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Abstract

Chronic obstructive pulmonary disease and pulmonary fibrosis have been hypothesized to
represent premature aging phenotypes. At times, they cluster in families, but the genetic basis is
not understood. We identified rare, frameshift mutations in the gene for nuclear assembly factor 1,
NAFI1, a box H/ACA RNA biogenesis factor, in pulmonary fibrosis—emphysema patients. The
mutations segregated with short telomere length, low telomerase RNA levels, and extrapulmonary
manifestations including myelodysplastic syndrome and liver disease. A truncated NAF1 was
detected in cells derived from patients, and, in cells in which the frameshift mutation was
introduced by genome editing, telomerase RNA levels were reduced. The mutant NAF1 lacked a
conserved carboxyl-terminal motif, which we show is required for nuclear localization. To
understand the disease mechanism, we used CRISPR (clustered regularly interspaced short
palindromic repeats)/Cas9 (CRISPR-associated protein-9 nuclease) to generate NVafI*/~ mice and
found that they had half the levels of telomerase RNA. Other box H/ACA RNA levels were also
decreased, but rRNA pseudouridylation, which is guided by snoRNAs, was intact. Moreover, first-
generation NVafI*/~ mice showed no evidence of ribosomal pathology. Our data indicate that
disease in MAFI mutation carriers is telomere-mediated; they show that NAF1 haploinsufficiency
selectively disturbs telomere length homeostasis by decreasing the levels of telomerase RNA while
sparing rRNA pseudouridylation.

Tidy telomeres make for healthier lungs

Telomeres are the protective caps that prevent the ends of chromosomes from unraveling. People
carrying mutations in the protein or RNA component of telomerase, the enzyme that makes
telomeres have short telomeres and a serious and often fatal lung disease— —pulmonary fibrosis.
Now, Stanley et a/. find in several patients that other mutations, specifically those that interfere
with RNA biogenesis, can also cause both short telomeres and lung disease. This work expands
our understanding of how telomeres are maintained and their role in human disease.

INTRODUCTION

Lung disease is the third leading cause of death in the United States (1). Chronic obstructive
pulmonary disease (COPD), which includes emphysema, and pulmonary fibrosis (PF) are
major culprits. Both diseases have been shown to cocluster at times in families that show
autosomal dominant inheritance; however, the genetic basis in most of these cases is not
understood (2-5). A number of observations have linked the etiology of PF and emphysema
to premature aging and to abnormalities in telomere length maintenance (3, 6-10). For
example, abnormally short telomere length is a frequent finding in at least half of idiopathic
PF patients (6, 11). Moreover, clinical features of a short telomere syndrome, including bone
marrow failure/myelodysplastic syndrome, liver disease, and infertility, are common in
patients with sporadic and familial PF, as well as in some patients with emphysema (6, 12—
15). The diagnosis of a short telomere syndrome in these patients is relevant for patient care
because the defect is systemic, and they show exquisite sensitivity to otherwise tolerated
medications and procedures, especially in the setting of lung transplantation (16). Mutations
in the core telomerase enzyme components— 7ER7, the reverse transcriptase, and 7R, the
telomerase RNA component—uwere the first to be linked to inherited forms of PF; they are
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the most common identifiable genetic abnormality, and collectively they explain 15 to 20%
of familial PF cases (2, 17-19). Smokers with telomerase mutations, especially women, are
also prone to developing emphysema, alone or combined with PF (3). In smokers with
severe, early-onset emphysema, 7ERT mutations were recently reported to be a risk factor in
a proportion comparable to that of a-1 antitrypsin deficiency (3). However, in 70% of
families with autosomal dominant PF, the genetic basis remains uncharacterized (2), and,
aside from TERT, the other heretofore identified telomere genes— 7R, DKC1, TINF2,
RTEL 1, and PARN—each explains only 1 to 3%of familial cases (13, 15, 20, 21).

Vertebrate TR shares with a family of noncoding RNAs a 3" box H/ACA motif; this domain
is required for its stability and assembly into a mature telomerase holoenzyme complex (22—
24). To overcome the challenge caused by the locus heterogeneity in familial PF-
emphysema, we classified genetically uncharacterized cases by molecular abnormality using
TR levels as a stratification tool and examined candidate genes that have been implicated in
TR biogenesis.

Rare variants in NAF1 segregate with short telomere phenotype and low TR levels

To probe the genetic basis of uncharacterized familial PF-emphysema, we performed whole-
genome sequencing on five unrelated probands who had abnormally short telomeres,
extrapulmonary telomere syndrome features, and a family history consistent with autosomal
dominant inheritance (fig. S1, A to C), but found no shared rare variants. To narrow the
candidates, we subclassified the cases by TR levels in lymphoblastoid cell lines (LCLS).
Three probands had half the TR levels of controls as measured by quantitative reverse
transcription real-time polymerase chain reaction (qQRT-PCR) (fig. S1D), and we selected
these for a candidate search that prioritized TR biogenesis genes. We included pontin
(RUVBL1I) and reptin (RUVBL2), adenosine triphosphatases that facilitate telomerase
assembly (25), as well as GAR1, SHQ1, and NAFI (nuclear assembly factor 1), which are
involved in TR biogenesis (26-31). In JH1, a proband with combined PF and emphysema,
we found a heterozygous single base pair (bp) insertion in exon 7 of NAFI, ¢.984insA,
which predicted a premature stop after a short, out-of-frame amino acid sequence,
S3291fs*12(Fig. 1, A and B). This variant had not been seen in 9006 individuals reported in
public databases and was absent in 134 controls that we also sequenced (Fig. 1C).
S3291fs*12 was present in the proband’s two siblings who had short telomere disease
phenotypes, as well as in her mother who died from emphysema, but was absent in
unaffected relatives (Fig. 1A and fig. S2). An affected sibling similarly had low TR levels
relative to controls (Fig. 1D), as well as abnormally short telomeres, whereas noncarriers in
the family had longer telomeres (Fig. 1, E and F), albeit the telomeres were not as long in
the proband’s son, consistent with the known inheritance of short telomeres in offspring of
telomerase mutation carriers (32-34).

To examine the prevalence of mutations, we sequenced VAFZ in 25 additional genetically
uncharacterized cases with PF, alone or combined with emphysema. Among them, we
identified JH2, a woman with sporadic idiopathic PF and bone marrow failure, who carried a
heterozygous 2-bp deletion, also in exon 7, ¢.956_957delAA, which predicted a frameshift
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followed by a premature stop, K319Rfs*21 (Fig. 1, A and B). This second variant was also
absent from the public databases and from the controls that we sequenced (Fig. 1C).
Leukocyte telomere length was abnormally short in this patient (Fig. 1, E and F), and her
peripheral blood cells failed several transformations with Epstein-Barr virus, presumably
because of the severity of the telomere defect. Altogether, rare NAFI variants were detected
in 2 of 30 (7%) genetically uncharacterized PF-emphysema patients in our cohort.

A truncated NAF1 protein in mutation carriers

We examined the consequences of the frameshifts that we identified on protein stability.
NAF1 is a 494—-amino acid protein, and if the truncated proteins were stable, a 339- and
338-amino acid product would be seen in JH1 and JH2, respectively (Fig. 2A). Protein
lysates from patient-derived LCLs from JH1 and her sibling showed that there was nearly
half the level of full-length NAF1 compared to unrelated controls and to the relative who did
not carry the mutation. A lower—-molecularweight species that was only seen in mutation
carriers was also detected,; it corresponded to the predicted weight of the truncated protein
(Fig. 2B). To determine whether the frameshift mutations could give rise to a shortened
species, we expressed N-terminal Myc-tagged K319Rfs*21 and S3291fs*12 (hereon K319fs
and S329fs, respectively) under the control of a doxycycline-inducible cytomegalovirus
promoter at an isogenic locus in HeLa cells. In this system, we detected shortened NAF1
proteins that migrated at a molecular weight similar to the truncated species that we
observed in patient-derived cells and to the predicted product for K319fs, respectively (Fig.
2C). When overexpressed, these mutants did not compromise TR levels (85 and 100% of
control levels for K319fs and S329fs, respectively; 2= 0.7 for both), indicating that they did
not exert a dominant-negative effect. In contrast, short hairpin RNA (shRNA) knockdown of
the endogenousNAF1 decreased TR levels (Fig. 2, D to F). The decrease in overall TR was
independent of dyskerin because its levels were intact in LCLs from mutation carriers (Fig.
2B). These data suggested that NAF1 loss of function likely underlies the telomerase
insufficiency in the patients that we identified.

Disease-associated NAF1 alleles are functionally deleterious

To directly test the pathogenicity of the rare alleles, we compared their capacity to rescue TR
levels after NAF1 knockdown in HelLa cells (Fig. 2G). K319fs failed to rescue TR, but
S329fs was comparable to the wild-type allele in this system, suggesting that it had residual
function when overexpressed (Fig. 2H). To test the consequences of the S329fs allele on TR
stability at its endogenous levels, we used CRISPR (clustered regularly interspaced short
palindromic repeats)/Cas9 (CRISPR-associated 9) to knock in the mutation in pseudodiploid
HCT116 cells. A homozygous mutant clone, NAF15529%/5329f5 \yas derived, and it
expressed only the truncated NAF1 species (Fig. 2, | and J). This clone exhibited
significantly decreased TR levels (31 and 14% of control cells by gRT-PCR and Northern
blot, respectively; Fig. 2, K to I). Restoring full-length NAF1 by lentiviral complementary
DNA (cDNA) transduction partially rescued TR, consistent with a NAF1-dependent effect
on telomerase levels in these cells (fig. S3, A to C).
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NAF1 mutations impair nuclear localization

To understand how the mutant NAF1 proteins compromised TR, we examined the conserved
domains within the truncated regions. K319fs and S329fs fell near a bipartite, lysine-rich
NLS that is functionally conserved in yeast (Fig. 3A and fig. S4) (31, 35, 36). K319fs
disrupted the entire NLS, but S329fs interrupted only half the sequence (Fig. 3A).
Additionally, K319fs interrupted a highly conserved portion of the Garl homology domain
(Fig. 3A and fig. S4). To test whether the truncated NAF1 proteins were defective for
nuclear localization, we tracked the nuclear fraction of Myc-tagged proteins by
immunofluorescence in the modified HeLa cells after treatment with leptomycin B, a
blocker of nuclear export. Leptomycin B abolished the export of NAFIWT and it
accumulated in the nucleus, as expected (fig. S5A). In contrast, when four lysines,
previously linked to nuclear localization (36), were mutated to alanine (NAF14K>4A) there
was a greater fraction in the cytoplasm (Fig. 3, A to D). Similar toNAF14K>4A NAF1K319fs
andNAF15329% were both enriched in the cytoplasm (Fig. 3, C and D). The nuclear
localization defect was more pronounced for NAF1X319% consistent with our earlier results
showing that NAF15329fS s hypomorphic (Fig. 3, C and D; also see Fig. 2H). We also tested
whether a nuclear localization defect was present in NAF15329//532955 HCT116 cells and
documented a decreased NAF1 nuclear fraction by Western blot (mean, 44% of controls; 7=
5 experiments; range, 33 to 69%; £ = 0.002; representative gel in Fig. 3E). To assess the
functional relevance of these observations, we probed whether an exogenous NLS can
rescue the localization. We added an exogenous SV40-derived NLS sequence onto the N
terminus of each of the mutant proteins and found that the nuclear localization was restored
(Fig. 3, A to D). However, for NAF1%319, the exogenous NLS could not rescue TR levels
after shRNA knockdown, suggesting that the Garl homology domain altered in this mutant
protein is also required for TR stability (fig. S5, B and C).

Nafl is an essential gene

Because NAF1 has been implicated in the biogenesis of H/ACA RNAs beyond TR (27), we
sought to understand the molecular mechanism underlying the disease phenotype in NAF1
mutation carriers. We used CRISPR/Cas9 to disrupt the AafI gene in mice and identified a
founder with a heterozygous 322-bp deletion in exon 1 that predicted a null allele (Fig. 4A);
this mouse had half theNAF1 levels by Western blot (Fig. 4, B and C). Interbreeding these
Naf1*/~ mice yielded no homozygous null pups (>200 screened; 2 < 0.001, Fisher’s exact
test), and there were no null embryos detected between E8.5 and E12.5 (7= 32 screened; P
< 0.01). Because the 777/~ mouse is viable (37), these data were consistent with NAF1
having essential roles in RNA biogenesis beyond TR.

Naf1*/~ mice have half the levels of TR, but ribosomal RNA pseudouridylation is preserved

We next tested the consequences of NafZ heterozygosity on H/ACA RNA stability. As with
the human mutation carriers, we found that TR levels in Aaf1*/~ mice were decreased,
similar to 7/~ animals (61 and 44% of controls, by gqRT-PCR and Northern blot,
respectively; Fig. 4, D and E). Moreover, the levels of H/ACA small nucleolar RNAs
(snoRNAs) and a small Cajal body RNA were also reduced (mean, 63%; range, 46 to 74%;
Fig. 4F; P< 0.05 for three of the seven RNAs assayed). Because H/ACA snoRNAs guide
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ribosomal RNA (rRNA) pseudouridylation (38), we examined whether their decreased levels
affected their target rRNA site modification. We identified 107 pseudouridines (¥'s) by
homology to human rRNA sites (table S1) and comprehensively quantified their
pseudouridylation with the recently developed Pseudo-seq method (39). The aggregate ¥
signal across all the ¥'s detected in AMafZ*/~ mice was not significantly different from wild
type (96.7%; P= 0.2, unpaired ftest; Fig. 4G). Examining each individual rRNA site
revealed a similar Pseudo-seq signal in MafZ*/~ mice, well within the intragroup variability
of this high-resolution technique (mean NafI*~: Nafl*/* ratio, 0.95; Fig. 4, H and 1). To
determine whether there were physiologic consequences resulting from the decreased
H/ACA RNA levels, we examined first-generation NafZ*/~ mice for survival and skeletal
defects, weight loss, and cytopenias but found no evidence of pathology. Specifically, and in
contrast to mice with loss of function of ribosome genes (40), NVafZ*/~ mice had no
abnormalities in hematopoiesis and had intact function and histology of all their major
organs.

DISCUSSION

We report here that M/AFI loss-of-function mutations cause a short telomere syndrome that
manifests as PF-emphysema, as well as extrapulmonary telomere-mediated disease.
Although mutations in the core telomerase components, 7ERT and 7R, cause
haploinsufficiency and autosomal dominant disease (17, 33, 41, 42), mutations in other,
previously identified telomerase biogenesis factors have shown recessive inheritance (43—
45). NAF1 may thus beunique among the RNA biogenesis factors in that it is required at full
dosage for telomerase and telomere maintenance. Supporting this observation, a single-
nucleotide polymorphism (SNP) near the NAF1 locus is the only variant near a telomerase-
related gene to be identified in genome-wide association studies for telomere length, aside
from TERT and TR (46, 47). rs7675998, which falls 40 kb downstream of MAFZ, has an
effect size on telomere length similar to SNPs near 7TERT and 7R (46, 47). Our data suggest
that this SNP affects telomere length by compromising NAF1 levels. rs7675998 has also
been reported to be protective against melanoma (48), likely also by promoting telomere
shortening, which lowers melanoma risk (2). The exquisite sensitivity of telomere length
maintenance to NAF1 levels that we identified here in Mendelian short telomere syndromes
thus sheds light on the molecular basis of disorders with complex inheritance.

NAF1 functions to stabilize H/ACA RNAs, a family that includes more than 100 members.
Among them, snoRNAs are most common (49). Although we found that AafZ*/~ mice had
decreased H/ACA RNA levels, their targeting of rRNA modification was spared. In contrast,
haploinsufficiency for TR causes telomere shortening in late-generation 7/7*~mice (33, 50).
The intact phenotype of first-generation NVafZ*/~ mice, despite the decreased H/ACA RNA
levels, suggests that they behave similarly to early-generation 7/7*/~ mice. However, in stark
contrast to 7/~ mice, which are viable, we found that mammalian NAF1 is essential, likely
because of its conserved role in rRNA modification, as had been observed in yeast (30, 51,
52). Despite the decrease in H/ACA snoRNA levels, we found that ribosome
pseudouridylation in MafZ*/~ mice was intact. The basis underlying the selective sensitivity
to heterozygous loss of AAFI in telomere length maintenance may be explained by the low
abundance of TR relative to other H/ACA RNAs (for example, snoRNAs having 50-fold or

Sci Transl Med. Author manuscript; available in PMC 2017 August 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Stanley et al.

Page 7

higher levels). Factors other than absolute RNA levels may also play a role. For example, TR
may be specifically vulnerable to NAF1 loss because, in contrast to other box H/ACAs, it
has its own transcriptional regulation and is not protected by an intron lariat (53). Because
the natural histories of the patients that we studied were indistinguishable from those of 7R
mutation carriers and because early-generation NafZ*~mice have no evident pathology, our
data support the conclusion that MAFZ hapoloinsufficiency causes disease in a manner
dependent on telomerase.

The role of telomerase and telomere shortening in mediating lung disease has been studied
in animal models. Although telomerase insufficiency alone does not cause lung pathology,
telomerase-null mice with short telomeres develop emphysema when exposed to cigarette
smoke (8). The pathology has been linked to cumulative injury in epithelial cells that is
caused by additive genotoxic damage from cigarette smoke superimposed on telomere
dyfunction. When telomere dysfunction is induced in alveolar stem cells, they show
hallmarks of senescence, and the lungs show remodeling that manifests as an emphysema-
like phenotype associated with recruitment of an inflammatory response resembling that
seen in COPD (9). Our findings here, in the context of the published literature, highlight
how telomere shortening is a relevant mechanism for PF-emphysema susceptibility in a
subset of patients beyond those with mutations in the telomerase core components. It is thus
possible that efforts to reverse the telomere defect, or other regenerative approaches, will
influence the natural history of these progressive pathologies in patients with telomere-
mediated lung disease.

MATERIALS AND METHODS
Study design

The goal of this study was to discover novel genes that cause familial short telomere
syndromes. Probands with IPF-emphysema with pedigrees that show autosomal dominant
inheritance were stratified by TR levels, and genomic DNA was analyzed by whole-genome
sequencing and candidate gene examination. To test whether the identified variants caused
disease, their segregation with the short telomere phenotype and TR levels were examined,
and their frequency in healthy controls was queried. To understand the functional
consequences of mutations, a multispecies alignment was generated. The cellular and
molecular consequences of the mutations were studied in patient-derived LCLs, as well as in
an inducible HeLa system where mutants were knocked in at an isogenic locus. CRISPR/
Cas9 editing was used to introduce the mutations at the endogenous locus and study the
effect on TR stability. To model MAF1 loss of function at the organismal level, the Nafl
gene was disrupted in single-cell mouse zygotes with CRISPR/Cas9, and the clinical
phenotype was examined in blinded studies. To test the consequences of NafZ loss on
ribosome modification, we mapped mouse rRNA sites and performed Pseudo-seq to
quantify the pseudouridylation signal. All the immunofluorescence, Northern blotting, and
Pseudo-seq studies were performed blinded to genotype. All the studies were performed at a
minimum of triplicate. Other details regarding the replication of the data are included in the
respective figure legends.
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Subjects were recruited from 2007 to 2015 as part of the Johns Hopkins Telomere Syndrome
Registry. Entry criteria included familial PF-emphysema or familial/sporadic cases with
classic short telomere syndrome phenotypes and molecularly documented short telomere
length as described (12, 54, 55). Control DNA (7= 134) was obtained from the National
Disease Research Interchange from individuals who had no lung disease, and the donors
self-identified as being of European ancestry. Peripheral blood mononuclear cells were
transformed with Epstein-Barr virus as described (56). Among the 25 genetically
uncharacterized cases that were screened, 16 had familial PF, and 9 had sporadic PF-
emphysema with extrapulmonary telomere syndrome features. The study was approved by
the Johns Hopkins Medicine Institutional Review Board, and all the subjects gave written,
informed consent.

Telomere length measurement

Telomere length was measured by flow-FISH (57) in a Johns Hopkins Clinical Laboratory
Improvement Amendment—certified facility. The flow-FISH method includes extensive
controls, including MESF (molecules of equivalent soluble fluorochrome) beads, cow
thymocyte internal control, and standards on each plate prepared as described (57). The
facility’s intra-assay coefficient of variation (CV) among the three replicate samples had a
mean of 1.2 and 0.8%, and the inter-assay CV was 1.8 and 0.7% for lymphocytes and
granulocytes, respectively. Telomere data were plotted relative to a validated nomogram
derived from healthy controls (13, 18).

DNA extraction, next-generation sequencing, and variant filtering

Genomic DNA from peripheral blood was isolated using the PureGene Blood Core Kit
(Qiagen). For whole-genome sequencing, genomic DNA libraries were prepared without
amplification with the TruSeq DNA PCR-Free sample preparation kit (I1lumina). Short-read,
paired-end sequencing was carried out with the lllumina HiSeq 2000 platform. Reads were
aligned to the GRCh37 reference genome with the Illumina pipeline version 2.0.2. Average
depth of coverage was 45.1x, and 98.3% of the genomes were covered at >20x.

VCF (variant call format) files were annotated using ANNOVAR, and the data were filtered
on the basis of their predicted effect on protein sequence (nonsense, frameshift, missense,
and splice altering), as well as their minor allele frequency (<0.0001) in each of the
following publicly available sequencing databases: dbSNP build 129
(www.nchbi.nlm.nih.gov/SNP/), ESP6500 (http://evs.gs.washington.edu/EVS), and 1000
Genomes (http://browser.1000Genomes.org). These databases were last accessed 1 August
2015.

NAF1 sequencing

Genomic DNA was derived from peripheral blood except for a sample that was from
archived formalin-fixed paraffin-embedded (FFPE) tissue and another from dried blood
spots. To screen for MAFI mutations, we used a TruSeq Custom Amplicon panel (Illumina)
that included the coding NAFI sequence, as well as flanking intronic sequence as described
(3). In two cases, we analyzed the NAFZ sequence from existing exome data that were
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generated and analyzed using previously described methods (15). Sanger sequencing was
used to confirm variants and test for segregation in family members. The following primers
were used for amplification and sequencing of NAFZexon 7:5'-
GGCTGATTACTGGCCTGTGTTAA-3 (forward) and 5'-
CCTCCTGCTATGTAATGGCTCTAAA-3’ (reverse) (476 bp). For FFPE tissues, primer
sequences were modified to generate a smaller amplicon: 5'-
GCATAATAGGCTTATTTTCTTCACC-3” (forward) and 5’-
CAGAGAGAACCCAGATGTTTCCTTC-3" (reverse) (294 bp).

Mice were housed in the Johns Hopkins University School of Medicine East Baltimore
campus, and all procedures were approved by its Institutional Animal Care and Use
Committee. All strains were maintained on the C57BL/6J background. 7/%~and TR/~
mice were generated and maintained as described (37).

Generation of Nafl-null mice

TR gRT-PCR

Targeting the NafZ locus was performed using CRISPR/Cas9 (58). A synthetic single-guide
RNA (sgRNA) target sequence (5'-GGTCACCGGCCGGAACGCCG-3") was designed to
target exon 1 of NafZ (NC_000074.5) using the Optimized CRISPR Design tool (http://
crispr.mit.edu/). This oligonucleotide was cloned into a pX459 plasmid (gift from F. Zhang;
Addgene, no. 48139) (59) and appended with a T7 promoter. The sgRNA was in vitro
transcribed and purified. The sgRNA and Cas9 (TriLink BioTechnologies) were co-injected
into C57BL/6J zygotes (Johns Hopkins Transgenic Core). Pups (/7= 6) were screened for
locus editing by Sanger sequencing: 5'-GCTGCAGACGCTCAAGTTC-3” (forward) and
5 -AAAGGAAGCGGGAACTCCTA-3" (reverse) (838-bp wild-type allele). Mice were
subsequently genotyped using this primer pair.

Total RNA was extracted with the RNeasy Mini Kit (Qiagen) as recommended except that
deoxyribonuclease digestion was performed using twice the volume and for an extended
period of 1 hour. Random hexamer-primed cDNA was synthesized using the SuperScript 1
Reverse Transcriptase kit (Invitrogen). Quantitative PCR of hTR and mTR was carried out
as described (60, 61), respectively. Minor modifications included using freeze-thaw cycles to
lyse cell pellets in lysis buffer and homogenization of total mouse spleens using the Bullet
Blender (Next Advance). For each experiment, the side-by-side comparisons were made on
simultaneously prepared cDNA.

Immunoblotting studies

Immunoblotting was performed as described (60). Briefly, cultured cells were lysed using
radioimmunoprecipitation assay buffer supplemented with a protease inhibitor cocktail
(Roche). Proteins were resolved with SDS—polyacrylamide gel electrophoresis, and after
transfer to a nitrocellulose membrane were blocked in Odyssey blocking buffer (LI-COR).
The following primary antibodies were used: human NAF1 (rabbit, ab157106, 1:1000;
Abcam), mouse Nafl (rabbit, Nafl 394, 1:250; Prosci), Myc (mouse, clone 4A6, 1:1000;
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Millipore), human dyskerin (rabbit, sc-48794, 1:250; Santa Cruz Biotechnology), and green
fluorescent protein (mouse, 7.1 and 13.1, 1:1000; Roche) with loading controls actin
(mouse, ab8226, 1:2000; Abcam), tubulin (rabbit, ab6046, 1:5000; Abcam), PARP (rabbit,
95428, 1:1000; Cell Signaling Technology), or GAPDH (mouse, mAbcam9498, 1:1000;
Abcam). Secondary antibodies were conjugated to dyes IR680 or IR800 (donkey, 1:10,000;
LI-COR), and blots were visualized using an Odyssey scanner (LI-COR), with exception of
the mouse Nafl antibody that was visualized by horseradish peroxidase—linked antibody
(rabbit, 7074, 1:10,000; Cell Signaling Technology) and enhanced chemiluminescent
substrate (Thermo Scientific). Cell fractionation was performed using NE-PER Nuclear and
Cytoplasmic Extraction Reagents (Thermo Scientific).

Statistical analyses

Statistical comparisons were made with GraphPad Prism software, and all 2 values are two-
sided. Student’s ¢ttest was used for comparison of means, and Pvalues less than 0.05 were
considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Rare NAF1 variants segregate with short telomere disease phenotypesand low TR levels
(A) Pedigrees of cases identified in a Johns Hopkins—based Registry (JH1 and JH2) with

NAFI genotypes shown below the individuals sequenced. NLS, nuclear localization signal.
(B) Chromatograms of rare N/AF1 variants by Sanger sequencing. (C) MAF1 variants are
absent in public databases, as well as additional controls that we sequenced. dbSNP, Single
Nucleotide Polymorphism Database; ESP, Exome Sequencing Project. (D) TR levels by
gRT-PCR in LCLs with pedigree identifiers referring to (A). TR levels from DKCI mutation
carriers serve as a positive control, and the DKCZ missense mutations are annotated below.
Means are from three separate RNA isolations and experiments, and the error bars represent
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SEM. (E and F) Age-adjusted telomere length in lymphocytes and granulocytes,
respectively, measured by flow cytometry and fluorescence in situ hybridization (flow-
FISH), with pedigree identifiers corresponding to individuals in (A). The nomogram was
constructed from 192 healthy controls, and the calculated percentiles are labeled.
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Fig. 2. Disease-associated NAF1 mutations disturb TR stability
(A) Schema of NAF1 protein showing its conserved domains and predicted size of the

truncated proteins (NP_612395.2). AA, amino acid. (B) Western blot of NAF1 and dyskerin
in LCLs derived from unrelated controls and individuals from JH1 family. The “+” refers to
NAF1 S329fs heterozygous mutation carriers (1.111.1 and I.111.2), and “~" refers to a
noncarrier family member (1.1V.1). Pedigree identifiers refer to Fig. 1A. (C)Western blot for
Myc-tagged NAF1 at an isogenic doxycycline-inducible locus in HelLa cells. (D)
Immunoblot of NAF1 in Hel a cells after ShRNA knockdown (day 8 time point). (E and F)
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TR levels measured by gRT-PCR and Northern blot, respectively. Mean for gRT-PCR result
represents three independent experiments (= 0.001). (G) Immunoblot for NAF1 after
stable shRNA knockdown in HeLa cells with doxycycline induction of Myc-tagged NAFL1.
(H) TR levels measured by qRT-PCR after stable shRNA knockdown (48 hours after
induction). Mean shown is from three technical replicates. P value for shLuc versus shNAF
is <0.0001, for shNAF1 versus sShNAF1 + WT (wild type) is 0.0002, and for shNAF1 + WT
versus ShNAF1 + K319fs is 0.0003. (1) Chromatogram of homozygous c.984insA S329fs
disease-associated mutation knocked into the endogenous AM/AF1 locus of HCT116 cells
using CRISPR/Cas9. (J) NAF1 immunoblot on lysates from CRISPR/Cas9-edited HCT116
cells. (K and L) TR levels quantified by qRT-PCR and Northern blot, respectively. For (K),
mean reflects four independent RNA isolations and 2= 0.0001. Error bars represent SEM.
**P<0.01 and ***P< 0.001 (Student’s £test).
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Fig. 3. Mutant NAF1 lacksa C-terminal NLS

(A) NAF1 amino acid alignment within and flanking the NLS for disease-associated

mutations and those studied for nuclear localization by immunofluorescence are

additionally

shown. The four conserved lysine residues are indicated by dots above, and the bipartite
NLS sequences are underlined. (B) Western blot of Myc-tagged NAF1 in the HeLa

doxycycline-inducible system after 3-hour exposure to leptomycin B. (C)

Immunofluorescence images showing subcellular localization of Myc-tagged NAF1 (green).
Fluorophores in the three-color overlay are labeled to the left. Images were taken at x63
magnification (scale bar, 20 pm). DAPI, 4’,6-diamidino-2-phenylindole. (D) Quantification
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of the NAF1 cytoplasmic fraction represents the intensity of cytoplasmic anti-Myc staining
(defined by tubulin-positive area) relative to the nuclear staining (DAPI area). About 100
cells were quantified for each cell line, and mean values are shown with error bars
representing SEM. Analysis was performed blinded to genotype. (E)Western blot of total
(T), cytoplasmic (C), and nuclear (N) protein lysates of parental HCT116 and CRISPR/
Cas9-edited HCT116 cells. For the quantification shown below, the total and cytoplasmic
fractions were normalized to glyceraldehyde phosphate dehydrogenase (GAPDH), whereas
the nuclear fraction was normalized to poly(ADP-ribose) polymerase (PARP). ***P< 0.001
(Student’s ttest).
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Fig. 4. Naf1*/~ mice have low TR and snoRNA levels, but rRNA pseudouridylation isintact
(A) Schema of wild-type Naf1 locus and CRISPR/Cas9-induced 322-bp deletion (A322) in

exon 1. (B) Immunoblot of lysate from human embryonic kidney (HEK) 293FT cells
transfected with Myc-tagged Nafl cDNA-containing plasmid at shown concentrations.
Immunoblot for human NAF1 (hNAF1) and mouse NAF1 and Myc shows specificity of the
murine NAF1 antibody. (C) Immunoblot for NAF1 in adult skin fibroblasts. (D) TR
measured by gRT-PCR (total spleen RNA, /7= 3 mice per group) and normalized to
hypoxanthine-guanine phosphoribosyltransferase (Hprt). For Nafl*/* versus Nafl*/~
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comparison, 2= 0.03; for Naf1** versus mTR*/~ comparison, 2= 0.008. (E) Northern blot
for mTR (mouse TR) normalized to 5.8S. (F) H/ACA RNA levels measured by qRT-PCR (7
= 3 to 8 mice per group, total spleen RNA). Pvalues for the comparisons for Snora63,
Snora69, and Snora70 are 0.030, 0.048, and 0.036, respectively. (G) Average Pseudo-seq
signal for 82 detected rRNA ¥ positions and surrounding 51-nucleotide window are shown
in this metaPsi plot derived for Niaf1*/* (n= 4, blue) and NafI*/~ (n= 3, red) mice. The plot
includes seven lines in total. Mean values are shown in the left upper corner. (H) Scatter plot
of average Pseudo-seq signal ratio in Naf1*/* versus Naf1*/~ mice graphed for 82 sites in
three rRNA subunits. (1) Frequency distribution of Pseudo-seq signal ratio in Naf1*/~
compared with NafI*/* mice. Data are expressed as means + SEM. *P< 0.05 and **P<
0.01 (Student’s ttest).
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