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Abstract Telomere biology disorders, largely characterized by telomere lengths below the
first centile for age, are caused by variants in genes associated with telomere replication,
structure, or function. One of these genes, ACD, which encodes the shelterin protein
TPP1, is associated with both autosomal dominantly and autosomal recessively inherited
telomere biology disorders. TPP1 recruits telomerase to telomeres and stimulates telome-
rase processivity. Several studies probing the effect of various synthetic or patient-derived
variants have mapped specific residues and regions of TPP1 that are important for interac-
tion with TERT, the catalytic component of telomerase. However, these studies have come
to differing conclusions regarding ACD haploinsufficiency. Here, we report a proband with
compound heterozygous novel variants in ACD (NM_001082486.1)—c.505_507delGAG,
p.(Glu169del); and c.619delG, p.(Asp207Thrfs*22)—and a second proband with a hetero-
zygous chromosomal deletion encompassing ACD: arrfhg19] 16q22.1(67,628,846-
67,813,408)x1. Clinical data, including symptoms and telomere length within the
pedigrees, suggested that loss of one ACD allele was insufficient to induce telomere short-
ening or confer clinical features. Further analyses of lymphoblastoid cell lines showed
decreased nascent ACD RNA and steady-state mRNA, but normal TPP1 protein levels, in
cells containing heterozygous ACD c.619delG, p.(Asp207Thrfs*22), or the ACD-encom-
passing chromosomal deletion compared to controls. Based on our results, we conclude
that cells are able to compensate for loss of one ACD allele by activating a mechanism to
maintain TPP1 protein levels, thus maintaining normal telomere length.

[Supplemental material is available for this article.]

INTRODUCTION

Telomeres, the specialized structures that cap the ends of chromosomes, are essential for
protecting genomic integrity and supporting cell proliferation. At birth, human telomere
length ranges between 8 and 14 kilobasepairs (kb), depending on the cell type (Harley
et al. 1990; Vaziri et al. 1994). As cells divide, the constraints of the semiconservative DNA
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replication machinery cause telomere shortening (Allsopp and Harley 1995). A few cell types,
including embryonic cells and stem cells, express telomerase, a specialized reverse transcrip-
tase that counteracts telomere shortening by catalyzing the de novo addition of telomeric
repeats onto telomere ends (Wright et al. 1996). In contrast, telomerase expression is re-
pressed in somatic cells after embryonic development (Kim et al. 1994). When telomeres be-
come too short, senescence is induced by a DNA damage response, thereby preventing
replicative immortality (d’Adda di Fagagna et al. 2003; Herbig et al. 2004). If senescence
is bypassed (e.g., by loss of p53), critically short telomeres induce genomic instability, which
can promote tumorigenesis (Artandi et al. 2000; Herate and Sabatier 2020). Conversely, ab-
normally long telomeres may also promote tumorigenesis by removing the constraint that
age-related telomere shortening exerts on cell proliferation. Thus, maintaining telomeres
within an age-appropriate physiologic range is important to prevent inappropriate senes-
cence or apoptosis and cancer development.

The telomere biology disorders (TBDs) are a collection of disorders that arise as a conse-
quence of abnormally short telomeres (Barbaro et al. 2016; Dodson and Bertuch 2018;
Savage 2018). Dyskeratosis congenita (DC), the prototypical TBD, is classically defined by
a mucocutaneous triad of nail dystrophy, reticulated skin pigmentation, and oral leukoplakia.
Affected individuals are at high risk of bone marrow failure and a multitude of other medical
conditions, including but not limited to pulmonary fibrosis, cirrhosis, hepatopulmonary syn-
drome, and specific cancers (e.g., squamous cell carcinoma of the tongue) (Kirwan and Dokal
2008; Alter et al. 2009, 2010; Calado et al. 2009; Giri et al. 2019). Hoyeraal-Hreidarsson syn-
drome (HHS) is another TBD and is generally recognized as a severe form of DC. HHS pre-
sents in infancy with clinical features of intrauterine growth restriction, microcephaly,
cerebellar hypoplasia, and immunodeficiency, particularly profound B-cell deficiency
(Hoyeraal et al. 1970; Hreidarsson et al. 1988; Berthet et al. 1994; Glousker et al. 2015).
Other TBDs may become apparent in adulthood, with presentations such as isolated pulmo-
nary fibrosis, bone marrow failure (also known as aplastic anemia), cirrhosis, or combinations
thereof (Armanios et al. 2005; Yamaguchi et al. 2005; Calado et al. 2009; Parry et al. 2011).
Thus, the spectrum of the TBDs ranges from multisystem, early childhood onset to more re-
stricted phenotypic expression and adult onset.

Despite having a range of phenotypes and age of onset, the TBDs share a defining char-
acteristic of telomere lengths below the first centile for age across cell populations, measured
most often in lymphocyte subsets (Alter et al. 2007). In ~80% of affected individuals, this can
be attributed to a variant in one of 15 genes that impact telomere biology (Savage 2018).
These include genes that encode core telomerase subunits (TERT, TERC); proteins involved
in various aspects of telomere biology, including telomerase RNA subunit metabolism, telo-
merase biogenesis, duplex telomere replication, or telomere end structure formation
(PARN, ZCCHCS8, DKC1, NAF1, NHP2, NOP10, WRAP53, CTC1, STN1, RTEL1); and compo-
nents of shelterin, the protein complex that coats telomeres and promotes proper structure
and function (TINF2, ACD, POT1) (ZCCHCS8 reported in Gable et al. [2019]; all others reviewed
in Dodson and Bertuch [2018] with disease-associated mutations compiled in the Telomerase
Database [Podlevsky et al. 2008; http:/telomerase.asu.edu/ accessioned 4/18/2020]).
Haploinsufficiency is a known mechanism for several of these genes, including TERT and
TERC, with telomere shortening and disease arising from heterozygous loss-of-function
(LOF) variants or deletions (Vulliamy et al. 2001; Armanios et al. 2005). In addition to short telo-
mere disorders, variants in the genes encoding shelterin components ACD (Fig. 1A), POTT,
TERF2IP, and TINF2have also been reported in association with certain types of familial cancer
and long telomeres (Shi etal. 2014; Aoude et al. 2015; Calvete etal. 2015; Speedy et al. 2016;
Wong et al. 2019; Gong et al. 2020; He et al. 2020; Schmutz et al. 2020).

This report focuses on ACD, which encodes the shelterin protein TPP1. The gene name is
derived from the adrenocortical dysplasia associated (ACD) phenotype in mice, and the
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Figure 1. Previously reported ACD variants and Chr 16q22 deletions. (A) Reported ACD variants. Nucleotide
positions are depicted in the upper graphic, whereas amino acid positions are depicted in the lower graphic.
Red text indicates variants described in this report. Bold text indicates variants associated with short telomeres.
Non-bold text indicates variants found in cancer-prone families and associated with long telomeres. (DC)
Dyskeratosis congenita, (AA) aplastic anemia, (PF) pulmonary fibrosis, (PTC) papillary thyroid carcinoma,
(FM) familial melanoma, (HHS) Hoyeraal-Hreidarsson syndrome, (comp het) compound heterozygous variant
found in the context of another disease-causing variant. (B) Reported Chromosome 16922.1 deletions. Gray
lines indicate deletions for which specific nucleotide information is not available. Asterisks indicate deletions
that do not encompass ACD.

protein name evolved from combination of the original monikers TINT1 (TIN2-interacting
protein), PTOP (POT1- and TIN2-organizing protein), and PIP1 (POT1-interacting protein
1) given by three research groups who discovered the protein simultaneously
(Houghtaling et al. 2004; Liu et al. 2004; Ye et al. 2004). The initial classification of ACD as
a TBD-causing gene came from the identification of two unrelated families in which TBD fea-
tures and short telomeres cosegregated with a heterozygous ACD (NM_001082486.1)
c.508_510del, p.(Lys170del) variant (Fig. 1A; Guo et al. 2014; Kocak et al. 2014).
Telomere lengths of individuals heterozygous for the p.(Lys170del) variant in these families
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as well as in a subsequent report were typically at or below the first centile for age (Guo et al.
2014; Kocak et al. 2014; Hoffman et al. 2019). The proband in one of these families also had a
second ACD variant in trans, c.1471C > A, p.(Pro491Thr), very short telomeres, and an HHS
phenotype (Kocak et al. 2014). Individuals from two unrelated families with homozygous
deleterious variants in ACD (c.280C >T, p.(Val94lle), and c.284T > A, p.(Leu95GIn)), short
telomeres, and TBD clinical features were subsequently reported (Tummala et al. 2018).
Consequently, ACD is considered to be associated with both autosomal dominantly and
autosomal recessively inherited TBDs (for review, see Dodson and Bertuch 2018). The fre-
quencies at which the previously reported ACD variants are present in the Genome
Aggregation Database (gnomAD; https://gnomad.broadinstitute.org/; accessioned 12/3/
20) (Karczewski et al. 2020) are shown in Supplemental Table 1.

TPP1 has several important functions. In addition to its role in the recruitment of telome-
rase to telomeres (Xin et al. 2007; Nandakumar et al. 2012; Zhong et al. 2012), TPP1 stimu-
lates the ability of telomerase to add multiple telomeric repeats onto the chromosome end
during a single binding event, known as repeat addition processivity (Wang et al. 2007;
Latrick and Cech 2010). TPP1, along with its binding partner POT1, also contributes to the
protection of telomere ends by inhibiting ATR-mediated resection (Kibe et al. 2016).
Extensive mutagenesis screens have identified several TPP1 residues required for its interac-
tion with TERT, through which it impacts telomerase. Two of the most prominent are Glu169
and Glu171 in the TEL patch, a region of acidic residues within the oligonucleotide/oligosac-
charide-binding (OB) fold of TPP1, which is critical for telomerase recruitment (Nandakumar
et al. 2012; Sexton et al. 2012; Zhong et al. 2012). The TPP1 p.[Glu169Ala;Glu171Ala] syn-
thetic mutation has a detrimental effect on TPP1-TERT interaction and stimulation of telome-
rase processivity, as well as on telomere length, when overexpressed, with Glu169
specifically being important for these activities (Nandakumar et al. 2012; Sexton et al.
2012). The TBD-associated Lys170 also lies within the TEL patch, and although it is not pre-
dicted to interact directly with TERT, its deletion alters the position of Glu169 and impairs
TPP1-TERT interaction and telomerase recruitment (Bisht et al. 2016).

Further studies probed the effect of TPP1 site-directed mutagenesis on cell phenotypes.
Sexton et al. replaced TEL patch amino acids 166-172 with a GSSG amino acid linker in hu-
man embryonic stem cells (hESCs) (Sexton et al. 2014). Although this variant abrogated in-
teraction with telomerase, heterozygous clones exhibited no telomere length decrease up
to 80 days postediting (Sexton et al. 2014). However, Bisht et al. (2016) found that triploid
HEK293T clones CRISPR-edited to express the TBD-associated TPP1 p.(Lys170del) allele,
a LOF indel allele, and a wild-type (WT) allele exhibited telomere shortening compared to
clones containing a silent mutation instead of the p.(Lys170del) variant, but at a slower
rate than clones with two alleles disrupted by indels. Thus, these data were consistent
with ACD dosage sensitivity. There are several possible explanations for the differences be-
tween the two studies, including differences in the mutations and cell lines. Regardless of the
reasons for the differences, the question remains: Do TBD-associated ACD variants contrib-
ute to disease through ACD haploinsufficiency, as observed for TERT and TERC?

Arguing against this is the ACD nonsense, splice acceptor, and splice donor LOF variant
observed/expected (o/e) ratio of 0.82 (90% confidence interval =0.58-1.19) in the
Genome Aggregation Database (https://gnomad.broadinstitute.org/; accessioned 12/3/
20) (Karczewski et al. 2020), which suggests that loss of one allele is tolerated. Moreover,
ACD deletions exist among a subset of individuals with 16922.1 microdeletion syndrome
(Fig. 1B; Taysi et al. 1978; Fryns et al. 1981; Lin et al. 1983; Rivera et al. 1985; Cooke et al.
1987; Fujiwara et al. 1992; Gregor et al. 2013; Hori et al. 2017; Abdullah et al. 2019).
These individuals had clinical features including failure to thrive, microcephaly, congenital
heart defects, feeding difficulties, developmental delay, autistic behavior, muscular hypoto-
nia, craniofacial dysmorphism, and nail anomalies. Some of these features, such as failure to
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thrive, microcephaly, developmental delay, and nail anomalies, are also found in patients
with DC and HHS, but other common TBD symptoms such as oral leukoplakia, abnormal
blood cell counts, and immunodeficiency have not been reported in 16g22.1 microdeletion
syndrome. Additionally, not all individuals with 16922.1 microdeletion syndrome have a
deletion encompassing ACD (indicated by asterisks in Fig. 1B). Together, these data suggest
that ACD is not a primary contributor to 16922.1 microdeletion syndrome and that hemi-
zygosity of ACD does not produce a clinical phenotype. Notably, of the seven germline
ACD variants that have been reported in individuals with TBDs to date (Fig. 1A, bold black
text), none are LOF (Guo et al. 2014; Kocak et al. 2014; Tummala et al. 2018; Arias-Salgado
et al. 2019; Hoffman et al. 2019).

Whether inactivation of one copy of ACD results in a defect of telomere maintenance has
important clinical implications, as it is expected that widespread clinical exome and genome
sequencing will result in discovery of additional ACD LOF variants and this knowledge will
influence risk counseling and medical management. If a single ACD LOF variant is sufficient
to cause disease, health-care providers might recommend family studies and screening for
TBD-associated conditions. However, if a single ACD LOF variant is not sufficient to cause
disease, providers may choose not to reveal the finding or to instead counsel about the prob-
ability of a child with disease following an autosomal recessive inheritance pattern.

Here, we describe three novel ACD variants in two families. By analyzing the conse-
quences of these variants, we investigate the question of ACD haploinsufficiency and find
that LOF variants in ACD do not result in a telomere length defect. We conclude that the ab-
sence of such an effect may be the result of a homeostatic mechanism that maintains phys-
iologic levels of TPP1 protein.

RESULTS

Clinical Histories

Variants described in this study are listed in Table 1. Proband BMF181 presented at 2 yr of
age with clinical features that included intrauterine growth restriction, microcephaly, failure
to thrive, speech delay, severe B-cell deficiency with associated life-threatening infections,
severe enteropathy, and hypocellular bone marrow (Fig. 2A). Her mother (BMF181-M), father
(BMF181-F), and brother (BMF181-S1) were reportedly healthy and had normal complete
blood counts (CBCs) at 25, 28, and 3 yr of age, respectively. Clinical trio (BMF181 and her
parents) exome sequencing (Baylor Genetics, Supplemental Table 2) showed that the

Table 1. Variants described in this report

Chromo HGVSDNA  HGVS protein Predicted
Variant Gene -some reference reference Variant type effect ClinVar ID Genotype
¢.505_507delGAG, ACD 16 NG_042874.1 NP_001075955.2 Deletion Single- SCV001450738 Heterozygous
p.(Glu169del) amino
acid
deletion
c.619delG, ACD 16 NG_042874.1 NP_001075955.2 Deletion Frameshift SCV001450737 Heterozygous
p.(Asp207Thrfs*
22)
arfhg19] 16g22.1  ACD and 16 NG_042874.1 NP_001075955.2 Copy-number Whole- SCV001450739 Heterozygous
(67,628,846- surrounding variation gene
67,813,408)x1 genes deletion

Henslee et al. 2021 Cold Spring Harb Mol Case Stud 7: a005454 5of 20


http://www.molecularcasestudies.org/lookup/suppl/doi:10.1101/mcs.a005454/-/DC1

TPP1 level modulation offsets LOF mutation effects

>
w)

1° @ BMF181
BMF181-F BMF181-M 314' @ BMF181-M
c.619delG ¢.505_507delGAG x 124 B BVF181-F
<
normal CBC normal CBC §10_ I BMF181-S1
o 8- ——99th centile
[ S 6 ——90th centile
€ 4] | ——50th centile
% ——10th centile
BMF181-S1 F 24 ——1st centile
c.619delG BMF 181 0 T o
norhal CBC _c.619deI_G; c‘505_507d§IQAG 0 10 20 30 40 50 60 70 80 90 100
intrauterine growth restriction Age (years)
microcephaly
failure to thrive
speech delay
severe B-cell deficiency
enteropathy
hypocellular marrow
B C
gDNA gDNA cDNA
refflGAGGAGAAGGAGTTC ref GTGGACCGCTTCAGC|GTGGACCGCTTCAGC
c.505_507del| GAGAAGGAGTTCGGC c619del| G TGACCGCTTCAGCC|[GTGACCGCTTCAGCC
s , 5 .
E * “ q\ E
0l glilfY
|

= §

NI £l :

A W VL : AL
g A /\1 N g

W

Figure 2. The ACD c.619delG variant is subject to nonsense-mediated decay but is not associated with telo-
mere shortening. (A) Pedigree for proband BMF181. (B) Genomic DNA (gDNA) Sanger sequence chromato-
grams surrounding nucleotides ¢.505_507. Asterisks denote the location of the first deleted G in BMF181 and
BMF181-M. (C) gDNA and complementary DNA (cDNA) Sanger sequence chromatograms surrounding nucle-
otide c.619. Asterisks denote the location of the deleted G in BMF181, BMF181-F, and BMF181-S1.
(D) Lymphocyte telomere lengths as measured by telomere flow FISH for BMF181 and family members.
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proband had compound heterozygous variants in ACD. The maternal variant,
¢.505_507delGAG, p.(Glu169del), encoded an in-frame deletion of amino acid Glu169, no-
tably mapping adjacent to the previously reported p.(Lys170del) variant (Figs. 1A and 2B).
The paternal variant, c.619delG, p.(Asp207Thrfs*22), which was also inherited by the pro-
band'’s sibling (BMF181-S1), encoded a frameshift in exon 4 and premature termination co-
don in exon 5 of 12 (Figs. 1A and 2C). Neither variant was present in gnomAD, although a
c.617dupT, p.(Asp207Glyfs*30), variant was reported in a single read (https:/gnomad
.broadinstitute.org/; accessioned 12/3/20). Focused inspection of genes known or with po-
tential to influence telomere biology (Supplemental Table 3) showed no other variants that
may have contributed to disease.

Given the biallelic ACD variants in BMF181, telomere flow cytometry fluorescence in situ
hybridization (flow FISH) analysis was performed (RepeatDx, Inc.), which demonstrated telo-
mere lengths ~4.0-4.5 kb in all five measurable leukocyte populations (the B-cell number
was too low for analysis), well below the first centile for age (Fig. 2D; Supplemental Fig.
1A). The clinical features, genetics, and telomere lengths led to a diagnosis of HHS.
BMF181’s numerous CBCs were most often characterized by moderate anemia requiring
transfusion despite reticulocytosis, normal neutrophil counts, and normal platelet counts, ex-
ceptin the final 2 mo of life when she became critically ill. Her bone marrow was hypocellular,
with an overall cellularity of 30%—40%, trilineage hematopoiesis with maturation and without
dysplasia, and adequate number of megakaryocytes. She ultimately succumbed to multior-
gan failure following a prolonged hospitalization for severe protein losing enteropathy and
infection shortly after the age of 3 yr.

A second proband, BMF201, presented at 22 mo of age with developmental delay, poor
growth, facial dysmorphism, and hypotonia (Fig. 3A). A clinical chromosomal microarray
(Quest Diagnostics) on the proband and subsequently on the parents showed that
BMF201 had a de novo 185-kb chromosomal deletion, arrlhg19] 16922.1(67,628,846-
67,813,408)x1 (Figs. 1B and 3B), which established a diagnosis of 16g22.1 microdeletion
syndrome. Given the resulting hemizygosity of ACD, which we confirmed by sequencing
the deletion junction (Fig. 3C), telomere flow FISH was performed, and telomere lengths
were found to be between the first and 10th centiles for age in the five lymphocyte popula-
tions (Fig. 3D; Supplemental Fig. 1B). Multiple CBCs obtained between the ages of 16 mo
and 4 yr were normal.

Heterozygous ACD c.505_507delGAG Variant Was Associated with
Telomere Shortening, and the TPP1 p.169del Protein Had Reduced Stimulation
of Telomerase Activity

We next assessed lymphocyte telomere lengths in BMF181's parents and sibling. BMF181-
M, heterozygous for the ¢.505_507delGAG, p.(Glu169del), variant (Fig. 2B), had short telo-
meres, with lengths between the first and 10th centiles for age in three of four lymphocyte
subsets (Fig. 2D; Supplemental Fig. 1A). This was predicted given the known impact of in-
frame deletion of neighboring Lys170 (Guo et al. 2014; Kocak et al. 2014; Hoffman et al.
2019) and the importance of Glu169 for TPP1-TERT interaction (Nandakumar et al. 2012;
Sexton et al. 2012). To further test this, we performed the telomerase repeated amplification
protocol (TRAP) on 293T lysates prepared from cells cotransfected with plasmids expressing
TERT, hTR, and either empty vector (EV), myc-epitope tagged WT TPP1, or TPP1
p.Glu169del (Fig. 4A). Previous work has established that the interaction of TPP1 with
TERT, in addition to mediating the recruitment of telomerase to telomeres, is important
for activating telomerase (Grill et al. 2019) and stimulating telomerase processivity (Wang
etal. 2007; Latrick and Cech 2010). As expected, we found that lysates prepared from cells
transfected with WT TPP1 had increased telomerase activity, particularly with respect to
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Figure 3. Deletion of one ACD allele is not associated with telomere shortening. (A) Pedigree for proband
BMF201. (B) Chromosomal microarray (CMA) indicating a deletion encompassing ACD and neighboring
genes. Scanning from the top down, the graphics depict a schematic of Chromosome 16, the CMA data indi-
cating deletion of 185 kb in Chr 16922.1, and a schematic of the genes deleted or disrupted in BMF201.
(C) Sanger sequence chromatograms confirming the heterozygous deletion of Chr 16g22.1(67,628,846-
67,813,408) in BMF201. The asterisk denotes a single inserted G. (D) Lymphocyte telomere lengths as mea-
sured by telomere flow FISH for BMF201 and parents.

higher-molecular-weight products indicative of stimulation of telomerase processivity, com-
pared to cells transfected with EV (Fig. 4B-D). However, this increase was abrogated in cells
expressing TPP1 p.Glu169del, indicating the ACD ¢.505_507delGAG variant is deleterious.

Heterozygous ACD Frameshift or Whole-Gene Deletion Were Not

Associated with Telomere Shortening

Interestingly, BMF181-F and BMF181-S1, which are heterozygous for the c.619delG,
p.(Asp207Thrfs*22), variant (Fig. 2C), had pan-lymphocyte telomere lengths around the
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Figure 4. TPP1 p.Glu169del is defective for telomerase stimulation. Shown are representative images for five
independent experiments. (A) Western blot of lysates of 293T cells transiently transfected with plasmids ex-
pressing TERT, hTR, and either empty vector (EV), wild-type TPP1 (TPP1 WT), or TPP1 p.Glu169del (TPP1
E169del) used for the telomerase repeated amplification protocol (TRAP) assay shown in B. B-actin was
used as a loading control. (B) TRAP assays performed with 0.03 pg protein, 0.006 pg protein, or 0.03 ug of
heat-killed protein. Internal control is denoted by *. (C) Densitometry traces of the 0.03 pg TRAP reactions
shown in B. The top of each lane aligns with the left of the densitometry trace. Internal control is denoted
by *. Traces were generated using ImageJ software. (D) Overlay images of the densitometry traces shown
in C.

50th centile for age and between the 10th and 50th centiles for age, respectively (Fig. 2D).
Similar findings were observed for three of four lymphocyte subsets (Supplemental Fig. 1A),
suggesting cells do not suffer from deleterious effects of ACD haploinsufficiency.

Large cohort studies have concluded that telomere length of individuals is determined
largely by the lengths of their parents’ telomeres (Broer et al. 2013). Therefore, to better in-
terpret BMF201’s telomere lengths, we examined the telomere lengths of her parents. We
found that, although BMF201’s lymphocyte telomere lengths were between the first and
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10th centiles across subsets, so were her father's (BMF201-F) in four of six leukocyte popu-
lations and her mother’s (BMF201-M), with lengths just above the first centile for granulo-
cytes and at or marginally above the 10th centile in the pan-lymphocyte, memory T-cell,
and B-cell populations (Fig. 3D; Supplemental Fig. 1B). Because neither parent had the
ACD gene deletion, we conclude BMF201's telomere lengths were reflective of her parents’,
and the heterozygous ACD deletion had little, if any, impact.

ACD Transcript Levels Are Reduced in Lymphoblastoid Cell Lines (LCLs) Containing
Either Heterozygous ACD c.619delG or Chromosomal Deletion Encompassing ACD

Given the novel ACD frameshift and chromosomal deletion variants identified, the BMF181
and BMF201 families provided a unique opportunity to investigate the question of ACD hap-
loinsufficiency beyond the previously published studies using TEL patch-edited hESCs and
HEK293T cells (Sexton et al. 2014; Bisht et al. 2016). The finding of telomere lengths well
within normal range in BMF181-F and BMF181-S1 was surprising because the ACD
¢.619delG mutant transcript bore a premature termination codon in exon 5 of 12 and was
therefore expected to undergo nonsense-mediated decay (NMD). To test this prediction,
we generated Epstein—Barr virus (EBV)-transformed LCLs from BMF181-F, BMF181-S1,
and BMF181-M to compare to three normal control LCLs. We were unable to generate
LCLs from BMF181, likely because of the paucity of B cells and their very short telomeres.
Consistent with our prediction of NMD, Sanger sequencing of genomic DNA (gDNA)
from BMF181 (peripheral blood), BMF181-F (LCLs), and BMF181-S1 (LCLs) at position
c.619 (noted by asterisks in Fig. 2C) clearly demonstrated the reference (G) and variant (A)
bases, whereas the variant base (A) was markedly reduced in the complementary DNA
(cDNA), with similar differences observed for downstream bases. In addition, we did not
detect truncated TPP1 protein in BMF181-F and BMF181-S1 LCLs that would have indicated
translation of the frameshift transcript (Supplemental Fig. 2B). Thus, we conclude that ACD
c.619delG, p.(Asp207Thrfs*22), is a LOF variant.

Reverse transcriptase quantitative polymerase chain reaction (RT-qPCR) of cDNA gener-
ated from the polyadenylated RNA of LCLs demonstrated decreased ACD mRNA in
BMF181-F and BMF181-S1 and increased ACD mRNA in BMF181-M compared to controls
(Fig. 5A). Analysis of nascent ACD RNA using random hexamers for cDNA synthesis and for-
ward and reverse primers within exon 1 and intron 1, respectively, for RT-qPCR showed sim-
ilar results (Fig. 5B). Thus, despite a reduction in ACD nascent RNA and steady-state mRNA,
telomere length was preserved within the normal range for age, arguing against haploinsuf-
ficiency of ACD.

We predicted that BMF201 should resemble the phenotype of BMF181-F and BMF181-
S1, with a decrease in both nascent and steady-state mRNA expression due to the loss of one
ACD allele. Indeed, RT-gPCR of steady-state and nascent ACD transcripts revealed the ex-
pected reduction in BMF201 LCLs to ~50% the level observed in a control LCL (Fig. 5C,D),
supporting the argument against ACD haploinsufficiency.

TPP1 Protein Levels Were Maintained in LCLs Containing Either Heterozygous
ACD c.619delG or Chromosomal Deletion Encompassing ACD

The finding that telomere lengths were unaffected by the ACD frameshift and chromosomal
deletion variants, in addition to the RT-gPCR data indicating that both nascent and steady
state ACD mRNA levels were reduced in these cells, suggested that reduction in TPP1 by
these variants was tolerated. However, we found that despite the presence of these variants,
TPP1 protein levels were not significantly different in BMF181-F, BMF181-S1, or BMF201
LCLs relative to control (Fig. 6A,B; Supplemental Fig. 2C,D). Similarly, BMF181-M did not
exhibit higher TPP1 protein levels, despite an increase in both nascent and steady-state
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Figure 5. ACD steady-state mMRNA and nascent transcript levels are reduced in the presence of the c.619delG
variant. (A) Reverse transcriptase quantitative PCR (RT-qPCR) analysis of steady-state ACD mRNA expression
relative to GAPDH control in BMF181 family LCLs. Three independent control LCL lines were used and
grouped together for analysis. Control 2 was used to normalize values across experiments. Mean and standard
deviation are shown. Results were log-transformed and then analyzed using one-way ANOVA followed by the
Holm-Sidak test to adjust for multiple comparisons. N= 19 for control, N= 9 for all other samples. (RQ) Relative
quantification, fold change compared to calibrator sample. (B) RT-qPCR analysis of nascent ACD RNA relative
to GAPDH control in BMF181 family LCLs. Three independent control LCL lines were used and grouped to-
gether for analysis. Nascent transcripts were specifically amplified using primers spanning the exon 1-intron 1
junction. Results analyzed asin A. N'= 15 for control, N=5 forall other samples. (C) RT-qPCR analysis of steady-
state ACD mRNA expression relative to GAPDH control in BMF201 family LCLs. A single control LCL line was
used for comparison. Results analyzed as in A. N=6. (D) RT-gPCR analysis of nascent ACD RNA relative to
GAPDH control in BMF201 family LCLs. A single control LCL line was used for comparison. Results analyzed
asin A. N=6.

mRNA (Fig. 6A; Supplemental Fig. 2C). In fact, statistical analysis showed BMF181-M TPP1
levels to be significantly lower than control; however, this might have been due to the spe-
cific TPP1 antibody we used (Bethyl A303-069A-M), which may have recognized an epitope
inclusive of Glu169 (Supplemental Fig. 2G). To ensure that inherent variability in TPP1 ex-
pression did not affect our analysis, we conducted several western blots measuring TPP1
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Figure 6. TPP1 protein levels are maintained in the presence of heterozygous ACD c.619delG.
(A) Representative western blot and quantification of TPP1in BMF181 family LCLs. Ku70 was used as a loading
control. Three independent control LCL lines were used and grouped together for analysis. Control 3 was used
to normalize values across experiments. Mean and standard deviation are shown. Results were log-trans-
formed and then analyzed using one-way ANOVA followed by the Holm-Sidak test to adjust for multiple com-
parisons. N=15 for BMF181-M, BMF181-F, and BMF181-S1. N=4 for controls 1 and 2. N =24 for control
3. See Supplemental Figure 2C for compilation of western blots used for analysis. (B) Representative western
blot and quantification of TPP1 in BMF201 family LCLs. A single control LCL line was used for comparison.
Results analyzed as in A. No statistically significant difference was detected between the cell lines. N=6.
See Supplemental Figure 2D for compilation of western blots used for analysis.

protein levels over time in the LCLs generated from BMF181 family members as well as one
control line (Supplemental Fig. 2C). These experiments indicated that TPP1 levels are fairly
stable in these LCLs, lending credibility to our results.

DISCUSSION

Haploinsufficiency underlies abnormally short telomere lengths and TBD clinical features in
individuals bearing pathogenic variants in TERT and TERC (Vulliamy et al. 2001; Armanios
et al. 2005), highlighting the exquisite sensitivity of cells to sufficient telomerase levels. In
contrast, the telomere lengths of the members of the two families described here argue
against ACD haploinsufficiency, because the individuals with one WT and one LOF allele
did not display marked telomere shortening. Although the number of individuals examined
is small, the results are consistent with the lack of major TBD-associated clinical features re-
ported for individuals with 16922.1 microdeletion syndrome, the majority of which are hemi-
zygous for ACD (Fig. 1B; Taysi et al. 1978; Fryns etal. 1981; Lin et al. 1983; Rivera et al. 1985;
Cooke et al. 1987; Fujiwara et al. 1992; Gregor et al. 2013; Hori et al. 2017; Abdullah et al.
2019). Our results are also consistent with gnomAD data, which, as noted above, suggests
ACD is not intolerant to LOF variants (o/e ratio 0.82, 90% confidence interval =0.58-1.19).
This is in stark contrast to TERT, which has a LOF o/e ratio of 0.16 (90% confidence
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interval = 0.09-0.29), indicating intolerance of LOF variants (Karczewski et al. 2020). It should
also be noted that gnomAD contains 20 ACD frameshift variants (allele frequencies ranging
from 4.58 x 107> to 4.57 x 1079), indicating that such LOF variants can be found, however
rarely, in the general population.

Although TPP1 is required for telomerase recruitment and processivity, tolerance of ACD
LOF variants might be attributed to the relative abundance of TPP1 compared to telomerase
(Fagerberg et al. 2014). However, the results of our studies instead suggest that the absence
of telomere shortening secondary to a heterozygous ACD LOF variant is due to maintenance
of TPP1 protein levels. We note thatitis possible the results presented here, using EBV-trans-
formed lymphocytes (LCLs), may produce slightly different results than if we had used prima-
ry cells, because LCLs have been known to show variability within and between cell lines as a
result of the EBV transformation process. However, experiments conducted using peripheral
blood mononuclear cells (PBMCs) stimulated with phytohemagglutinin A (PHA)
(Supplemental Fig. 2E,F) produced highly variable results in our hands which did not lend
themselves to reliable analysis. Given the reproducibility of our results using LCLs, we are sat-
isfied that these are representative of the molecular workings of normal cells.

Application of the American College of Medical Genetics variant classification criteria
(Richards et al. 2008) to the novel ACD ¢.505_507delGAG and c.619delG variants identified
in BMF181 yields both as pathogenic (Supplemental Table 4). Our proposed model of the
effect of these variants alone or in combination is outlined in Figure 7. In the case of hetero-
zygosity of the ACD ¢.505_507delGAG, p.(Glu169del), allele, we predict that cells express
the WT and variant allele in equal quantities, thus producing approximately equal amounts
of the TPP1 WT and p.(Glu169del) proteins. Equal recruitment of the WT and variant proteins
to telomeres would then result in reduced telomerase recruitment due to impaired

wild-type protein level

wild type /V"""d'type protein ¥ (50% total protein) Soed to et
reduced telomerase recruitmen
1 o ein level ’ slight telomere length defect
¢.505_507delGAG \> i wild-type protein leve
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] . > increased protein level
wild type / wild-type protein (100% total protein)
A A —_ normal telomerase recruitment
7y no telomere length defect
* ¢.619delG \ nonsense-mediated decay

E169del protein > increased protein level

c.505_50'7deIGAG (100% total protein)

/ markedly reduced telomerase recruitment
\ severe telomere length defect

nonsense-mediated decay

A
€.619delG

* Note: This model also applies to ACD deletion or other LOF alleles.

Figure 7. Working model for the impact of the BMF181 family and BMF201 ACD variants on TPP1 protein
expression and telomere length. Presented is a schematic for our working model to explain the results de-
scribed. According to our model, BMF181-M (top schematic) would express TPP1 WT and p.Glu169del in
equal amounts, leading to reduced telomerase recruitment due to the interaction defect of TPP1 p.Glu169del
with TERT, thus leading to telomere shortening. When combined with a second variant in trans, as in BMF181
(bottom schematic), the absence of WT TPP1 would result in rapid and dramatic telomere shortening.
However, our model predicts that variants resulting in NMD, as in BMF181-F and BMF181-S1, or whole-
gene deletions, as in BMF201, would result in increased WT protein to compensate for loss of a second func-
tional allele, thus allowing normal telomerase recruitment (middle schematic).
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interaction of TPP1 p.(Glu169del) with TERT, leading to reduced telomere extension and a
slight telomere length defect as observed in BMF181-M. In the case of the ACD c.619delG,
p.(Asp207Thrfs*22), variant, which is targeted for NMD, only the WT protein is expressed.
This protein is subject to homeostatic regulation, resulting in normal telomerase recruitment
and telomere length maintenance, as observed in BMF181-F and BMF181-S1. The Chr
16922.1 microdeletion encompassing ACD in BMF201 would elicit the same effect as the
NMD-targeted c.619delG variant. When compound heterozygous for ¢.505_507delGAG,
p.(Glu169del) and c.619G, p.(Asp207 Thrfs*22) variants, NMD of the frameshift allele would
resultin only the p.(Glu169del) variant protein being expressed and homeostatically regulat-
ed. Because the ¢.505_507delGAG, p.(Glu169del), variant exhibited reduced interaction
with telomerase, as measured by reduced telomerase activity in vitro, this would lead to se-
verely reduced telomere extension and clinical symptoms, as seen in BMF181.

The mechanism by which homeostatic regulation of TPP1 protein levels occurs requires
further investigation. However, based on the RT-gPCR results, it is unlikely that ACD mRNA is
being stabilized, because this would cause BMF181-F, BMF181-S1, and BMF201 steady-
state MRNA levels to be comparable to the control (Fig. 5A,C). We can also conclude based
on analysis of the nascent RNA (Fig. 5B,D) that ACD transcription is not being up-regulated.
Itis possible that translation is up-regulated or that TPP1 protein is stabilized, because either
of these mechanisms would maintain protein levels without maintenance of WT RNA levels.
Another possibility is that transport of ACD mRNA from the nucleus to the cytoplasm is af-
fected, resulting in a higher number of transcripts being actively translated into protein.

Based on our clinical and in vitro findings, we surmise that the symptoms displayed by
BMF201 were a result of hemizygosity of CTCF, which is involved in several cellular process-
es, including regulation of chromatin structure and transcription (Braccioli and de Wit 2019;
Lazniewski et al. 2019), and is uniformly deleted in Chr 16g22.1 microdeletion syndrome, as
illustrated in Figure 1B (Taysi et al. 1978; Fryns et al. 1981; Lin et al. 1983; Rivera et al. 1985;
Cooke et al. 1987; Fujiwara et al. 1992; Gregor et al. 2013; Hori et al. 2017; Abdullah et al.
2019). We also note that the compound heterozygous nature of BMF181’'s ACD variants was
a key factor in her severe clinical symptoms, because any modulation of TPP1 levels would
affect only the impaired TPP1 p.(Glu169del) protein (Figs. 4 and 7). In summary, we conclude
that ACD is not haploinsufficient and that tolerance of LOF variants is due to an as yet un-
known mechanism by which TPP1 protein levels are maintained in the presence of dimin-
ished ACD mRNA.

METHODS

Telomere Length Analysis

Telomere flow FISH analysis was performed on peripheral blood leukocytes by RepeatDx as
previously described (Baerlocher et al. 2006).

Generation and Culture of Lymphoblastoid Cell Lines (LCLs)

LCLs were generated by the tissue culture core laboratory within the Department of
Molecular and Human Genetics, Baylor College of Medicine. LCLs were cultured in RPMI
1640 medium containing L-glutamine (Invitrogen) and 10% fetal bovine serum in 5% CO,.

DNA Sequencing

Clinical exome sequencing was conducted on BMF181 proband and parents according to
standard protocols at Baylor Genetics. For sequence validation, genomic DNA was isolated
from whole blood (BMF181) or LCLs (BMF181-M, BMF181-F, BMF181-S1, WT control LCLs)
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using the DNeasy Blood and Tissue kit (QIAGEN), and the region surrounding ACD
¢.505_507 and ¢.619 was PCR-amplified (Supplemental Table 5). The PCR products were an-
alyzed by Sanger sequencing (Eurofins Genomics).

Chromosome Microarray Analysis (CMA) and Validation

CMA analysis was performed on a clinical basis by Quest Diagnostics. To validate the CMA
data, genomic DNA was isolated from whole blood (BMF201, BMF201-F) and a WT LCL and
PCR amplified using primers recognizing either CTCF intron 2 for the WT allele or regions
flanking the chromosomal deletion (Supplemental Table 5). The PCR products were ana-
lyzed by Sanger sequencing (Eurofins Genomics).

Telomerase Repeated Amplification Protocol (TRAP)

293T cells were cotransfected with plasmids expressing TERT, hTR, and either empty vector,
wild-type TPP1, or TPP1 p.Glu169del in a 1:1:2 ratio using Lipofectamine transfection re-
agent (Invitrogen 18324-012) according to manufacturer instructions. Cells were harvested
at 72 h, and TRAP was conducted using the Millipore TRAPeze Telomerase Detection Kit
(Millipore S7700) according to manufacturer’s instructions. Briefly, cells were suspended in
CHAPS buffer supplemented with protease inhibitors (Millipore 539134) and RNase inhibi-
tors (Promega N2111), incubated on ice 30 min to lyse, then cleared by centrifuging at
12,0009 for 20 min at 4°C. Protein concentration was determined using the Pierce bicincho-
ninic acid (BCA) protein assay kit (Thermo Scientific 23225) according to manufacturer in-
structions. Three PCR reactions (total volume 25 pL) were set up for each sample, using
0.03 pg protein, 0.006 pg protein, and 0.03 ug protein that had been heat inactivated for
10 min at 95°C. Control reactions included telomerase positive cells (1:10 dilution of telome-
rase positive cells provided with TRAPeze kit and lysed via kit instructions, active and heat-
killed), a PCR positive control provided with the TRAPeze kit, and negative controls using
CHAPS buffer or water. Reactions cycled as follows: 1 cycle for 30 min at 30°C, 1 cycle for
2 min at 95°C, 34 cycles for 15 sec at 94°C, for 30 sec at 59°C, for 1 min at 72°C. A 12.5%
nondenaturing PAGE gel was used to separate the products as described by the manufac-
turer. Products were visualized by staining in 1 ug/mL ethidium bromide for 1 h, and then
destaining in distilled deionized water for 1 h before imaging. Results were analyzed using
the densitometry function in ImageJ (Schneider et al. 2012; https://imagej.nih.gov/ij/index
html).

Reverse Transcriptase Quantitative PCR (RT-qPCR)

RNA was isolated using the RNeasy kit (QIAGEN 74106) according to manufacturer instruc-
tions and quantified using a NanoDrop 2000 spectrophotometer. One microgram RNA was
reverse transcribed using the gScript Flex cDNA synthesis kit (Quantabio 95049) according
to manufacturer instructions. Briefly, RNA was combined with the primer (oligo-dT for mMRNA
or random hexamer for total RNA), denatured for 5 min at 65°C and annealed on ice. 5x
gScript Flex Reaction Mix and gScript RTase were added, then incubated for 90 min at
42°C, for 5 min at 85°C, and held at 4°C. Products were diluted with nine volumes of
RNase-free water. RT-gPCR was conducted using PowerUp SYBR Green reaction mix
(Applied Biosystems A25742) according to manufacturer instructions. Four microliters of
the diluted cDNA (~20 ng) were used per reaction. Samples were analyzed on a
QuantStudio 6 Flex thermocycler with the following cycle conditions: one cycle for 2 min
at 50°C, one cycle for 2 min at 95°C, 40 cycles for 15 min at 95°C and then 1 min at 60°C.
Each step ramped at a rate of 1.6°C/sec. Melt curve analysis was conducted as follows:
1.6°C/sec ramp from 60°C to 95°C, hold 15 sec; 1.6°C/sec ramp to 60°C, hold 1 min;
0.15°C/sec ramp to 95°C, hold 15 sec. The relative changes in RNA abundance were
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calculated by comparative ACt method with normalization to GAPDH. Independent biolog-
ical replicates were collected for each experiment from continuously growing LCL cultures. A
single RNA preparation was used to generate cDNA corresponding to mRNA or total RNA,
as indicated, for each sample. Three independent control LCLs were used for each experi-
ment with BMF181 family LCLs, resulting in a higher number of control data points com-
pared to each of the experimental LCLs. A single control LCL was used for the BMF201
family experiments.

Western Blot Analyses

Cells were pelleted, washed in PBS, and resuspended in RIPA lysis buffer (50 mM Tris pH 8.0,
150 mM NaCl, 1% lgepal [Sigma-Aldrich CA-630], 0.5% sodium deoxycholate, 0.1% SDS,
5 mM EDTA, 1 mM PMSF, 1x protease inhibitors [Millipore 539134]) for 10 min on ice.
Lysed cells were sonicated in a Diagenode Bioruptor UCD-200 on high for 5 min (30 sec
on, 30 sec off), centrifuged, and the supernatant transferred to a new tube. Protein concentra-
tion was quantified using Pierce BCA protein assay kit (Thermo Scientific 23225) according to
manufacturer instructions. Proteins were separated on a 4%-20% gradient gel (BioRad 456-
1094) and transferred to Immobilon-FL PVYDF membrane (Millipore IPFLO0010). Membranes
were probed with TPP1 primary antibody (Bethyl A303-069A-M, diluted 1:500) or Ku70 prima-
ry antibody (Lab Vision/NeoMarkers MS-329-P1, diluted 1:1000). Independent biological rep-
licates were collected for each experiment from continuously growing LCL cultures. Three
independent control LCLs were used for each experiment with BMF181 family LCLs, with
the exception of blots investigating TPP1 expression variability over time, resulting in a higher
number of control data points compared to each of the experimental LCLs. A single LCL was
used for the BMF201 family experiments. The identity of the TPP1 band was verified by siRNA
knockdown (Supplemental Fig. 2A). Imaging was conducted on Odyssey and Odyssey CLx
systems, and bands were quantified using Image Studio Lite software. For TRAP experiments,
membranes were probed with primary antibody against TERT (Abcam ab32020, diluted
1:1000), myc (Sigma-Aldrich M4439, diluted 1:1000), or p-actin (Sigma-Aldrich a5441, diluted
1:1000). For antibody characterization experiments, membranes were probed with primary an-
tibodies against TPP1 (Bethyl A303-069A-M, diluted 1:500), myc (Sigma-Aldrich M4439, dilut-
ed 1:1000), neomycin phosphotransferase Il (Millipore AC113 1:1000), and Ku70 (Lab Vision/
NeoMarkers MS-329-P1, diluted 1:1000).

Statistical Analyses

Western and RT-qPCR data were analyzed using GraphPad Prism. All data sets were log
transformed and then analyzed using one-way ANOVA followed by the Holm-Sidak test
for multiple comparisons. A P-value < 0.05 was considered statistically significant.

ADDITIONAL INFORMATION

Data Deposition and Access

The BMF181 family ACD (NM_001082486.1) variants c.619delG, p.(Asp207Thrfs*22) and
¢.505_507delGAG, p.(Glu169del) were deposited to ClinVar (https://www.ncbi.nlm.nih
.gov/clinvar/) under the accession numbers SCV001450737 and SCV001450738, respective-
ly. Patient consent was not granted to deposit WES data. BMF201’s chromosomal deletion,
arrlhg19] 16922.1(67,628,846-67,813,408)x1, was deposited to ClinVar under accession
number SCV001450739.
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