
genodermatosis dyskeratosis congenita.”” Nearly all the
mutations reported since are missense mutations and
associated with a clinical syndrome of acquired
mucocutaneous abnormalities in children that define
dyskeratosis congenita.’”*' However, in the family we
report here, there were no features of dyskeratosis
congenita and the initial presentation in this family was
pulmonary disease. It may therefore be that

chestjournal.org

hypomorphic mutations that affect dyskerin levels but
retain the dyskerin sequence are more likely to be
associated with adult-onset disease. Indeed, dyskerin
missense mutations that retain protein stability manifest
in children,”*> whereas patients with mutations that
disrupt dyskerin levels, via intronic or, as we report here,
exonic splicing mutations, are diagnosed in
adulthood.>*”*° Consistent with this framework, a
missense mutation at the same residue, c.941A>G
p-K314R, was previously reported in pediatric-onset
severe disease.”” The heterogeneity of clinical
presentations associated with DKCI mutations may thus
be explained in part by whether a mutation
compromises the protein sequence or retains the
sequence but affects abundance.

Conclusions

We report on a silent mutation that causes missplicing
by creating a competing splice enhancer. In other
Mendelian disorders, synonymous mutations have been
shown to affect RNA structure, translation initiation,
and the rate of translation.”” Our data point to silent
mutations in telomere-related genes as a novel yet rare
mechanism of familial IPF. They highlight the
importance of considering this class of variants in the
clinical diagnostic pipeline of patients thought to have
short telomere syndromes.
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