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ORIGINAL ARTICLE

JBMR

A Recurrent De Novo FAM111A Mutation Causes
Kenny-Caffey Syndrome Type 2

Tsuyoshi Isojima,’ Koichiro Doi,? Jun Mitsui,® Yoichiro Oda,* Etsuro Tokuhiro,® Akihiro Yasoda,®
Tohru Yorifuji,” Reiko Horikawa,® Jun Yoshimura,” Hiroyuki Ishiura,® Shinichi Morishita,? Shoji Tsuji,?
and Sachiko Kitanaka'

'Department of Pediatrics, Graduate School of Medicine, The University of Tokyo, Tokyo, Japan

2Department of Computational Biology, Graduate School of Frontier Sciences, The University of Tokyo, Kashiwa, Japan
3Department of Neurology, Graduate School of Medicine, The University of Tokyo, Tokyo, Japan

“Department of Pediatrics, Ohta Nishinouchi Hospital, Koriyama, Japan
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SDepartment of Medicine and Clinical Science, Kyoto University Graduate School of Medicine, Kyoto, Japan
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ABSTRACT ~ ' e : :
Kenny-Caf'fey syndrome (KCS) is a rare dysmorphologlc syndrome characterlzed by proportronate short stature, cortlcal thlckenlng
and medullary stenosis of tubular bones, delayed:closure of anterior fontanelle, eye abnormalities, and hypoparathyroidism. The
autosomal dommant form of KCS (KCS type 2 [KCS2]) is dlstmgurshed from the autosomal recessive form of KCS (KCS type 1 [KCS1)),

which is cau d by mutatrons of the tubulm—foldlng co

‘E (TBCE) gene, by the absence of mental retardatlon In thls study, we

heterozygously detected inall three patlents but not in the unaffected famlly members This mutat|on was also found inan addrtronal
unrelated patrent These ﬁndmgs are in accordance wrth those of a recent rndependent report bya Swrss group that KCSZ is caused by

study would prowde evrdence that FAMl 1 1A is a key molecule for normal bon ldevelopment herght galn and parathyroid hormone
development and/or regulatron © 2014 American Socrety for Bone and Mrneral Research :

KEY WORDS:KENNY—CAFFEY SYNDROME; FAMIT14; PARATHYRO]D—RELATED Dl‘SORDERS; HYPOMAGNESEMIA

Introduction

enny-Caffey syndrome (KCS) (OMIM #244460, %127000) is a
Krare dysmorphologic syndrome characterized by severe
proportionate short stature with adult heights of 121 to 149 cm,
cortical thickening and medullary stenosis of tubular bones,
delayed closure of the anterior fontanelle, eye abnormalities, and
hypocalcemia owing to hypoparathyroidism.” = KCS is classified
into two types according to its clinical features and inheritance
pattern. Classical cases have normal intelligence and are
transmitted as an autosomal dominant trait or sporadically
and are called KCS type 2 (KCS2) (OMIM %127000).”) Cases
having mental and prenatal growth retardation and transmitted
as an autosomal recessive trait are called KCS type 1 (KCS1)
(OMIM #244460).4%7

In 2002, a study of 65 individuals from 34 pedigrees of Middle
Eastern origin resulted in the identification of mutations of the
tubulin-folding cofactor E (TBCE) gene as the cause of KCS1. TBCE
encodes a molecular chaperone required for heterodimerization
of a-tubulin with B-tubulin.® KCS2 is extremely rare, with only 5
sporadic cases reported in Japan.®"'? Because of this rarity,
the cause of KCS2 has been unknown until it was recently
reported to involve the “family with sequence similarity 111,
member A" (FAM111A) gene (NM_001142519.1) by a Swiss
group in 2013.%%

In this study, we recruited 4 Japanese patients with typical
sporadic KCS2 having normal intelligence and performed whole
exome sequencing in 3 unrelated trios to elucidate the molecular
basis of KCS2. We hypothesized that KCS2 is caused by de novo
mutations and built a de novo mutation detection pipeline to
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process the raw data from exome sequencing. Using this
method, we found an identical de novo mutation in FAMT171A in
all 4 patients. This and the reported independent studies provide
evidence that FAM111A is the cause of KCS2, and R569H is a hot
spot mutation for KCS2.

Materials and Methods

Subjects
Case 1

This 10-year-old girl (Fig. 1, 1) was born at 40 weeks of
gestation to nonconsanguineous, healthy Japanese parents.
Polysyndactyly was noticed at birth. At 3 months of age, she was
referred to a pediatric endocrinologist because of growth
retardation. Her body length, body weight, and head circum-
ferences were 55 cm (—2.5 SD), 5092 g (—1.8 SD), and 37.3cm (0.2
SD), respectively. She was found to have liver dysfunction with
a serum aspartate aminotransferase (AST) level of 227 U/L
(reference range 21 to 75) and serum alanine aminotransferase
(ALT) level of 227 U/l (reference range 11 to 69). Basal serum
insulin-like growth factor (IGF-l), calcium (Ca), and phosphorus (P)
levels were within normal limits. At the age of 1 year,
hypocalcemia was revealed. Her serum Ca, P, and intact
parathyroid hormone (PTH) levels were 1.6 mmol/L (reference
range 2.1 to 2.4), 2.6 mmol/L (reference range 0.88 to 1.4), and
11 ng/L (reference range 15 to 50), respectively, with a normal
magnesium (Mg) level of 0.86 mmol/L (reference range 0.74 to
0.90). Her serum 1,25(0H),D level, serum alkaline phosphatase
level, and urine Ca/creatinine ratio were within normal ranges.
Brain computed tomography (CT) revealed calcification in the
basal ganglia (Fig. 2A). She was diagnosed with primary
hypoparathyroidism and was treated with alfacalcidol [1a(OH)
Ds]. At 2 years of age, she was diagnosed with KCS2 based on
clinical manifestations of proportionate short stature, cortical
thickening and meduilary stenosis confirmed by radioscopic
study (Fig. 2B), macrocephaly with delayed closure of the
anterior fontanelle, eye abnormalities (hypermetropia and
pseudopapilledema), and normal intelligence. Magnesium oxide
was administered because of a low serum Mg level (below
0.62mmol/L) at 3 years of age.

Case 2

This 16-year-old boy (Fig. 1, II-4)"® was born at 41 weeks of
gestation to nonconsanguineous, healthy Japanese parents.
When he was 23 days old, he had a generalized convulsion
because of hypocalcemia. At this time, his serum Ca, P, Mg, and
intact PTH levels were 1.5mmol/L, 3.1 mmol/L, 0.74 mmol/L,
and undetectable, respectively. T-cell subset was normal. He was
treated with alfacalcidol on the basis of a diagnosis of primary
hypoparathyroidism. Magnesium sulfate was added because of
his low serum Mg level at the age of 1 year. He suffered repeated
bouts of acute otitis media until the age of two years. His serum
1gG level was within the normal range. At 3 years and 1 month,
his height, weight, and head circumference were 77.9cm
(—4.4 SD), 9.9kg (—2.7 SD), and 47.4cm (—1.5 SD), respectively.
He had normal intelligence for his age. He was diagnosed with
KCS2 based on clinical findings of proportionate short stature,
medullary stenosis revealed by radiography, a widely open
anterior fontanelle (Fig. 2C, skull radiograph at 9 years), and
hypermetropia. He also suffered severe atopic dermatitis after

normalization of his serum Ca levels. His growth chart is shown
in Fig. 2.

Case 3

This 22-year-old woman (Fig. 1, 11-9)"" was born at 40 weeks of
gestation to nonconsanguineous, healthy Japanese parents
following an uneventful pregnancy. At 1 month, she had an
episode of generalized convulsions because of hypocalcemia. At
this episode, her serum Ca, P, Mg, and intact PTH levels were
1.3 mmol/L, 2.9 mmol/L, 0.49 mmol/L, and undetectable, respec-
tively. Oral alfacalcidol administration was started on the basis of
a diagnosis of primary hypoparathyroidism. At the age of 5
years 1 month, she was referred to another hospital. Her height
was 84.2 cm (—5.3 SD), and her weight was 12.2 kg (—2.2 SD). She
had normal intelligence. Brain CT revealed fine calcification in the
basal ganglia. Based on clinical manifestations of proportionate
short stature, medullary stenosis of the long bones typical of KCS,
a 1x 1-cm opening of her anterior fontanelle, normal intelli-
gence, and hypermetropia, she was diagnosed with KCS2. The
patient was started with a combination therapy of vitamin D and
magnesium sulphate. Fig. 2E shows her radiograph at 14 years
of age.

Case 4

This 38-year-old man (Fig. 1, IV-13)"? was born at 40 weeks of
gestation to nonconsanguineous, healthy Japanese parents
following an uneventful pregnancy. At 8 days of age, he had a
generalized convulsion, and hypocalcemia (0.75mmol/L) and
hypomagnesemia (0.18 mmol/L) were detected. The convulsion
was controlled by intravenous administration of Ca gluconate
and magnesium sulfate until he was 15 days old. At 4 years of
age, he again had an episode of generalized convulsion because
of hypocalcemia. At this episode, his serum Ca, P, and intact PTH
levels were 1.2 mmol/L, 2.6 mmol/L, and undetectable, respec-
tively. He was diagnosed with primary hypoparathyroidism, and
oral alfacalcidol and Ca lactate administration were started. He
suffered repeated acute otitis media during infancy and was
affected with empyema and bacterial meningitis at 4 years of
age. Hypogammaglobulinemia was found, and he was adminis-
tered gamma globulin intermittently. At 12 years of age, he was
referred to another hospital for further investigation. His height
was 99 cm (—6.3 SD), and his weight was 16.2 kg (—3.3 SD). He
had normal intelligence with an intelligence quotient score of
105. Brain CT revealed fine calcification in the basal ganglia.
Based on clinical manifestations of proportionate short stature,
medullary stenosis of the long bones, a 4.2 x 1.8-cm opening of
his anterior fontanelle, and eye abnormalities (hypermetropia,
amblyopia, and pseudopapilledema), he was diagnosed with
KCS2. Mg loading and Ca restriction tests revealed that his
hypoparathyroidism was secondary to hypomagnesemia. The
patient was then changed from vitamin D and Ca lactate to
magnesium sulfate treatment, which successfully corrected his
serum Ca levels.

We recruited these 4 Japanese patients with clinically
diagnosed typical sporadic KCS2 (Fig. 1). Supplemental
Table S1{TBL S1} summarizes the clinical characteristics of the
4 patients. We obtained peripheral blood samples from all 4
patients, together with those of 9 unaffected parents or siblings,
with informed consent for DNA analysis (Fig. 1). The study was
performed with the approval of the Ethics Committee of The
University of Tokyo and of each institution where the samples
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members.

were collected, and conducted in accordance with the Declara-
tion of Helsinki. Genomic DNA was extracted from peripheral
white blood cells of the patients and family members using a
QlAamp DNA Blood Midi Kit (Qiagen, Hilden, Germany). Healthy
Japanese volunteers were recruited, and DNA was extracted
with informed consent.

IV-13
G/A

DanAlA A AA

Fig. 1. Four pedigrees analyzed in this study, showing the chromatograms of Sanger sequencing reactions of the FAM117A mutation in patients and
family members. Data were obtained by Sanger sequencing during the confirmation process. All mutations were checked by bidirectional sequencing. In
each pedigree, a black symbol represents the proband, a square indicates a male, and a circle shows a female. In the chromatogram, black letters indicate
the wild-type nucleotide sequence. Nucleotides in red indicate mutations. R569H was identified in all probands but not in any of the unaffected family

Exome sequencing

Exome sequences were enriched using a TruSeq Exome
Enrichment Kit (lllumina, San Diego, CA, USA) from 1ug of
genomic DNA, according to the manufacturer’s instructions. The
captured DNA samples were subjected to massively parallel
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Fig. 2. Radiographic studies and growth charts of probands. (A) Brain computed tomography of patient I-1. The arrowheads indicate calcification in the
basal ganglia. (B) Radiograph of patient I-1 at diagnosis. Cortical thickening and medullary stenosis are evident. The object shown in the right leg is used for
fixing a peripheral catheter. (C) Radiograph of patient li-4 at age 9 years. [t is of note that the anterior fontanelle is open. (D) Growth chart of patient -4
superimposed on the standard growth chart for a Japanese boy. Black circles indicate the patient’s height, and black squares indicate his weight.
(E) Radiograph of patient IlI-9. Cortical thickening and medullary stenosis can be observed.

sequencing (100-bp paired-end reads) on an lllumina HiSeq2000
sequencing system (lllumina). An average of 95 million reads of
the sequence data was obtained for each individual. On an
average, 98.50% of the total bases were mapped to the reference
genome with a mean coverage of 140.5 x , which encompassed
91.94% of the targeted regions with coverage >10x (Supple-
mental Table S2){TBL S2} The Burrows-Wheeler Aligner (BWA)
package"® and SAMtools"> were used as default settings for
alignment of raw reads and detection of single-nucleotide
variants (SNVs) and indels. Subsequently, SNVs and indels were

filtered with three trio samples (ie, pedigrees |, Il, and IlI)
(Supplemental Fig. S1). We extracted both homo/heterozygous
nonsynonymous coding variants, which were called in the
proband, and filtered these candidates using the following three
steps:

Step 1: Using candidate de novo mutations that are
homozygous references in both parents and are
supported by 10 or more high-quality reads at the
mutated sites for every trio member.
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Step 2: Using reliable homozygous references in each
parent such that the likelihood of heterozygosis, ,C; (1/2)'
(1/2)™ is less than that of homozygosis, ,C; (999/
1000)/(1/1000)™, where the average error rate is
assumed to be 1/1000, n represents the number of total
reads, and i is the number of reads consistent with the
reference. One may have an impression that this
condition does not often hold true; however, we often
observed cases that violated this condition, especially
when the reference base was mutated into one of the
other three bases with an almost equal probability.

Step 3: Using reliable de novo mutations of the proband
such that the number of alternative allele reads was at
least 30% among the total reads, which is the condition
proposed in a recent report.'®

Sanger sequencing

Sanger sequencing was performed to detect TBCE (KCS1) and
validate the presence of each variant detected by exome
sequencing in patients with KCS2 and the absence of each in the
genomes of the parents and siblings. The entire coding region
and exon-intron boundaries of TBCE and FAMI111A were
amplified from genomic DNA by polymerase chain reaction
(PCR) using the designed PCR primers (Supplemental Table S3).
{TBL S3} Subsequently, PCR products were sequenced using an
ABI Prism BigDye Terminator Cycle Sequencing Ready Reaction
Kit (PE Applied Biosystems, Foster City, CA, USA) and the forward
and reverse primers used for PCR amplification. Direct sequenc-
ing in both directions was performed on an autosequencer (PE
Applied Biosystems 3130 x 1, Genetic Analyzer).

FAM111A mRNA expression analysis

Total RNA was prepared using ISOGEN reagent (Nippon Gene,
Osaka, Japan), according to the manufacturer’s instructions, from
peripheral white blood cells of the patients and family members.
Total RNA (4 ug) was used to synthesize cDNA with the
SuperScript Preamplification System for first-strand <¢DNA
synthesis (Life Technologies, Rockville, MD, USA). mRNA levels
were measured using an ECO real-time PCR system (lllumina) and
KAPA SYBR Fast gqPCR Kit (Kapa Biosystems, Woburn, MA, USA)
using the following primer pairs: FAM111Ae5-2F and FA-
M111Ae5-2R; FAM111Ae5-3F and 5'-CCTCATCACTCATCATTTC-
TACATCC-3'; GAPDH, 5'-GAAGGTGAAGGTCGGAGTC-3' (F) and 5'-
GAAGATGGTGATGGGATTTC-3' (R). The relative mRNA level was
calculated using an arithmetic formula based on the difference
between the threshold cycle of a given target cDNA and that
of an endogenous reference cDNA. Direct sequencing of the
RT-PCR products was performed by Sanger sequencing as for
DNA samples.

Results

We first confirmed by Sanger sequencing that none of the
4 patients had TBCE mutations. This finding, together with
the fact that all the patients were of normal intelligence,
distinguishes these patients from patients with KCS1.

We hypothesized that these sporadic cases may be caused by
de novo mutations in novel nonsynonymous coding variants.
Whole exome sequencing was performed for 3 patients (I-1, II-4,
and lII-9; Fig. 1) and their parents (I-2, I-3, II-5, I-6, llI-10, and ll-11;
Fig. 1). Statistical data of exome sequencing experiments are

shown in Supplemental Table S2. The candidate variants were
selected according to the processes described in Materials and
Methods based on the de novo mutation detection pipeline
designed in the present study (Supplemental Fig. S1). Supple-
mental Table S4{TBL S4} summarizes the results of filtering to
detect candidate genes for KCS2. To select variants as candidate
mutations for KCS2, variations that caused amino acid substitu-
fion were extracted, which resulted in 11,024 (pedigree), 10,828
(pedigree 1), and 11,020 (pedigree lll) SNVs and indels. After three
filtering steps, 5 (pedigree 1), 5 (pedigree Il), and 6 (pedigree Il)
SNVs were identified. Among the candidate genes filtered using
the three aforementioned filtering steps, only one single gene,
FAMT11A (NM_001142519.1), was shared among all 3 families.
Sanger sequence analysis of all exons of FAM111A confirmed an
identical c.1706G > A heterozygous mutation in exon 5 in all 3
patients (Fig. 1). This mutation is predicted to result in
substitution of arginine to histidine in codon 569 (R569H).
None of the unaffected family members had this mutation,
indicating that R569H was a de novo mutation. This mutation
was also found in an additional unrelated patient (IV-13).

R569H is not present in 373 Japanese healthy control subjects
of an in-house exome database, and not in another 100 alleles
from 50 unrelated healthy Japanese individuals by Sanger
sequencing. It was also not found in the Japanese SNP control
database established by the National Bioscience Data Base
Center that has 1 million genome-wide SNPs of 700 samples
(http://gwas.biosciencedbc.jp/snpdb/snp_top.php), nor among
6500 samples listed on the exome variant server (http://evs.gs.
washington.edu/EVS/), implying that the minor allele frequency
is less than 0.01% in these data. However, one SNP was found in
the 1000 Genomes database at R569 (rs184251651), which
results in substitution to “cysteine” (minor allele frequency 0.1%).

We assessed the functionality of the R569H mutation using the
Sorting Intolerant From Tolerant (SIFT) (http://siftjcvi.org) and
Polymorphism Phenotyping 2 (PolyPhen2) (http://genetics.bwh.
harvard.edu/pph2) tools, by homology modeling and threading.
These in silico studies predicted R569H as “tolerated” and
“benign,” respectively.

We analyzed the expression levels of FAM711A mRNA in
peripheral white blood cells by real-time PCR. FAMI171A
expression levels in the patients were comparable with those
in unaffected family members and normal controls (data not
shown). We also found that mutant and wild-type FAM111A were
equivalently expressed in the patients, which were identified by
sequencing the reverse-transcribed PCR products.

Discussion

In the present study, we identified FAMI11A as the gene
responsible for KCS2 by applying an exome sequencing strategy,
and we identified a heterozygous identical de novo FAMT11A
mutation, R569H, in 4 Japanese patients with KCS2. While
preparing this article, another independent research group from
Switzerland reported similar findings following whole exome
sequencing of the patients."® They reported that all 5 clinically
diagnosed KCS2 patients had de novo FAM111A mutations. Most
interestingly, 4 of the 5 patients from different countries had
the same R569H mutation as detected in our patients. Our 4
pedigrees are unrelated to each other and live in different areas
in Japan. Moreover, the parents of the 3 patients did not have the
mutation, suggesting that this recurrent mutation was caused by
sporadic mutation. Taken together, these two independent
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studies confirm that FAM117A is the causative gene for KCS2, and
R569H is the hot spot mutation of KCS2.

FAM111A encodes a previously uncharacterized protein
consisting of 611 amino acids. The carboxy-terminal half of the
protein has homology to trypsin-like peptidases, and the
catalytic triad specific to such peptidases is conserved.!'”
Transcriptional expression of FAMT17A is ubiquitous according
to the human protein atlas (http://www.proteinatlas.org/
ENSG00000166801/normal). It is expressed in the parathyroid
gland and bone, but the expression levels are similar to those in
other tissues. FAM111A has 35% amino acid homology to
FAM111B, a paralog located on 11g12.1 at a distance of only
16 kb from FAM111A. The functions of FAM111A and FAM111B
are largely unknown. A recent report showed that FAM111A
functions as a host range restriction factor and is required for viral
replication and gene expression by specifically interacting with
Simian Virus 40 large T antigen (LT)."” In addition, FAMT11A
mRNA and protein levels have been shown to be regulated in a
cell cycle-dependent manner with the lowest expression during
the GO or quiescent phase and peak expression during the G2/M
phase."” Another recent report revealed that variants in the
region including FAM111A and FAM111B were associated with
prostate cancer."® However, the clinical course of disease in our
4 patients revealed neither increased viral infections nor
carcinogenesis up to early adulthood.

In silico analyses suggested that the de novo mutation (R569H)
would not significantly affect the function of FAM111A. We also
found that the mutant FAMT77A mRNA was expressed similarly
to the wild type in peripheral blood cells. This raises the question
of how this mutation causes KCS2. One hypothesis is that this
mutation does not cause loss of function of the protein but rather
modulates its peptidase activity for a particular target peptide in
a mutant-specific way. Another possibility is that FAM111A
functions with some physiological partner(s) and the disease
occurs as a result of specific modulation of this putative network.
This may fit the observation that FAM111A is regulated in a cell-
dependent manner and interacts with the LT C-terminal
region."” We speculate that one of the candidate partner
proteins is TBCE because KCS1 and KCS2 share distinctive
phenotypic features: skeletal dysmorphic features and primary
hypoparathyroidism.

Some diseases are caused by specific mutations of a single
gene. Some mutations may cause a gain-of-function effect, as in
achondroplasia or McCune-Albright syndrome,®?% whereas
others have an unknown function, as in Caffey syndrome caused
by mutations in COLTAT®" or in several diseases related to
FGFR3. In this study, we found that a specific mutation (R569H) of
FAM111A would lead to KCS2. Intriguingly, one SNP was found in
the 1000 Genomes database at R569 (rs184251651), which
results in substitution to “cysteine.” This SNP has been reported
to have minor allele frequency of 0.1% (only one allele) and is not
validated. Moreover, the absence of the SNP in 6500 samples in
the exome variant server suggests a possibility of sequencing
error in the database. Nevertheless, it might be speculated that a
specific change to “histidine” may lead to an unidentified
function of this protein resulting in KCS2, which is not caused by
other amino acids. This hypothesis will be supported by the fact
that this amino acid is not well conserved among various species
(Fig. 3).

Itis reported that 95% and 97% of KCS1 cases had prenatal and
postnatal growth retardation, and mental retardation, respec-
tively.?? In contrast, most of the reported KCS2 patients,
including our patients with FAMT11A mutations, had normal

R569H

GFAYTYQNETHEIIEFGESTHME
GFAYPYQNQTREIIEFGSTME
GYLHTYRRRVHGIIEIGYSMD
GFPYLYPNTVHTIIEFGPTLE
GFAYEYQHEISSIIEFGSAMK
GYPYRYQNGEFSSITEFGSANK
GYTCEYQSGVIGNIIEFGSTME
GITCTDQNGVENIIEFGETME
GITCTYQAGVIENIIEFGSTME
GCTERKYGEGTEHIIEFGBAMQ
GYLYRGKCKEKHEIIEFGYSMM

Haowmo sapiens
Macaca midatia
Ornithorlvnchus anatinus
Equus caballus
Orvetolagus cuniculus
Loxodonta afiicana
Cricetlusgriseus
Rartus norvegiclis
Mus musculus

Cavia porcellus
Anolis carolinesis

Fig. 3. Homologous comparison of the altered protein. Letters in the
rectangular box indicate the human FAM1177A R569 residue. It is of note
that R569 is not well conserved among various species.

birth weight and length and normal intelligence (Supplemental
Table 51).7% These phenotypic differences between KCS1 and
KCS2 suggest that the FAM771A mutation does not affect bone
development and height gain in the fetus but becomes
important postnatally. It also suggests that the FAMI117A
mutation does not affect mental development. Now that
FAMT111A has been identified as a causative gene for KCS2,
further studies on the physiological function of FAM111A and
TBCE should be performed to uncover the phenotypic differ-
ences between these two types.

There are several human diseases, as well as mouse models of
hypoparathyroidism, caused by aberrations in the cascade of
genes indispensable for the development and regulation of the
parathyroid gland.**** To date, FAM111A is not known to relate
to any of these genes. There have been only a few reports
describing the pathophysiology of hypoparathyroidism in KCS.
Absence of the parathyroid glands has been reported in some
patients with KCS2 and KCS1.2%29 |n contrast, some patients do
not have hypoparathyroidism from early infancy, suggesting the
presence of some parathyroid gland as in our patient 1.7}
Furthermore, hypoparathyroidism may be secondary to hypo-
magnesemia as in our patient IV-13. Considering the fact that all
of our 4 patients as well as another reported KCS2 case had
hypomagnesemia,”) FAM111A might be involved in magnesium
homeostasis. Although further investigation is necessary to
reveal the cause of hypoparathyroidism in KCS2, this study shows
that a new gene, FAMT 114, is indispensable for PTH development
and/or regulation.

In conclusion, our finding that all 4 Japanese KCS2 patients we
tested have the same de novo mutation (R569H) of FAMT11A
indicates that KCS2 is caused by a heterozygous mutation of
FAMT11A, and R569H is the hot spot mutation in patients with
KCS2. Although the function of FAM111A is largely unknown, this
study provides evidence that FAM111A is a key molecule for
normal bone development, height gain, and PTH development
and/or regulation. Our finding further creates a new research
area in the fields associated with shared phenotypic features in
KCS and different phenotypes between KCS1 and KCS2.
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