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Bi-allelic CCDC47 Variants Cause a Disorder
Characterized by Woolly Hair, Liver Dysfunction,
Dysmorphic Features, and Global Developmental Delay
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Ca®* signaling is vital for various cellular processes including synaptic vesicle exocytosis, muscle contraction, regulation of secretion,
gene transcription, and cellular proliferation. The endoplasmic reticulum (ER) is the largest intracellular Ca*" store, and dysregulation
of ER Ca®" signaling and homeostasis contributes to the pathogenesis of various complex disorders and Mendelian disease traits. We
describe four unrelated individuals with a complex multisystem disorder characterized by woolly hair, liver dysfunction, pruritus, dys-
morphic features, hypotonia, and global developmental delay. Through whole-exome sequencing and family-based genomics, we
identified bi-allelic variants in CCDC47 that encodes the Ca**-binding ER transmembrane protein CCDC47. CCDC47, also known as
calumin, has been shown to bind Ca** with low affinity and high capacity. In mice, loss of Ccdc47 leads to embryonic lethality, suggest-
ing that Ccdc47 is essential for early development. Characterization of cells from individuals with predicted likely damaging alleles
showed decreased CCDC47 mRNA expression and protein levels. In vitro cellular experiments showed decreased total ER Ca*"
storage, impaired Ca®" signaling mediated by the IP3R Ca®* release channel, and reduced ER Ca** refilling via store-operated Ca>* entry.
These results, together with the previously described role of CCDC47 in Ca*" signaling and development, suggest that bi-allelic loss-of-
function variants in CCDC47 underlie the pathogenesis of this multisystem disorder.

Ca”" signaling is a multipurpose intracellular signaling sys-
tem that regulates a number of cellular processes including
synaptic vesicle exocytosis, muscle contraction, regulation
of secretion, transcription, and cellular proliferation.’
The endoplasmic reticulum (ER), or the sarcoplasmic retic-
ulum (SR) in muscle cells, is the largest store of intracellular
Ca®".” ER Ca*" depletion is also observed in a number of
genetic disorders due to variants in Ca*" channels and
sensors. For example, Brody myopathy (MIM: 601003) is
caused by recessive variants in ATP2A1 (MIM: 611974),
which encodes the fast-twitch skeletal muscle sarcoplasmic
reticulum Ca®* ATPase (SERCA1),> while Darier disease
(MIM: 124200) occurs due to variants in ATP2A2 (MIM:
108740), which encodes another sarcoplasmic reticulum
Ca®" ATPase, SERCA2.* Minicore myopathy (MIM:
255320) and central core disease (MIM: 117000) result
from variants in RYRI (MIM: 180901), which encodes a
major Ca”" release channel,” and autosomal centronuclear
myopathy (MIM: 160150) is associated with variants in

MTMR14 (MIM: 611089), which encodes a muscle-spe-
cific inositol phosphatase.® Stormorken syndrome (MIM:
185070), tubular aggregate myopathy 1 (MIM: 160565),
and immunodeficiency 10 (MIM: 612783) are caused
by variants in STIMI (MIM: 605921),”° which encodes
a Ca®" sensor. Tubular aggregate myopathy 2 (MIM:
615883) and immunodeficiency 9 (MIM: 612782) are
caused by variants in ORAIT (MIM: 610277),''" which en-
codes a Ca®" channel that coordinates ER Ca?* refilling via
store-operated Ca®" entry (SOCE). Additionally, disruption
of ER Ca”®" homeostasis contributes to the pathogenesis of
several common diseases including diabetes mellitus,
neurological diseases, and cancer.'?

CCDC47, also known as calumin, is present in several
tissues including brain, lung, heart, stomach, liver, spleen,
kidney, muscle, and testis.'> CCDC47 is an ER transmem-
brane Ca**-binding protein involved in embryogenesis
and development.'*'* A reported Ccdc47-knockout mouse
model exhibited delayed development, atrophic neural
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Table 1. Summary of Clinical Features of Individuals with Bi-allelic Loss-of-Function CCDC47 Variants

Clinical Features Proband 1 Proband 2 Proband 3 Proband 4
Prenatal and Perinatal History

Delivery C-section C-section NSVD C-section
Premature birth + term term term
Polyhydramnios + - - -
Respiratory distress - NA + +
Decreased fetal movements NA + + NA
Bradycardia + + - +
Birth weight (%ile) 75th NA <3rd 10th
Growth Parameters

Decreased body weight + + + +
Microcephaly + + + +
Physical Findings

Coarse facies + + + +
Midface hypoplasia + + + -
Hypertelorism + + + _
Almond-shaped palpebral fissure + + - _
Epicanthal folds - - + _
Ptosis + + 4 +
Long eyelashes + + - _
Synophrys + - + +
Ectropion + + _ _
Unusual nose + + + +
Downturned mouth + + + +
Macrostomia - + wide mouth _
Macroglossia - + + +
Full or thick lips + + + +
Dental abnormalities + - + 4
High arched palate + + + +
Ear abnormalities + + + +
Bilateral otitis media + + + 4
Bitemporal narrowing - + + +
Brachycephaly + + + 4
Plagiocephaly + + + _
Pruritus + + + n
Unusual hair + + + +
Thoracic hypertrichosis + + + 4
Fifth digit hypoplasia and/or clinodactyly + + + +
Dystrophic nails - - + —
Overlapping toes + + + 4
Distal arthrogryposis / joint laxity + + + +
Hypoplastic nipples + + + +

(Continued on next page)
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Table 1. Continued

Clinical Features Proband 1 Proband 2 Proband 3 Proband 4

Genital anomaly + + _ _

Musculoskeletal Findings

Hypotonia + + + +
Bilateral hip dislocation + + ND -
Hip dysplasia + + ND +
Bilateral coxa valga + - ND +
Abnormal bone density + + ND ND
Narrow chest + + — _
Fibular bowing + + - -
Genu valgum - - + _
Bilateral clubfoot + + - +
Small feet + + + +
Pectus excavatum + - - +
Scoliosis - + + _
Ocular Findings

Hyperopia + NA - +
Astigmatism + NA - -
Cortical visual impairment + NA + +
Immunological Findings

Recurrent infections - + + -
Immunodeficiency - + + -
Endocrine Findings

Hypothyroidism - NA + -
Rickets - + + _
Respiratory Findings

Obstructive sleep apnea + + + -
Central sleep apnea + NA + -
Heart Findings

Ventricular septal defect - + - -
Patent ductus arteriosus + + — _
Gastrointestinal Findings

Hepatosplenomegaly + - + -
Liver dysfunction + ND + +
Recurrent pancreatitis + NA - -
Exocrine pancreatic insufficiency + NA - -
Gastresophageal reflux + NA + +
Steatorrhea + + - -
Chronic diarrhea - —+ - +
Gallstones + - - +
Gastrostomy tube + - + +

(Continued on next page)
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Table 1. Continued

Clinical Features Proband 1 Proband 2 Proband 3 Proband 4
Elevated bile acids + NA + 4
Renal Findings

Renal abnormalities + + - _
Neurological Findings

Severe global developmental delay + + + +
Hyperreflexia - - + 4
Reduced tendon reflexes + + — _
Absent Achilles reflex + + — _
Behavioral issues - - + +
Seizures - NA + -
EEG abnormalities + NA + 4
Neuroimaging Findings

Abnormal ventricle morphology + + - +
Abnormal corpus callosum + - - +
Cerebral atrophy + + + 4
White matter abnormalities - - - +
Cerebellar hypoplasia - - - 4

Abbreviations: +, present; — absent; C-section, Caesarean section; EEG, electroencephalogram; NA, not available; ND, not done; NSVD, normal spontaneous

vaginal delivery.

tubes, heart abnormalities, a paucity of blood cells in the
dorsal aorta, and embryonic lethality.'* Further, mouse
embryonic fibroblasts (MEFs) from these mice exhibited
impaired Ca®" signaling.'®> These data suggest that
CCDC47 is critical for Ca®' signaling and normal
development.

In this study, we report four unrelated individuals pre-
senting with a complex multisystem disorder characterized
by woolly hair, liver dysfunction, pruritus, dysmorphic
features, hypotonia, and global developmental delay;
the clinical features of the probands are summarized in
Table 1. We performed molecular analyses on probands
who were referred to one of the collaborating centers for
diagnostic evaluation of an undiagnosed genetic disorder
and for whom prior genetic testing had been unrevealing.
The parents of probands 1, 3, and 4 provided informed con-
sent for sample collection and molecular analyses under
protocol 76-HG-0238 approved by the NHGRI Institutional
Review Board. The family of proband 2 gave consent for
research studies through the Baylor-Hopkins Center for
Mendelian Genomics (BHCMG) initiative under protocol
#H-29697 approved by the Institutional Review Board at
Baylor College of Medicine. The families of probands 3
and 4 were recruited for research studies through the Clinic
for Special Children under a Lancaster General Hospital
Institutional Review Board-approved protocol. Blood sam-
ples were collected from the probands and their unaffected
parents and, when available, their unaffected siblings for
whole-exome sequencing. Skin biopsies or peripheral blood

leukocytes were obtained from the proband when possible
for further molecular analyses. Using whole-exome
sequencing, we identified bi-allelic variants in CCDC47
that encodes the Ca®>"-binding ER transmembrane protein
CCDC47. Further details on the methodologies used in
this study are available in the Supplemental Data.
Proband 1 (1:II-1) was a 5-year-old female at the time she
was evaluated through the National Institutes of Health
Undiagnosed Diseases Program.'>”'” She was born to
non-consanguineous parents of mixed Northern European
and Native American descent. There were three miscar-
riages subsequent to the birth of proband 1. The pregnancy
was complicated by premature rupture of membranes at
30 weeks of gestation, requiring preterm delivery by
Caesarean section. At birth, she exhibited microcephaly,
hypotonia, bilateral club foot deformities, and a patent
ductus arteriosus (PDA). Complete blood counts identified
anemia during infancy, which resolved by 5 years of age.
She was unable to breast or bottle feed and was admitted
to the NICU, where she was diagnosed with oral motor
dyspraxia and severe gastresophageal reflux (GERD). At
approximately 3 years of age, she experienced an episode
of pancreatitis with liver inflammation. She had recurrent
steatorrhea and low fecal elastase levels, and multiple gray-
black cholesterol stones; cholecystectomy failed to resolve
the problem and she underwent recurrent hospitalizations
for similar episodes of pancreatitis. Evaluations for primary
biliary cholangitis and autoimmune hepatitis were nega-
tive, and she was diagnosed with exocrine pancreatic
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insufficiency. She had dysmorphic facial features including
coarse and woolly hair, midface hypoplasia, hypertelorism,
ptosis, a downturned mouth, full lips, dental abnormal-
ities, a high arched palate, low-set ears, brachycephaly,
and plagiocephaly (Figure 1A and Table 1). Further clinical
examination revealed distal arthrogryposis, fifth digit
hypoplasia, a narrow chest, hypoplastic nipples, hip
dysplasia, clitoral hyperplasia, fibular bowing, and overlap-
ping toes (Figure 1A and Table 1). Ophthalmologic evalua-
tion showed astigmatism, hyperopia, and cortical visual
impairment. Skeletal survey was consistent with osteope-
nia. She exhibited both truncal and appendicular hypoto-
nia with poor head control and severe global develop-
mental delay. She had frog leg posturing when supine.
She could not hold objects, bear weight, or sit up without
support. A brain MRI showed abnormalities of the corpus
callosum as well as mild prominence of the third ventricle
(Figure S1A). Additional clinical data are available in the
Supplemental Note.

Proband 2 (2: II-3) was a male first seen by the Depart-
ment of Medical Genetics at Dr. Sami Ulus Research and
Training Hospital of Women’s and Children’s Health and
Diseases at age 2 years 7 months. He was born at term
via Caesarean section with a birth weight of 3,000 g. The
parents were first-degree cousins of Turkish origin and
they had two healthy living children and reported four
previous miscarriages as well as two miscarriages subse-
quent to the birth of proband 2. The parents first noticed
decreased spontaneous movements and hypotonia at
2 months of life. The infant had no head control and no
single words. He was below the 3™ percentile for all
anthropometric measurements, with severe malnutrition.
Dysmorphic features included woolly and thin blonde
hair, macroglossia, macrostomia, and simple large ears
(Figure 1B and Table 1). The proband also exhibited bilat-
eral cryptorchidism. Ophthalmologic evaluation was unre-
markable. Laboratory studies including chemistry, blood
count, metabolic testing (urine organic acid, ammonia,
plasma amino acid, lactate, and pyruvate), congenital dis-
orders of glycosylation testing, karyotype, and subtelo-
meric FISH were negative or inconclusive. Echocardiogram
showed a ventricular septal defect (VSD) and PDA; abdom-
inal ultrasound revealed nephrocalcinosis. Skeletal survey
was consistent with osteoporosis (Figure S1B). Brain CT
showed mild dilation of the lateral ventricles and cerebral
atrophy. The boy was last evaluated at age 8 and the
mother had two more miscarriages in the interim. He
was referred to Baylor-Hopkins Center for Mendelian Ge-
nomics (BHCMG) to identify the molecular etiology.

Proband 3 (3: II-8) was an Old Order Amish female first
seen at The Community Health Clinic (Topeka, IN) at age
7 years 7 months. She was born at 38 weeks of gestation
via normal spontaneous vaginal delivery at home with
a birth weight of 2,070 g and considered to be small
for gestational age. The mother noticed slower and less
frequent movements compared to her previous pregnan-
cies. Due to respiratory distress, the newborn was trans-

ported to Wright Memorial Hospital (Trenton, MO) where
she was placed on oxygen for 12-24 hr. She was frequently
ill and diagnosed with failure to thrive (FTT); at 3 months
of age a gastrostomy tube (G-tube) was placed. Dysmorphic
features included microcephaly, dark and curly hair, epi-
canthal folds, hypertelorism, a bulbous nasal tip, and a
wide and downturned mouth (Figure 1C and Table 1).
She also had small hands and feet, dystrophic nails, and
abnormal chubby toes that overlapped (Figure 1C and
Table 1). The proband had a history of feeding issues,
FTT, GERD, and liver dysfunction with mild splenomegaly
and a prominent left hepatic lobe; itching improved on
cholestyramine. She had recurrent infections due to a
Toll-like receptor signaling defect, which was treated with
IVIG, as well as central hypothyroidism and vitamin
D-deficient rickets. Proband 3 also had chronic respiratory
insufficiency and a history of apnea and sleep distur-
bances. Developmentally, she was severely delayed, non-
verbal, and had generalized hypotonia. She could not
grasp objects or sit up but was able to roll onto her side.
Behaviorally, she displayed bruxism and self-mutilation;
treatment with Risperdal resolved these behaviors. A brain
MRI revealed mild prominence of the CSF space
(Figure S1A). The parents had five healthy living children,
two miscarriages, and two males who passed away at
3.5 months (3: II-3) due to aspiration pneumonia and at
7 months of gestation (3: 1I-6) (Figure 2A). A maternal un-
cle passed away at 9 weeks of age due to kidney failure. All
had dark curly hair similar to proband 3 (3: II-8).
Additional clinical data are available in the Supplemental
Note.

Proband 4 (4: II-1) was first seen at The Community
Health Clinic (Topeka, IN) at age 6 years 6 months. At
birth, she was transferred to the Memorial Hospital NICU
(South Bend, IN) for 5 days due to episodes of oxygen de-
saturation and poor feeding. At 1 year 6 months, she had
a G-tube placed due to FTT. Her dysmorphic features
included microcephaly, red curly hair, synophrys, full
lips, and a downturned mouth (Figure 1D and Table 1). A
skeletal survey showed that she had bilateral talipes equi-
novarus, coxa valga, bilateral overlapping toes, pectus
excavatum, and hypermobile joints (Figure 1D and
Table 1). Ophthalmologic evaluation showed she had hy-
peropia and cortical visual impairment. Proband 4 had
abnormal liver function tests, elevated serum bile acids,
and pruritus; itching improved on cholestyramine. She
also had cholelithiasis without secondary evidence of
acute cholecystitis; partial visualization of the pancreas
was unremarkable. Neurologically, she had severe global
developmental delay, hyperreflexia, hypotonia, and poor
head control; she was non-verbal, although she sometimes
answered “yah.” She displayed bruxism and self-mutila-
tion and also clapped or hit herself when excited. A brain
MRI showed minimal prominence of the cerebral sulci
and ventricular enlargement, global white matter paucity,
and a thin corpus callosum (Figure S1A). The parents had
three healthy living children subsequent to the birth of
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Proband 1 Proband 2

Proband 3

Figure 1. Clinical Physical Features of the Four Probands with Bi-allelic Loss-of-Function CCDC47 Variants

All four probands have dysmorphic facial features characterized by coarse facies, ptosis, a downturned mouth, simple ears, and unusual
hair that is coarse and/or woolly and/or curly. Microcephaly, brachycephaly, hypotonia, joint laxity/distal arthrogryposis, nipple hypo-
plasia, and overlapping toes were also present in all of the probands. Other dysmorphic features observed in most of the probands
include midface hypoplasia, hypertelorism, dental abnormalities, plagiocephaly, a narrow chest, hip dysplasia, and bilateral clubfoot.
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Figure 2. Bi-allelic CCDC47 Variants Segregate with Disease in All Four Families and Lead to Decreased CCDC47 mRNA Expression and

CCDC47 Protein Levels

(A) The pedigrees of all four families with a proband exhibiting woolly hair, liver dysfunction, pruritus, dysmorphic features, and devel-
opmental delay show segregation of CCDC47 (GenBank: NM_020198.2) variants in an autosomal-recessive mode of inheritance. Note

recurrent pregnancy loss in three of four pedigrees.

(B) Schematic of CCDC47 showing the locations of the variants (asterisks) leading to a frameshift or stop-gain variant in exon 7 and 11

(red bars).

(legend continued on next page)

800 The American Journal of Human Genetics 103, 794-807, November 1, 2018



the proband (Figure 2A). Additional clinical data are avail-
able in the Supplemental Note.

Whole-exome sequencing was performed on these four
probands at three different research centers to identify
pathogenic variants underlying their disease (Supple-
mental Subjects and Methods).'® Variant interpretation
and prioritization was based on the clinical relevance of
the gene and the pathogenicity of the variants using
ACMG-AMP guidelines.'” Further variant prioritization
was based on Mendelian consistency and segregation,
observed frequency of the variants in public and inter-
nal population databases, conservation, and predicted
deleteriousness coalesced with published biological and
functional data of the candidate genes. Each center inde-
pendently identified compound heterozygous or homozy-
gous variants in CCDC47 (GenBank: NM_020198.2) segre-
gating according to Mendelian expectations for an
autosomal-recessive disease trait (Figures 2A, 2B, and S2;
Table 2). All of the CCDC47 variants identified were either
nonsense or frameshift variants that are predicted to lead
to nonsense-mediated mRNA decay or premature trunca-
tion of the protein (Figure 2C and Table 2). The allele fre-
quencies of the identified CCDC47 variants in population
databases, such as the Genome Aggregation Database (gno-
mAD), were very low ranging from 0.000% to 0.010% (Ta-
ble 2) with no homozygotes recorded. In addition, these
variants are predicted to be pathogenic by multiple bio-
informatic algorithms (Table 2).

To experimentally assess the functional consequences of
the variants identified, we performed TagMan gene expres-
sion analysis to quantify CCDC47 mRNA, western blot to
assess the levels of CCDC47, and indirect immunofluores-
cence microscopy to assess the localization of the protein
(Supplemental Subjects and Methods and Tables S1-S3).
Gene expression analyses showed that the relative
CCDC47 mRNA was decreased in the primary dermal fibro-
blasts of probands 1 (1: II-1), 3 (3: II-8), and 4 (4: II-1)
compared to two unaffected sex-matched pediatric controls
(Figure 2D, upper panel) and in the lymphoblastoid cells of
proband 2 (2: II-3) compared to his father (2: I-1) and unaf-
fected sibling (2: II-2) (Figure 2D, lower panel). Consistent
with the predicted loss-of-function effect of the identified
variants, CCDC47 levels were nearly undetectable in the

cells from all four probands, as assessed using an antibody
that recognizes the C terminus of CCDC47 (Figure 2E).
These results were consistent using an antibody that recog-
nizes the N terminus of CCDC47 (data not shown). Cell
studies showed that CCDC47 was localized in an ER-like
pattern in unaffected control cells and that the signal for
CCDC47 was undetectable by immunofluorescence using
primary dermal fibroblasts from proband 1 (Figure 2F),
consistent with the observation from western blot experi-
ments. Altogether, our experiments support the hypothesis
that the variants in CCDC47 lead to nonsense-mediated
decay of the prematurely truncated transcripts and result
in the absence of protein and a functional loss of CCDC47.

To further explore the functional effects of loss of
CCDC47, we performed in vitro experiments to interrogate
ER Ca®" storage, Ca>" release, and store-operated Ca*" en-
try (SOCE). CCDC47 has been previously shown to bind
Ca®","® so we hypothesized that the loss of CCDC47
expression would lead to impaired ER Ca®" storage,
signaling, and refilling. We performed live-cell imaging
using the cell-permeable Ca?' indicator Fura-2-acetoxy-
methyl ester (Fura-2AM) to monitor the elevation of cyto-
plasmic Ca®" following the addition of either the sarco/
endoplasmic reticulum Ca®*"-ATPase (SERCA) inhibitor
thapsigargin at a high concentration to completely deplete
ER Ca®* levels and assess total ER Ca?". In addition, IP; was
used to induce Ca®" release via the inositol 1,4,5-trisphos-
phate receptor (IP3R), ryanodine to induce Ca** release via
the ryanodine receptor (RyR), thapsigargin at a low con-
centration to determine ER Ca*" leak, and thapsigargin
at a high concentration to deplete ER Ca*" levels followed
by CacCl, to assess refilling via SOCE (Supplemental Sub-
jects and Methods). Complete inhibition of SERCA, which
transports Ca®" from the cytoplasm into the ER, was
achieved by the addition of 2 uM thapsigargin, which leads
to rapid depletion of ER Ca*" stores and reflects total ER
Ca®" levels.”’ Our results show that total ER Ca*" was
decreased in the primary dermal fibroblasts of all three pro-
bands tested compared to unaffected control -cells
(Figure 3A). Ca>" release via IP;R was decreased in the pri-
mary dermal fibroblasts of all three probands tested
(Figure 3B), while Ca®" release via RyR was decreased
only in proband 1 compared to that of unaffected control

(C) Schematic of CCDC47, also known as calumin, and its functional domains showing the locations of the predicted amino acid
changes (asterisks).

(D) Relative CCDC47 mRNA expression was quantified by TagMan assay in the fibroblast cells of two unaffected control subjects and
probands 1, 3, and 4 (upper panel) and in the lymphoblastoid cells of the father (2: I-1) and unaffected sibling (2: II-2) of proband 2
and proband 2 himself (2: II-3, lower panel). Data are presented as the mean of four technical replicates relative to control 1 (upper panel)
or the father of proband 2 (2: I-1, lower panel). Expression of HPRT1 and POLR2A were used as internal controls to normalize gene expres-
sion; error bars represent one standard deviation.

(E) CCDC47 levels were quantified by western blot using an antibody against the C terminus of CCDC47 in the fibroblasts of two un-
affected control subjects and probands 1, 3, and 4 (left panel) and in the lymphoblastoid cells of the father (2: I-1) and unaffected sibling
(2:11-2) of proband 2 and proband 2 himself (2: II-3, right panel). Samples were quantified relative to control 1 (left panel) or the father of
proband 2 (2: I-1) (right panel). Expression of B-actin levels were used as a loading control to normalize CCDC47 levels.

(F) CCDCA47 localization (green) was assessed by indirect immunofluorescence microscopy in the fibroblasts of an unaffected control and
proband 1. An antibody against calnexin (red) was used as an ER marker; DAPI (blue) was used to stain the nucleus.

Scale bar = 20 microns. Abbreviations: aa, amino acid; DAPI, 4’,6-diamidino-2-phenylindole; ER, endoplasmic reticulum; NA, not
available.
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subjects (Figure 3C). Although proband 4 has generally
lower Ca®" released after addition of ryanodine, the differ-
ence from control subjects was not statistically significant.
Partial inhibition of SERCA by the addition of 0.2 pM
thapsigargin unmasks ER Ca®" leak, a constitutive process
mediated via ion channels such as presenilin 1 and bax
inhibitor 1.>"?* ER Ca®" leak was decreased in probands
1 and 4 compared to that of unaffected control subjects
(Figure 3D). SOCE was decreased in all three probands
tested (Figure 3E), which may indicate inefficient refilling
of the ER store via Ca* entry across the plasma membrane.
Overexpression of CCDC47 in the primary dermal fibro-
blasts of proband 1 rescued ER Ca*" storage, signaling,
and refilling via SOCE (Figures 3 and S3). Together, these
Ca®" imaging studies demonstrated that ER Ca®" stores
are decreased, ER Ca®" signaling is impaired, and ER
Ca”" refilling via SOCE is reduced in the cells of individ-
uals with CCDC47 variants, suggesting that CCDC47 is
important for the maintenance of Ca** homeostasis and
signaling in the ER.

In addition to acting as the largest intracellular Ca®"
store, the ER is a dynamic organelle that is involved in pro-
tein synthesis, folding, quality control, and secretion.
Accumulation of unfolded proteins leads to ER stress and
the activation of several signal transduction pathways
collectively known as the unfolded protein response
(UPR). Three key UPR pathways, including the IRElq,
ATF6, and PERK pathways, have been identified
(Figure S4A).”* % ER stress leads to IRE1a phosphorylation
and subsequent splicing of XBP1, which is translated into a
transcription factor that translocates into the nucleus
(Figure S4A, left panel); and/or the cleavage of ATF6 into
a transcription factor that translocates into the nucleus
(Figure S4A, center panel); and/or the phosphorylation
of PERK and elF2a that lead to the activation of ATF4, a
transcription factor that translocates into the nucleus
(Figure S4A, right panel) to induce the transcription of
UPR target genes.”>?® Similar to the observations re-
ported in Ccdc47-knockout mouse embryonic fibroblasts
(MEFs),"? primary dermal fibroblasts derived from proband
1 exhibited normal activation of each of the three arms of
the UPR upon ER stress with the SERCA inhibitor thapsi-
gargin (Figures S4B-S4D), suggesting that the UPR is func-
tional in these cells.

Ca”" release from the ER to the mitochondria is critical
for Ca®'-dependent mitochondrial membrane protein
function, mitochondrial division, and apoptosis activa-
tion.?” Further, there is extensive cross talk between Ca?*
and reactive oxygen species (ROS) signaling systems, and
dysfunction in either system might detrimentally affect
the other system.”® Since Ca®" storage is reduced and
signaling is impaired in the ER of fibroblasts from individ-
uals with CCDC47 variants, we postulated that they may
be more susceptible to oxidative stress. To test this, we per-
formed an oxidative stress assay (Supplemental Subjects
and Methods). Compared to unaffected control dermal
fibroblasts, primary dermal fibroblasts from proband 1

Genomewide
AOH (Mb)

268.4
81.2
65.1

NA
NA

AOH Region
Containing
Candidate (Mb)

NA
NA
1.3
19.6
15.7

CADD
Phred
Score
0
34
9

gnomAD
All
0.010%
0.000%
0.001%
0.002%
0.002%

Parent
of Origin
P

M

both
both
both

Inheritance
compound

heterozygous
homozygous
homozygous
homozygous

p-Ser389Leufs*25
p-Leu382Argfs*2
p-Leu382Argfs*2

Amino
Acid
Change
p-Arg397*
p-Arg271*

Coding
Sequence
Change
¢.1189C>T
c.1165delT
c.811C>T
c.1145delT
c.1145delT

Nucleotide Change
(hg19 genomic
coordinates)
Chr17:8.61829694G>A
Chr17:g.61829718del
Chr17:g.61833855G>A
Chr17:g.61829738del
Chr17:g.61829738del

Reported
Consanguinity

no
yes
no
no

European/Native

Ancestry
Northern
American
Turkish

Summary of Bi-allelic Loss-of-Function Variants Identified in CCDC47 (GenBank: NM_020198.2)
Amish
Amish

Abbreviations: AOH, absence of heterozygosity; CADD, Combined Annotation Dependent Depletion; gnomAD, Genome Aggregation Database; M, maternal; NA, not applicable; P, paternal.
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Figure 3. Total ER Ca" Storage, ER Ca®* Signaling, and ER Ca**
Refilling via Store-Operated Ca®* Entry (SOCE) Are Impaired in
Fibroblasts from Individuals with Loss-of-Function Variants in
CCDC47

Unaffected control fibroblasts (control 1 and control 2), proband
1, 3, and 4 fibroblasts, and a rescue cell line where wild-type
CCDC47 was stably expressed in the dermal fibroblasts from pro-
band 1 (Rescue) were stained and imaged live with the cytosolic
Ca”* probe Fura-2AM prior to the addition of 2 uM thapsigargin
(A), 0.5 uM IP3-AM (B), 10 uM ryanodine (C), 0.2 uM thapsigargin
(D), or 2 mM CaCl, following 2 uM thapsigargin pretreatment (E)
to measure the release of total Ca®* from the ER, Ca®* release from
the ER via the inositol 1,4,5-triphosphate receptor (IP3R), Ca?*
release from the ER via the ryanodine receptor (RyR), Ca®* leak
from the ER, or uptake of Ca®* into the ER via SOCE, respectively.
The selective Ca®* ionophore ionomycin, which raises intracel-
lular Ca>* levels, was added to check cell viability. Representative
graphs (left panels) and Ca®" traces (right panels) summarizing
Ca** release (A-D) or uptake (E) are shown. n = 3-7 with a mini-
mum of 16 cells analyzed per experiment (A), n = 3-5 with a min-

were more susceptible to oxidative stress in response to
treatment with the glutathione synthesis inhibitor L-bu-
thionine-(§,R)-sulfoximine (BSO) at a concentration of
50 pM and increasing concentrations of iron (Fe>™ citrate)
to increase their oxidative burden (Figure S5A). Treatment
with the antioxidant compound EPI-743, which has
proven efficacy in rescuing cells from individuals with pri-
mary genetic mitochondrial disease,”” rescued the pheno-
type of oxidative stress susceptibility with an ECsq of
19 nM in these primary dermal fibroblasts, while treatment
with a non-redox cycling analog of EPI-743 (RS-743)
showed no rescue from oxidative stress challenge when
tested at concentrations up to 1,000 nM (Figure S5B). How-
ever, oxidative stress susceptibility was not increased in fi-
broblasts from probands 3 and 4, and proband 1 fibroblasts
stably overexpressing wild-type CCDC47 failed to rescue
the molecular phenotype (data not shown). These findings
suggest that CCDC47 deficiency does not uniformly lead
to increased susceptibility to oxidative stress.

Through detailed clinical phenotyping, whole-exome
sequencing analysis, and multicenter collaboration,'® we
identified four unrelated individuals with bi-allelic loss-
of-function variants in CCDC47 who are affected by a
multisystem disorder characterized by woolly hair, liver
dysfunction, pruritus, dysmorphic features, hypotonia,
and global developmental delay (Figures 1, 2A, and 2B,
and Table 1). The CCDC47 variants identified in these
four individuals are predicted to truncate CCDC47
(Figure 2C). Analyses of CCDC47 mRNA and CCDC47 pro-
tein in cell lines derived from all four individuals demon-
strated that both of these products were severely decreased
or absent, supporting the prediction that these variants
lead to nonsense-mediated decay and the consequent
absence of the protein (Figures 2D-2F and Table 2).
Further, we have demonstrated that Ca®" storage,
signaling, and refilling are impaired in primary dermal fi-
broblasts from individuals with bi-allelic loss-of-function
variants in CCDC47 (Figure 3), likely due to reduced levels
of the ER Ca®"-binding protein CCDC47. While additional
candidate variants were detected in each of the probands
(Table S4), CCDC47 was the only candidate gene common
to all four probands.

Of note, we observed some variability in the clinical pre-
sentation of the four probands reported in this study. First,
proband 1 exhibited severe pancreatitis while the other in-
dividuals did not (Table 1). Her unique clinical presentation
may be secondary to her gallbladder disease or her genetic
background. Second, probands 2 and 3 presented with im-
munodeficiency and recurrent infections (Table 1). Given

imum of 8 cells analyzed per experiment (B), n = 3-8 with a min-
imum of 13 cells analyzed per experiment (C), n = 3-7 with a
minimum of 14 cells analyzed per experiment (D), and n = 3-4
with a minimum of 16 cells analyzed per experiment (E). Error
bars represent the standard error of the mean. *p < 0.05; **p <
0.01; ***p < 0.001. Abbreviations: FU, fluorescence units; s,
seconds.
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that primary immunodeficiencies have been associated
with variants in STIM1 and ORAII that encode key proteins
involved in SOCE,”'' immunodeficiency may be a bona fide
clinical feature of this disorder. Third, probands 3 and 4 ex-
hibited several behavioral issues that the other two pro-
bands did not exhibit (Table 1); these behavioral issues
mightbe due to acommon change at another genetic locus,
although no additional shared rare variants were identified
through whole-exome sequencing of these probands.
Fourth, proband 4 appears less severely affected compared
to the three other probands. For instance, she was able to
sit up and she did not have arthrogryposis or hypertelorism
(Figure 1D and Table 1). Interestingly, proband 4 had the
least severe SOCE molecular defect (Figure 3E). It is possible
that there are genetic, environmental, and/or stochastic
factors that lead to a variable clinical presentation among
these four individuals. The identification and characteriza-
tion of additional individuals will further help distill the key
clinical features of this multisystem disorder that exhibits
variable expressivity.

Notably, some of the rare CCDC47 variants that we de-
tected may be considered founder variants. Proband 2 is
of Turkish ancestry with consanguineous parents and ho-
mozygous for a rare variant (c.811C>T [p.Arg271*)),
whereas probands 3 and 4 are of Amish ancestry and, while
unrelated, they both share homozygosis for the same rare
variant (c.1145delT [p.Leu382Argfs*2]). These variants
may be founder variants in the corresponding populations
and, although maintained at very low frequencies, they are
more likely to come together in homozygosis due to auto-
zygosity by consanguinity, i.e., identity-by-descent or ge-
netic drift in these populations. Indeed, the homozygous
variant ¢.811C>T in proband 2 was located within a
1.3 Mb region of absence of heterozygosity (AOH) of a
total of 268.4 Mb of autozygous genome, evidence of
the reported consanguinity in this family (Table 2 and
Figure S6A). AOH analyses of probands 3 and 4, both of
Amish ancestry, revealed that the shared c.1145delT
variant occurs within a 14.11 Mb shared haplotype within
larger regions of AOH spanning 19.6 Mb and 15.7 Mb,
respectively, in the genomes of these probands (Table 2
and Figure S6B). Therefore, these alleles can be readily
included in population-specific disease panels for accurate
and rapid molecular diagnosis and carrier or prenatal
screening as reported for other founder alleles.*’

The Ccdc47-knockout mouse model provides support for
some of the clinical features we observed in our four unre-
lated individuals.'*'* Similar to the Ccdc47-knockout
mouse model, all of the individuals described in this study
had decreased body weight and/or poor growth and neuro-
logical abnormalities including enlargement of the ventri-
cles and/or cerebral atrophy; some of the individuals had
heart abnormalities including PDA and/or VSD. Multiple
miscarriages are a notable feature of all four families
(Figure 2A). Interestingly, the Ccdc47-knockout mouse
model generated on a mixed C57BL/6 x 129/Sv genetic
background showed variable lethality ranging from embry-

onic to neonatal lethality."® Subsequent backcrossing of
this line for more than six generations showed embryonic
lethality at midgestation (E10.5-E11.5)."* It is possible that
some of the miscarried fetuses could also harbor bi-allelic
variants in CCDC47. These observations suggest that there
may be genetic modifiers of this clinical phenotype consis-
tent with the variable expressivity observed in individuals
with pathogenic CCDC47 variants.

Ca®" depletion of the ER can lead to ER stress and activa-
tion of the UPR pathways.'” Despite Ca*" depletion in
the ER, we observed that the primary dermal fibroblasts
derived from proband 1 were still capable of activating all
three pathways of the UPR, including the IREla, ATF6,
and PERK pathways, upon ER stress with thapsigargin
similar to that of an unaffected control (Figure S4). Analo-
gous findings have been observed in the Ccdc47-knockout
MEFs."? Interestingly, activation of the IRE1a pathway and
increased levels of the ER chaperone protein glucose-regu-
lated protein 78 (GRP78), which is a key regulator of ER
stress, an activator of UPR signaling, and a downstream
target of UPR,”"*” have been observed in CCDC47-knock-
down HEK293 cells without treatment with thapsigar-
gin.'* These findings may be due in part to differences in
cell type and/or due to an acute decrease in CCDC47 levels.

Susceptibility to oxidative stress was increased in the pri-
mary dermal fibroblasts of proband 1, similar to what has
been observed in individuals with primary mitochondrial
disorders that affect cellular oxidation/reduction processes
(Figure S5A). We postulated that the increased susceptibility
to oxidative stress may be a secondary downstream effect of
CCDC47 deficiency since Ca®' signaling is integral for
mitochondrial function and there is extensive crosstalk be-
tween the Ca®* and ROS signaling systems.””*® However,
we observed that fibroblasts from probands 3 and 4 did
not show increased susceptibility to oxidative stress and fi-
broblasts from proband 1 stably overexpressing wild-type
CCDC47 were equally susceptible to oxidative stress as the
fibroblasts from proband 1 lacking CCDC47. These findings
strongly suggest that CCDC47 deficiency does not increase
susceptibility to oxidative stress and that one or more vari-
ants, unique to proband 1, contribute to our observations.

Though most of the Ca®" dysregulation disorders are
myopathies, unsurprisingly due to the heavy Ca*" depen-
dency of muscle for contraction, we observed a broader
and pleiotropic phenotype affecting multiple organs and
systems beyond musculoskeletal findings in the case of
CCDC47 deficiency. One explanation for the multisystem
involvement is that a broader range of cell types and/or
developmental stages, in addition to those involved in
muscle contraction and development, may be sensitive
to CCDC47 deficiency. Since muscle contraction and syn-
aptic vesicle exocytosis are regulated by Ca*" signaling, it
is possible that dysregulation of Ca*" signaling due to
CCDC47 deficiency could contribute to the hypotonia
and global development delay in our probands. Gastroin-
testinal complications, including the cholestatic liver dis-
ease in probands 3 and 4, exocrine pancreatic insufficiency
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in proband 1, and poor growth common to all four pro-
bands, are prominent clinical features (Table 1). Ca’t
signaling contributes to the regulation of secretion in
many cell types, including hepatocytes and cholangiocytes
that secrete bile, pancreatic acinar cells that secrete diges-
tive enzymes, and salivary gland acinar cells that secrete
saliva.>*~*> All three IP3R isoforms are the primary Ca*"
release channels in the secretory cells of the bile duct,
and the loss of IP3R and subsequent loss of Ca*" release
has been shown to contribute to the pathogenesis of chole-
static liver disease.*®*” Furthermore, mice in which type 2
and type 3 IP3Rs are absent displayed secretion deficits in
the pancreatic and salivary gland acinar cells due to
impaired Ca*" signaling that ultimately led to difficulties
in nutrient digestion and poor growth.*® Similarly, all of
the individuals in this study presented with poor growth
and most were fed by G-tube (Figure 1 and Table 1). Further
studies performed in a clinically relevant cell type via
CCDC47-knockdown cultured cells or in a conditional
Ccdc47-knockout mouse model are required to delineate
the molecular mechanism by which CCDC47 deficiency
contributes to these clinical features.

Although we identified impaired Ca®*" homeostasis and
signaling in primary dermal fibroblasts from individuals
with bi-allelic loss-of-function variants in CCDC47, there
are several other known proteins that have Ca®" buffering
capacity in the ER. Examples include calreticulin, heat
shock protein 90 beta family member 1 (also known as en-
doplasmin or GRP94), calnexin, and prolyl 4-hydroxylase
subunit beta (also known as protein disulfide isom-
erase).””*" Similar to CCDC47, these proteins bind Ca*"
with low affinity and high capacity.'**'~*” In fact, calreticu-
lin has been shown to bind approximately 50% of the total
Ca®" within the ER.*® Many of these ER Ca*" buffering pro-
teins are multifunctional and, indeed, loss-of-function
mouse models generated for several of these showed embry-
onic lethality,*” " which suggests that these proteins have
non-overlapping functions. Therefore, it is probable that
CCDC47 has yet unexplored and unique roles, aside from
its ER Ca®" buffering capacity, that cannot be compensated
for by the presence of other Ca®" buffering proteins in the
ER. Indeed, CCDC47 has been suggested to regulate Ca*"
release-activated Ca?*" (CRAC) channels that are respon-
sible for ER filling and interacts with STIM1 and ORAI1
that are responsible for SOCE.** Our molecular findings
of decreased ER Ca?" and SOCE align with those observed
in the Ccdc47-knockout MEFs,"” which suggests that
CCDC47 may be involved in regulating SOCE.

In summary, we report that bi-allelic loss-of-function
variants in CCDC47 cause a rare autosomal-recessive disor-
der characterized by woolly hair, liver dysfunction, pruri-
tus, dysmorphic features, and global developmental delay.
Through in vitro and cellular experiments, we provide evi-
dence that Ca®" storage and signaling are impaired in pri-
mary dermal fibroblasts derived from three individuals
with loss-of-function variants in CCDC47; however, it is
not clear how CCDC47 deficiency leads to the clinical pre-

sentation observed in the affected individuals. Additional
functional studies will be necessary to better understand
the role of CCDC47 in Ca®*" homeostasis and signaling
in the ER and further elucidate how its absence leads to
this developmental disorder.
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