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Abstract:

Human telomere biology disorders (TBD)/short telomere syndromes (STS) are heterogeneous disorders
caused by inherited loss-of-function mutations in telomere-associated genes. Here, we identify
three germline heterozygous missense variants in RPAI gene in four unrelated probands presenting
with short telomeres and varying clinical features of TBD/STS including bone marrow failure,
myelodysplastic syndrome, T- and B-cell lymphopenia, pulmonary fibrosis, or skin manifestations.
All variants cluster to DNA binding domain A of RPAl protein. RPAl is a single-strand DNA-binding
protein required for DNA replication and repair and involved in telomere maintenance. We showed

that RPA1E240K 5ng rpa1Ve2’a proteins exhibit increased binding to single-strand and telomeric DNA,

implying a gain in DNA-binding function while RPA1TZ70R pa5 binding properties similar to wild type
protein. To study the mutational effect in a cellular system, we used CRISPR/Cas9 to knock-in the

RPAIF240K myutation into healthy inducible pluripotent stem cells. This resulted in severe telomere
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shortening and impaired hematopoietic differentiation. Furthermore, in patient with RPA1E2MK, we
discovered somatic genetic rescue (SGR) in hematopoietic cells due to an acquired truncating cis
RPA] mutation or a uniparental isodisomy 17p with loss of mutant allele, coinciding with stabilized
blood counts. Using single-cell sequencing, the two SGR events were proven to be independently
acquired in hematopoietic stem cells. In summary, we describe the first human disease caused by
germline RPAI variants in individuals with TBD/STS.
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ABSTRACT

Human telomere biology disorders (TBD)/short telomere syndromes (STS) are heterogeneous disorders
caused by inherited loss-of-function mutations in telomere-associated genes. Here, we identify three
germline heterozygous missense variants in RPA1 gene in four unrelated probands presenting with short
telomeres and varying clinical features of TBD/STS including bone marrow failure, myelodysplastic
syndrome, T- and B-cell lymphopenia, pulmonary fibrosis, or skin manifestations. All variants cluster to
DNA binding domain A of RPA1 protein. RPA1 is a single-strand DNA-binding protein required for DNA
replication and repair and involved in telomere maintenance. We showed that RPA1%*% and RPA1Y#*"%
proteins exhibit increased binding to single-strand and telomeric DNA, implying a gain in DNA-binding
function while RPA1™® has binding properties similar to wild type protein. To study the mutational

E240K

effect in a cellular system, we used CRISPR/Cas9 to knock-in the RPA1 mutation into healthy

inducible pluripotent stem cells. This resulted in severe telomere shortening and impaired

hematopoietic differentiation. Furthermore, in patient with RPA15*%

, we discovered somatic genetic
rescue (SGR) in hematopoietic cells due to an acquired truncating cis RPA1 mutation or a uniparental
isodisomy 17p with loss of mutant allele, coinciding with stabilized blood counts. Using single-cell
sequencing, the two SGR events were proven to be independently acquired in hematopoietic stem cells.
In summary, we describe the first human disease caused by germline RPA1 variants in individuals with

TBD/STS.
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INTRODUCTION

Telomeres are complex structures made up of repetitive DNA sequences associated with specialized
proteins found at natural ends of linear chromosomes in all mammals. The hallmark function of
telomeres is to protect chromosomal ends from degradation and inappropriate recombination, and
activation of the DNA damage response’. In the absence of telomere-associated proteins, chromosomal
ends undergo premature attrition with pathological consequence of telomere biology disorders (TBD),
also referred to as short telomere syndromes (STS) or dyskeratosis congenita. TBD/STS are hereditary
disorders that manifest on a wide phenotypic and age spectrum because of genetic heterogeneity and
variable expressivity. TBD/STS associated features include bone marrow failure (BMF), pulmonary and
liver fibrosis, mucocutaneous fragility, and predisposition to myelodysplastic syndromes (MDS) and
cancer”®. Monoallelic or biallelic inactivation in 14 genes that code for telomerase holoenzyme,
shelterin complex, telomere capping machinery, and accessory telomere processes, have been identified
to cause TBD/STS*®. However, an estimated 30% of individuals with TBD/STS do not have a genetic

resolve, which obscures timely diagnosis and clinical management?®.

Replication Protein A (RPA) is a ubiquitous, single-strand (ss) DNA binding protein that exists as a
heterotrimer complex composed of RPA1, RPA2 and RPA3 in eukaryotes’. RPA is essential for DNA
replication and repair. It binds all ssDNA sequences with high affinity to provide nuclease protection,
prevent hairpin formation and recruit numerous proteins to facilitate ssDNA processing and repair.
Importantly, RPA is involved in several DNA damage signaling and repair pathways including nucleotide
excision repair, base excision repair, mismatch repair, and double strand break repairg'n. RPA1, the
largest subunit of RPA, harbors four DNA binding domains (DBD, -F, -A, -B, -C) of which DBD-A and DBD-

12,13

B are important for high affinity ssDNA binding and facilitating protein-protein interactions . Despite

no clear association with human disease, the ubiquitous involvement of RPA1 in genome integrity and
the demonstrated overexpression in some cancers***’ has driven research efforts to understand its
functions. Thus far, only loss-of-function (LOF) RPA1 alleles have been identified through mutagenic

screens in eukaryotic systems'®*°. Disrupted DNA repair and chromosomal rearrangements were shown

18-20

in yeast and human cell lines while genomic instability and tumorigenesis were demonstrated in

21,22

mice“"“. Studies in yeast revealed that RPA complex binds to telomeric regions during S-phase and

unfolds G-quadruplex (G4) secondary DNA structures enriched at telomeres®?%. Furthermore, RPA1

24,25,27,29-32

mutants were associated with telomere shortening in yeast models and cell lines . However,

the mechanism of how RPA1 genetic disruption affects telomere length is not well understood.
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RPA1 mutations have not yet been reported in human syndromes. Here, we describe three germline

heterozygous missense variants in RPA1 in four unrelated individuals with short telomeres and
phenotypes seen in TBD/STS, including hematologic, pulmonary, and skin manifestations. Biochemical
studies revealed that these mutants have core DNA-binding domains with elevated affinity, pointing to a
unique gain-of-function (GOF) effect for at least two of the mutants studied, while cellular studies show
defective hematopoiesis with telomere shortening in RPAI-mutated iPSCs. Finally, we found
independent acquired somatic rescue events in one patient, resulting in inactivation of the germline

RPA1 mutation.

1202 JaquianoN ¢} uo 3sanb Aq ypd 0861 101202 POOIA/90ESESL/086 L L0L.Z0Z POOIA/Z8 | L 0L /10p/spd-8jo1e/poo|q /B0 suonealgndyse;/:dny woly papeojumod



115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147

Sharma et al, 2021 RPAL in human disease

MATERIAL AND METHODS

Patient cohort

This study was approved by the institutional review boards of the respective institutions (St. Jude
Children’s Hospital, INSIGHT-HD; University of Freiburg, CPMP/ICH/135/95 and 430/16; Baylor College of
Medicine, H-34433; HUPNVS, Paris 7 University, AP-HP, IRB 00006477). Written informed consent was
obtained from patients or guardians. Patient 1 (P1) and patient 2 (P2) were enrolled in the observational
study of the European Working Group for MDS in Childhood (EWOG-MDS, (NCT00662090). Patient (P3)
had an institutional diagnosis of idiopathic pulmonary fibrosis (IPF) and was enrolled at Paris 7
University, AP-HP, IRB 00006477. Patient 4 (P4) was enrolled in Undiagnosed Disease Network (UDN)
(NIH IRB 15HGO0130). Peripheral blood, bone marrow, fibroblasts, and hair follicles were collected from

patients and family members when available.

Whole exome sequencing

Whole exome sequencing (WES) was performed on the genomic DNA of bone marrow and peripheral
blood cells of P1-P4 and family members (P1: parents and unaffected brother, P2: parents and
unaffected sister, P4: parents). Standard WES sequencing and analytic approaches were applied. In
detail, TruSeq DNA Exome kit (lllumina, cat no. 20020615), SureSelect V5 (Agilent, cat no. 5190-6209),
and Human Comprehensive Exome (TWIST Biosciences) were used for enrichment and library
preparation according to the manufacturers’ instructions. The generated libraries were sequenced on
the Illumina HiSeq 2500 with 150-bp paired-end reads and average 50-100x coverage. After
demultiplexing, the FASTQ files were trimmed for adapter sequences and mapped either to
GRCh38/hg38 (P1_quartet) or GRCh37/hg19 (P2_quartet, P3, P4_trio) using BWA MEM (v0.7.15). The
mapping data from P1_trio, P2_quartet, and P3 were post-processed-according to GATK best practices
(GATK v4.1.7; SAMtools and PICARD v 2.23.0), and variant calling (single nucleotide variants and short
insertions/deletions) was performed by applying GATK Haplotypecaller v4 for P1_trio and P3, and
DeepVariant (v1.1.0; ES mode) for P2_quartet. The called variants were then annotated using ANNOVAR
for P1_trio and variant effector predictor (VEP, v100) for P2 _quartet. While for P3, the variants
annotation and filtering process was performed using the Polyweb software interface of the
Bioinformatic department of Imagine Institute, Paris. Finally, for P4 _trio, the mapping, processing,
variant calling, annotation, and filtering was achieved using the Baylor College of Medicine institutional
pipeline®. After mapping, variant calling and annotation, we used a single stringent filtering approach to

establish a list of rare candidate variants fulfilling the following criteria: 1) minor allelic frequency (MAF)
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below 0.01% in gnomAD population database, 2) minimum 6 altered forward and reverse reads, 3)

exonic non-synonymous variant effect, and 4) CADD score greater than 20. Altogether, this resulted in

the discovery of RPA1 variants reported in this study.

Single-cell DNA and protein sequencing

Single-cell DNA sequencing (scDNAseq) of bone marrow (BM) cells was performed using a custom
targeted panel on the Tapestri platform (MissionBio). Briefly, a set of amplicons including RPA1 variants
found in P1 (germline ¢.718G>A, chr17:1782314:G>A and somatic c.1735G>T, RPA1l:chr17:1798378:G>T)
were amplified as previously reported®, and outlined in detail in the supplement. In addition, we used
oligonucleotide-conjugated antibodies targeting CD3, CD11b, CD19, CD34, CD38, CD45RA, and CD90 cell

surface proteins.

Data availability
Python-based Mosaic package for analysis of scDNA sequencing is available at GitHub

(https://github.com/MissionBio/mosaic). Raw datasets of whole exome sequencing and scDNAseq have

been deposited at the European Genome-Phenome Archive (EGA, http://www.ebi.ac.uk/ega/) hosted by

the European Bioinformatics Institute under accession numbers EGAS00001005761 (WES) and

EGAS00001005762 (single cell DNA sequencing and cell-surface protein analysis).

Additional methods are outlined in detail in the supplement: telomere length assessment (Q-FISH,
Southern blot, Flow-FISH, TeSLA); biochemical studies of RPA variants (expression, purification, férster
resonance energy transfer (FRET)); iPSC model (CRISPR/Cas9 targeted mutagenesis, quality assessment,
hematopoietic differentiation, cytospins, protein expression, irradiation and assessment of DNA
damage, flow cytometry); genomics (deep sequencing, bone marrow derived single colony sequencing,
RNA sequencing, RPA1 allelic quantification, digital droplet PCR, SNP arrays, haplotype phasing and

quantification of uniparental isodisomy, Sanger sequencing); and statistics.
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RESULTS

Heterogenous clinical manifestations of TBD/STS unified by short telomeres in the study cohort

In the process of identifying new genetic causes of Mendelian disorders, we compiled an international
cohort of four patients with phenotype consistent with TBD/STS and yet unidentified genetic cause
(Table 1, Fig. 1A). All patients’ medical records and evaluations underwent central review and had
negative workup for inherited BMF syndromes and TBD/STS associated genes. Unbiased WES found
three germline heterozygous missense variant alleles in RPA1 (NM_002945.5) as the most plausible
candidates in our patient cohort (Table 1, Fig. 1A). De novo RPA1 c.718G>A, p.E240K and c.808A>G,
p.T270A occur in P1 and P4, respectively and are previously unreported in population or disease
databases. RPA1 c.680T>C, p.V227A variant found in P2 and P3 occurs at ultra-low frequency in control
populations (Table 1). P2 father and sister are carriers without history of hematologic manifestations
(clinical workup declined) and P3 family members were not available for evaluation. We did not identify
other de novo variants in genes involved in hematopoiesis, telomere homeostasis, or cancer that would
be compatible with the observed phenotypes. All de novo variants in P1, P2, and P4 are shown in
Supplemental Table 1. RPA1 is located on chromosome 17p13.3 and has 17 coding exons coding for a
70kDa protein that is expressed in all tissues (Fig. 1B, top panel). The three RPA1 variants cluster to DNA
binding domain A (DBD-A) of RPA1 protein (Fig. 1B, bottom panel) and are near ssDNA binding grooves
(Supplemental Fig. 1A). These variants affect semi to highly conserved nucleotides (Supplemental Fig.

1B) with resulting amino acid substitutions predicted as likely deleterious (Table 1).

Our patient cohort had a broad spectrum of clinical presentation and age of onset. P1 presented at age
10 years with pancytopenia, hypoplastic BM (Fig. 1C) and history of congenital eye anomaly requiring
enucleation as an infant (Table 1). She further developed classic dyskeratosis congenita associated
mucocutaneous triad during adolescence (Fig. 1C). However, her clinical course was atypical due to
stabilization of blood counts and mucocutaneous features (Fig. 1C) without intervention over 18 years.
P2, with pre-existing facial dysmorphisms (Table 1), was diagnosed at 13 years of age with MDS with
excess blasts (Fig. 1C) and somatic NRAS c.35G>A, p.G12D mutation at 37% allelic frequency. Mild
restriction was noted on pulmonary function testing prior to receiving myeloablative allogeneic
hematopoietic stem cell transplantation (HSCT). Short-term complications of HSCT included severe skin
and liver graft versus host disease (GVHD) with development of necrotizing pneumonitis with extensive
cavitation (Fig. 1C) secondary to multifactorial cause including pulmonary GVHD, infections (nocardia
pneumonitis, pulmonary aspergillosis) and pulmonary fibrosis at 8 months post-HSCT. Patient passed

away 11 months post-HSCT of multi-organ failure in setting of subarachnoid hemorrhage and intractable
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chronic GVHD. P3 had early hair graying and adult-onset IPF that progressed in her 5™ decade of life

(Table 1, Fig. 1C). Two siblings of P3 were also diagnosed with IPF but genetic studies to segregate RPA1
mutation were not possible due to death caused by IPF-related complications (Supplemental Fig. 2). P4
presented at birth with prematurity, failure to thrive and low T-cell receptor excision circles, triggering
further workup that was significant for T- and B-cell lymphopenia and severe hypogammaglobulinemia
requiring chronic replacement therapy (Supplemental Table 2). Due to clinical features consistent with
TBD/STS disease spectrum, we assessed telomere length in all patients using different standard
approaches depending on specimen availability. P1 and P4 had decreased telomere length in peripheral
blood lymphocytes compared to age-matched controls (Fig. 1D) using flow FISH*®. Specifically, P1 had
telomere length < 1* percentile measured at two time points three years apart while P4 telomere length
decreased to <1*" percentile from 5t percentile over 1.5 years. Telomere restriction fragment (TRF)
analysis on DNA from peripheral blood of P2 and P3 revealed short telomeres in P2 compared to family
members, as well as, in P3 compared to age-matched healthy control (Fig. 1E). To gain further
resolution, TeSLA assay was performed in blood DNA, showing higher proportion of telomeres less than
1 kilobase (kb) in P2 and P3 (Supplemental Fig. 3A-B), consistent with increased frequency of very short

telomeres.

Germline RPA1 variants exhibit increased binding to ssDNA and telomeric DNA

To assess the effects of human RPA1 variants on RPA heterotrimer formation and function (Fig. 2A), we
expressed and purified RPA heterotrimers with wild type RPA1 (RPA"') and mutant V227A (RPAY?A),
E240K (RPA™*™) and T270A (RPA™®) proteins (Supplemental Fig. 4A). All proteins did form
heterotrimers and bound ssDNA with high affinity in a FRET based DNA-binding assay using Cy3/Cy5-
labeled dT30 ssDNA (Fig. 2B). All three mutant proteins appear to form an altered complex with ssDNA.
Each saturates dT30 ssDNA at a lower stoichiometry than wild type: the binding ratio was 2.2 for RPA"",
1.3 for RPAY**"%, 1.1 for RPA™**, and 1.6 for RPA™’* (Fig. 2B, Supplemental Table 3). We next examined
RPA binding to dT15, which only interacts with DBD-A and DBD-B of RPA1. Compared to RPAY', RPAY?*"*
and RPA®** displayed a two-fold and eight-fold higher affinity, respectively, while RPA™® had a
marginally higher (1.3-fold) binding (Fig. 2C, Supplemental Table 3). When assessing for binding to 15-
mer human telomeric sequence (TTAGGG),TTA, RPAY?’A and RPA®™** had increased binding affinity
while RPA™® had no effect compared to RPAY' (Fig. 2D, Supplemental Table 3). Next, we examined the
kinetics of the telomeric G-quadruplexes (h-telG4) melting (Fig. 2E and 2F, Supplemental Fig. 4B-E,
Supplemental Table 3). RPA™*° and RPAY?*"* showed a greater extent (Fig. 2E) and rate of melting of h-

telG4 sequences (Fig. 2F) versus RPAVT, especially at sub-saturating protein concentrations. We
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conclude that all three mutants have a high affinity for DNA and RPAY*?* and RPA®***™ exert a higher

affinity and telomere unfolding capacity than RPA".

RPA1%*® mutation results in premature telomere shortening and abnormal hematopoiesis in an iPSC
model

To understand the effect of RPA1 variants on telomere length regulation and hematopoiesis (Fig. 3A),
we used CRISPR/Cas9-mediated mutagenesis to introduce homozygous E240K variant (denoted as
RPA1%**) into the endogenous RPA1 locus of a healthy female donor iPSC line (RPAI™T). RPA1 whole
gene sequencing and Sanger analysis (Fig. 3A) confirmed on-target mutagenesis. RPAI"" and RPA1®**
iPSC lines had similar RPA1 protein expression (Fig. 3B), normal karyotype (Supplemental Fig. 5A) and
intact pluripotency (Supplemental Fig. 5B). Given the role of RPA1 in replication and DNA repair, we
assessed baseline cell cycle and activation of DNA damage response to irradiation, which showed similar
cell cycle profiles and y-H2AX signaling in both RPA1"" and RPA15**% iPSCs (Supplemental Fig. 6A-B). We
then measured telomere length using Q-FISH (Fig. 3C, Supplemental Fig. 6C) and TRF (Supplemental Fig.
6D), which revealed significantly shorter telomeres in RPA1**® compared to RPAI""iPSC independent
of cell passage. Significant telomere length reduction was also observed in RPA1%*** iPSC-derived HP
(Fig. 3D). To assess whether RPA1%% affects hematopoiesis and whether RPA1%**** iPSC model could
faithfully recapitulate P1 phenotype of pancytopenia, we evaluated iPSC-derived hematopoietic
differentiation with flow cytometric enumeration of cell subsets (Supplemental Fig. 7). Consistent with
reduced hematopoietic potential, RPA15*® iPSC yielded lower percentage of cells with CD43*CD45"
hematopoietic phenotype compared to RPAI"" (Fig. 3E). Differentiation of HP cells (CD34'CD43") to
terminal lineages was also compromised. Specifically, RPAI*** produced significantly less CD71'CD235"
erythroid (Fig. 3F) and CD45'CD18°CD11b" myeloid populations (Fig. 3G) with cytological evidence of
scarce orthochromatic proerythroblasts (Supplemental Fig. 8A-B) and large macrophage-like cells,

respectively (Supplemental Fig. 8C-D).

Somatic inactivation of germline RPA1 mutation results in benign clonal hematopoiesis with long-term
potential

The atypical clinical course in P1 with stable blood counts over two decades (Fig. 4A) without
progression of leukoplakia (Fig. 1C) and telomere shortening (Fig. 1D) led us to examine patient
specimens for potential rescue mechanisms. We found that allelic frequency of RPA1 ¢.718G>A, p.E240K
variant is reduced in BM (27%) compared to fibroblast DNA (50%) (Fig. 4B). Two somatic events were
identified in BM: a second-site truncating (stop-gain) RPA1 mutation c.1735G>T, p.K579* at 10% allelic
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frequency (Fig. 4B) and a uniparental isodisomy of chromosome 17p (UPD17p) (Fig. 4C). To understand
the mechanism of these rescue events, we first confirmed the stop-gain ¢.1735G>T mutation to be in cis
with germline c.718G>A allele (Fig. 4D, Supplemental Fig. 9). Bulk RNA sequencing of BM cells revealed
total loss of the somatic mutation concurrent with reduction of germline variant to 13% (Fig. 4B).
Ultradeep RNA sequencing performed to accurately quantify these mutations confirmed nearly absent
expression (0.8%) of somatic c.1735G>T substitution (Fig. 4E). To assess whether the two mosaic events
were sustained over time, we performed serial SNP-array and deep sequencing of hematopoietic cells.
We also demonstrated a significant expansion of UPD17p clone over 15 years (Fig. 4C) which
corresponds to the declining germline c.718G>A allele on serial BM evaluations (Fig. 4F). In addition, we
observed an independent increase in clonal burden of somatic ¢.1735G>T, p.K579* mutation over time

(Fig. 4F).

Analysis of clonality at single-cell resolution identifies mutually exclusive rescue events that arise in
early hematopoiesis

To dissect the clonal architecture at single cell level, we interrogated P1 BM using scDNAseq. Three
clones with unique RPA1 allelic patterns were detected at age 13 years: heterozygous c.718G>A (native
state hematopoiesis), homozygous wild type (rescue clone 1 with UPD17p), and heterozygous c.718G>A
with concurrent somatic c.1735G>T (rescue clone 2 with stop-gain mutation) (Fig. 4G). This clonal
pattern was confirmed in hematopoietic progenitor colonies derived from BM (Supplemental Fig. 10A).
Clonal trajectories assessed over 4 years demonstrated minor expansion of rescue clone 2 at the
expense of native hematopoiesis (Fig. 4G). Finally, we investigated clonal origins within hematopoietic
hierarchy by using barcoded antibodies in the same reaction to track surface markers on single cell level.
Both rescue clones were found within hematopoietic stem and progenitor cells (HSPC) characterized by
the expression of CD34, CD90, and CD38 (Fig. 4H). In addition, compared to native hematopoiesis, these
clones were enriched in CD11b" myeloid and CD19" B-cells but markedly reduced in CD3" T-lymphocytes
(Fig. 4H). Similar skewing of UPD17p lesion towards myeloid lineage was observed comparing SNP arrays
results in bulk granulocytes versus lymphocytes (Supplemental Fig. 10B). The enrichment of both
somatic clones in CD11" and CD19" cells with a near absence of rescue hematopoiesis in T-lymphocytes
(Fig. 4H) is likely due to their long lifespan compared to short-lived myeloid and B-cell lineages. Of note,

no malignant somatic alterations (i.e. CHIP mutations) were found using WES in BM after diagnosis.
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DISCUSSION

It was not until the late 20th century that DKC1 was identified as the first gene to cause dyskeratosis
congenita, a syndrome described in 1910 with features of nail dystrophy, oral leukoplakia and skin
pigmentation anomalies®. Since then, an increasing number of genes involved in telomere homeostasis
have been associated with classical phenotypes of TBD/STS which include BMF and mucocutaneous
triad, but also manifestations such as isolated pulmonary fibrosis. Our study expands the genetic
spectrum of this entity by describing three germline RPA1 variants clustering to DBD-A to be associated
with a novel Mendelian disorder that clinically resembles a TBD/STS with short telomeres. Consistent
with the variable expressivity and penetrance observed in TBD/STS, the four affected individuals
developed a wide range of disease features at various ages with the common denominator of telomere
shortening. Constitutional manifestations included facial and eye anomalies present in two patients,
pulmonary disease in two, and a classic mucocutaneous triad in one. Hematopoietic system was
affected in three patients who had BMF, MDS, T- and B-cell lymphopenia and hypogammaglobulinemia.
Only one patient (P3) did not have abnormal blood counts, thereby not prompting further marrow
analysis. Similar to other TBD/STS manifestations reported in literature®, it is possible that this patient’s
disease had slow progression in hematopoietic system while resulting in premature aging in the lungs

manifesting as pulmonary fibrosis.

The well-established role of RPA1 in telomere maintenance using mammalian and non-mammalian
model systems predated our discovery of germline RPA1 mutations in patients with TBD/STS and short
telomeres. Historically, many S. cerevisiae rfal (RPA1 paralog) mutants demonstrated increased
sensitivity from DNA damage, defective checkpoints, and gross chromosomal aberrations owing to RPA1

18,19,38

function in DNA replication and repair . Smith et al. first showed the presence of RPA at the

telomeric ends maximally during S phase, as well as, telomere shortening in a synergistic yku70-rfal-
D228Y S. cerevisiae model®®. rfa1-D228Y was then modeled in S. pombe (paralog is rad11-D223Y), which
confirmed sensitivity to UV and y-irradiation and exhibited reduced telomere length, suggesting that
RPA is directly involved in telomere maintenance®?. Follow up studies further supported the role of RPA1

in telomere biology by demonstrating RPA1 ability to bind and unfold telomeric G-quadruplexes®®?%*?,

%% 3nd preventing accumulation of

regulate telomerase and telomerase access to chromosomal ends
single strand telomeric DNA in alternative lengthening of telomeres (ALT) positive cells®. Furthermore,
rad11-D223Y in S. pombe, corresponding to human RPA1 D228Y, was shown to reduce binding affinity

25-27

for telomeric ssDNA and G4 quadruplexes, resulting in telomere shortening™ . Overall, multiple studies

have established the role of RPA1 in telomere biology.
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Unlike the previously studied variants, all patient RPA1 mutant proteins exhibit enhanced binding to
ssDNA. Furthermore, RPA1Y**™* and RPA1*** harbor increased binding affinity to telomeric sequences

and a greater rate and extent of melting of G-quadruplexes whereas RPA1™"*

mutant was equivocal to
RPA1™. Binding of RPA to DNA is dynamic and regulates loading of other essential proteins on ssDNA. It
is plausible that GOF RPA1Y**"* and RPA1***™ mutations alter the access between chromosomal ends
and telomere maintenance machinery such as shelterin or telomerase complex and/or challenge the
RPA-to-POT1 switch and POT1 capping function, ultimately leaving telomeric ends vulnerable to
telomere degrading transactions*’. Additionally, specific point mutations might affect interactions of
RPA1 with other proteins, which could explain why RPA1™°* behaves different than other RPA1

mutants in binding to telomere sequences. The molecular mechanism by which RPA1 exerts telomere

maintenance is highly complex and remains elusive, requiring further investigation.

To directly examine whether a single amino acid exchange in RPA1 can be deleterious to eukaryotic

E240K

cells, we modeled RPA1 variant in an iPSC model derived from a healthy donor. We deliberately

chose to introduce patient RPA1F*%

mutation into a healthy donor iPSC cell line instead of generating
patient derived iPSCs to eliminate the confounding effect of other unknown patient-specific mutations.
The rationale for establishing a homozygous knock-in was to avoid the development of rescue events
found in P1 and to exaggerate the biological phenotype for a gene variant that is associated with a late-
onset disease. We were able to recapitulate the biological phenotype of significant telomere shortening
in RPA1¥% ipsc, as well as iPSC-derived hematopoiesis. Finally, we demonstrated that RPA1E%K
mutation resulted in reduced capacity to generate iPSC-derived HP and decreased erythroid/myeloid
differentiation. This is in line with other reported iPSC short telomere disease models where

hematopoietic insufficiency has been observed®.

Stereotypic dyskeratosis congenita shows a progressive course with BMF leading to severe cytopenias
over time®. Remarkably, over 18 years, P1 followed an atypical course for TBD/STS marked by
stabilization of hematological features. Using this thread, we unraveled the unique propensity of

E240K

germline RPA1 mutation to facilitate the development of two independent somatic genetic escape
lesions in P1. These were a second-site truncating RPAI1 mutation causing degradation of germline
mutant RNA and a UPD17p recombination resulting in replacement of germline variant with a wild type
allele. It seems that these mosaic events can expand and outcompete the native state RPA1-mutated

hematopoiesis without signs of exhaustion or malignant transformation. Somatic genetic rescue in
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hematopoiesis has been described in TBD/STS genes such as TERC, TERT, TINF2, and DKC1, which arise in

43-48

response to LOF mutations™ . The novelty of our finding lies in the identification of somatic rescue

arising in response to a GOF RPA1F24%

mutation, a known phenomenon recently described in patients
with GOF mutations in SAMD9/SAMDOL genes***!. Additionally, we observed improvement of oral
leukoplakia in P1 over time. One can speculate that mucosal tissue in this patient also underwent
somatic reversion, given that somatic mosaicism has been recently shown to be common in healthy

human tissues>.

Our study does have potential limitations that should be noted. Firstly, due to the small size of our
cohort, we are unable to characterize the full phenotypic spectrum associated with RPA1 mutations.
Secondly, telomere length was measured either by flow-FISH or TRF Southern blot, which was inherent
to our patient cohort, presenting in four countries at different ages to unique providers with different
strategies for sample banking. Although outside the scope of this study, further research efforts are
required to understand the exact mechanism of how RPA1 mutations cause telomere shortening, how

RPA regulates telomere length, and how this compares to other telomere associated genes®>**.

In summary, we identify RPAI mutations to be associated with telomere shortening in humans, which
calls for careful consideration of RPA1 missense variants in the workup of patients with TBD/STS

V227A that is associated

phenotypes. Germline RPA1 variants can either be permissive, as seen with RPA1
with reduced penetrance or severely “hematotoxic” leading to somatic inactivation, as observed with
RPA1%*% We speculate that germline RPA1 alterations may be more common in human disease, given
that somatic RPA1 mutations occur in ~1% of cancers®. Additional efforts are needed to not only find

further pathogenic RPA1 variants but to also elucidate the role of RPA1 in human telomere biology.
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Patient features Germline mutation Disease features
Age VAF%
Patient | Gender |of onset RPA1 status Exon (TD)o Population databases CADD Hematopoietic Other Recent status
(years)
€.718G>A, p.E240K 23.3 Mucocutaneous triad No interventions
P1 F 10 ' v P- 9 24%" (58) absent ’ Refractory cytopenia of childhood ) « | Stable blood counts
de novo Congenital eye anomaly
at age 28 years
Myelodysplastic HSCT
P2 F 13 51% (118) gnomADv3.1: . yndror&:ugwith Mild restrictive lung disease| Death at age 14 years
° 76078 genomes \:excess blasts Facial dysmorphism** (GVHD, infection,
(1/152156 alleles) 26.9 pulmonary fibrosis)
¢.680T>C, p.V227A 8 !
TOPMed freeze 8: BM not ined Familial oul Progression of
P3 F 58 53% (49) 132345 genomes Cfl‘;é :;‘:‘r;“a':‘e amlf ill:r gst:ST*o*nary pulmonary fibrosis
(2/264690 alleles) on antifibrotics
BM not examined IgG replacement
P4 F birth C.808A>G, p.T270A 10 41% (51) absent 209 Low TRECs Prematurity Stable CBC at age 3
de novo Lymphopenia (33 weeks)
- . years
Hypogammaglobulinemia

Table 1: Genomic and clinical features of patients with germline heterozygous RPA1 variants. F, female; TD, total depth; gnomAD v3.1 and TOPMed
Bravo freeze 8 population databases with population genome sequencing data; CADD, combined annotation dependent depletion, pathogenicity
threshold of 15; DANN, deleterious annotation of genetic variants using neural networks, range of 0 to 1 with higher values with greater probability of
being damaging; BM, bone marrow; CBC, complete blood count; TRECs, T-cell receptor excision circles; HSCT, hematopoietic stem cell transplantation;
GVHD, graft versus host disease.
# Confirmed germline in fibroblasts, decreased VAF is due to UPD in blood cells; *Congenital persistent hyperplastic primary vitreous of the left eye
requiring enucleation; **Bilateral blepharophimosis, epicanthus inversus, eyelid ptosis, and thick eyebrows with high arch found in P2 and carrier father;

* k%

Pulmonary fibrosis

diagnosed

in two sisters

of P3

(Supplemental
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NM_002945.5 was
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FIGURE LEGENDS

Figure 1. Clinical characteristics of patients with identified RPA1 variants. (A) Germline RPA1 variants
identified in four pedigrees using exome sequencing. Black filled, open dotted and open symbols denote
affected individuals with heterozygous (het) RPA1 mutations, unaffected carriers, and unaffected family
members without mutations, respectively. (B) Top panel: Schematic of the RPA1 gene with 17 coding
exons illustrated as black lines and untranslated regions shown in red (NM_002945.5). The three unique
patient variants are located on exons 8, 9 and 10. Bottom panel: Human RPA1 protein illustration with
four oligonucleotide/oligosaccharide-binding (OB) fold domains F, A, B, and C with amino acid
boundaries shown below. OB folds A, B and C are single strand (ss) DNA binding domains. Red arrows
indicate location of 3 RPA1 missense alterations. (C) Bone marrow (BM) findings in patient cohort (top
panel): P1 BM aspirate smears (Wright-Giemsa staining) at time of clinical presentation at age 10 years
showing marked reduction in cell content with hypoplasia of all lineages (left image) and megaloblastic
maturation of erythroid precursors (middle image). P2 BM infiltrated with myeloblasts (right image)
consistent with myelodysplastic syndrome with excess blasts. Pulmonary findings by chest computed
tomography (CT) in patient cohort (middle panel): P2 chest CT (left image) during hospitalization
demonstrating necrotizing pneumonitis with diffuse ground-glass opacities and large air-filled cavities
with differential diagnosis including pulmonary GVHD, opportunistic infection(s), pulmonary fibrosis, or
a combination of the above conditions. P3 presented at age 58 years with cough and exertional dyspnea
with chest CT (middle image) findings showing intralobular reticulations with traction bronchiectasis and
mild honeycombing, with left asymmetric and basal, subpleural predominance. At 61 years, P3 chest CT
(right image) showed significant progression of asymmetric lung fibrosis with left predominance and
massive basal honeycombing. Mucocutaneous abnormalities in P1 (bottom panel): oral leukoplakia at 19
years of age (top left image) with mild improvement at 25 years of age (top right image), nail dystrophy
(bottom left image) and reticular skin pigmentation on the ventral neck (bottom right image). (D)
Telomere length analysis by flow cytometry-based-fluorescence in-situ hybridization (flow-FISH) was
carried out in lymphocytes of P1 (red circles) and P4 (blue circles). P1 telomere length is less than 1%
percentile at 24 and 27 years of age (red circles). P4 telomere length is at the 5 percentile at 1.75 years
of age and less than 1% percentile at age 3.33 years (blue circles). All measurements were carried out in
triplicates, and mean telomere length was calculated in kilobases (kb) in relation to the internal control
(bovine thymocytes) with known telomere length. 356 healthy controls used for calculation of the 1%
(solid line, bottom), 5 (dashed line, bottom), 95 (dashed line, top), and 99" (solid line, top) percentile
curves. (E) Telomere restriction fragment (TRF) analysis in peripheral blood DNA from P2 and family and
P3 compared to healthy age matched control (Ctrl), digested with Hinfl and Rsal enzymes followed by
separation on 0.7% agarose gel.

Figure 2. All RPA mutant heterotrimeric proteins exhibit increased affinity for ssDNA and RPAY**’* and
RPA™% possess increased capacity to unfold telomeric G-quadruplex (h-telG4) DNA. (A) Schematic
depiction of the experimental schemes for the FRET-based assays. Binding of RPA:RPA1VT (RPAVT),
RPA:RPA1Y??"* (RPAY?"A), RPA:RPA1Y7** (RPAY?"®) and RPA:RPA1™% (RPAF*™) proteins was monitored
using 1 nM dT30 ssDNA molecules (top), 1 nM dT15 or TTAGGGTAAGGGTAA telomeric DNA sequence
(middle) labeled with Cy3 and Cy5 fluorescent dyes at the 5’ and 3’ ends, respectively. High FRET
corresponds to free ssDNA, while low FRET reflects RPA binding. Unfolding of the telomeric G-
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quadruplex (h-telG4) was monitored using (TTAGGG)s sequence. FRET between the Cy3 and Cy5 dyes
calculated for the h-telG4 in the absence of proteins and in buffer containing K* corresponds to 100%
folded quadruplex, while the FRET value of h-telG4 in the presence of saturating concentrations of
RPA™** in buffer containing Li* corresponds to 100% unfolded h-telG4. (B) Stoichiometric binding (1
RPA: 1 dT30 molecule) was observed for RPA®™** (orange) and nearly stoichiometric binding was
observed for the RPA"T (black), RPAY**"* (pink) and RPAY"®* (blue). The arrows mark the respective
protein concentrations at inflection points of the two-line linear regression fit. (C) dT15 and (D)
TTAGGGTAAGGGTAA telomeric DNA sequence binding to RPA"T (black), RPAY**™* (pink), RPAY"* (blue)
and RPA™* (orange). The data were fitted to quadratic binding equation. The calculated Kgs with
respective fitting errors are listed in Supplemental Table 3. (E) and (F), Melting of the h-telG4 DNA,
stabilized by the presence of 100 mM KCI. (E) Extents of the h-telG4 melting reactions were calculated
from the plateaus of each respective time course. (F) h-telG4 melting rates for RPA"" (black), RPAY**"*
(pink), RPAY?"®* (blue) and RPA™*** (orange) were calculated from the slopes of FRET change during the
first 20 seconds of each time course (Supplemental Fig. 4). The data were fitted to quadratic binding
equation. The calculated apparent Kys with respective fitting errors are listed in Supplemental Table 3. In
all panels the data are shown as average for three independent experiments. Error bars represent
standard deviation. Where not shown, error bars are smaller than the data points.

Figure 3. Human RPAI*™% iPSC demonstrate telomere shortening and reduced hematopoietic
potential. (A) Left panel: Healthy control iPSC (RPA1"") following CRISPR/Cas9-guided homozygous
c.718G>A (p.E240K, as E240K) modification within endogenous RPA1 locus (RPA17**) confirmed with
Sanger analysis. Right panel: lllustration of iPSC monolayer-based differentiation to hematopoietic
progenitors and subsequently to erythroid and myeloid cell lineages. Day 10 HP cells were FACS-sorted
and cultured in erythroid or myeloid differentiation media for 14 days. In parallel, iPSC-derived HP were
further cultured until day 21 to assess for expression of pan-hematopoietic markers. (B) Immunoblot
analysis of RPA1 expression in RPA1"" and RPA17**°* iPSC whole cell extracts with histone-H3 as loading
control. (C) Telomere length in RPAI™T passage 17 and RPA1%*** passage 12 iPSCs (D) and iPSC-derived
HP cells using quantitative fluorescence in situ hybridization (Q-FISH). Graphs represent mean + SEM of
one of three independent experiments (****P < 0.0001; Student t-test). (E) Decreased percentage of
CD43'CD45" RPA1¥** hematopoietic cells compared to RPA1"" at days 16 and 21. Data represent mean
+ SEM of two independent experiments (*P = 0.03, **P = 0.0074; Student t-test). (F) Graphical
representation of CD71°CD235" erythroid cells from iPSC-derived erythroid cultures at day 14. Data
represents mean + SEM of 4 independent experiments (***P = 0.0002; Student t-test). I, Plot
representation of CD45°CD11b" myeloid cells from iPSC cultures. Data represent mean + SEM of 2
independent experiments (**P = 0.0018; Student t-test).

Figure 4. Natural evolution of disease and somatic genetic rescue in patient 1. (A) White blood cells
(WBC, triangles), hemoglobin (Hgb, circles) and platelets (diamonds) plotted over 23 years for patient 1
(P1, pedigree 1). Red arrow indicates time of clinical presentation. (B) Illustration of germline RPA1
variant in exon 9 and somatic mutation in exon 16 with respective DNA Sanger electropherograms from
bone marrow. Bottom table depicts variant allelic frequencies from exome sequencing performed in
bone marrow and skin fibroblast DNA and RNA sequencing from bone marrow at 20 years of age. (C)
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Copy number neutral uniparental isodisomy (UPD) encompassing RPA1 locus at 17p13.3 (red arrow)
identified using single nucleotide polymorphism (SNP) array. Serial SNP-array analysis in bone marrow
granulocytes demonstrates UPD expansion over time (denoted by purple brackets). (D) Schematic of
RPA1 locus (grey bar) with germline (c.718) and somatic (c.1735) mutational spots 17kb apart. Three
haplotype orientations between ¢.718 and c.1735 identified in marrow DNA of P1 at age 19 years from 2
independent experiments using digital droplet PCR: left haplotype, wt/wt (c.718G wild type/c.1735G
wild type) denoted by black boxes; middle haplotype, mut/wt (c.718A mutant/c.1735G wild type)
denoted by green and black boxes; right haplotype, mut/mut (c.718A mutant/c.1735T mutant) denoted
by green and red boxes. (E) Ultradeep amplicon sequencing of bone marrow DNA and RNA targeting
position of RPA1 somatic mutation (c.1735) confirms near total loss of mutant RNA. (F) Longitudinal
deep sequencing in bone marrow samples from diagnosis to age 25 years showing decrease in allele
frequency of the germline c.G718G>A variant (red line) and increase of the somatic ¢.1735G>T mutation
(blue line). (G) Single cells from P1 bone marrow at ages 13 and 17 were sequenced for germline
(RPA1:chr17:1782314:G>A) and somatic (RPA1:chr17:1798378:G>T) mutational positions using single
cell (sc) DNA sequencing Tapestri platform. Violin plot shows 3 clonal populations including,

E240K/WT (

homozygous wild type (blue, RPAIY™T rescue clone 1 = UPD17p), heterozygous RPA1 gold,

native state hematopoiesis) and heterozygous c.718G>A with concurrent c.1735G>T stop-gain (red,
RPA1F*OMWT+K575* - rascye clone 2). (H) Tapestri single cell multi-omic analysis combining DNA mutation
data and surface protein expression performed in P1 bone marrow at age 17 years. Panels depict 3
clones (color coding identical to panel G) constructed from 2,110 high quality cells with normalized
protein expression of markers for hematopoietic stem and progenitor cells (CD34), stem cells (CD90),
progenitors (CD38), and terminally differentiated cells including, myeloid (CD11b), B-lymphoid (CD19)

and T-lymphoid (CD3) cells.
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