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ABSTRACT: Brachyolmia is a heterogeneous skeletal dys-
plasia characterized by generalized platyspondyly without
significant long-bone abnormalities. Based on the mode
of inheritance and radiographic features, at least three
types of brachyolmia have been postulated. We recently
identified an autosomal recessive form of brachyolmia
that is caused by loss-of-function mutations of PAPSS2,
the gene encoding PAPS (3’-phosphoadenosine 5’-
phosphosulfate) synthase 2. To understand brachyolmia
caused by PAPSS2 mutations (PAPSS2-brachyolmia),
we extended our PAPSS2 mutation analysis to 13 pa-
tients from 10 families and identified homozygous or
compound heterozygous mutations in all. Nine differ-
ent mutations were found: three splice donor-site muta-
tions, three missense mutations, and three insertion or
deletion mutations within coding regions. In vitro en-
zyme assays showed that the missense mutations were also
loss-of-function mutations. Phenotypic characteristics of
PAPSS2-brachyolmia include short-trunk short stature,
normal intelligence and facies, spinal deformity, and broad
proximal interphalangeal joints. Radiographic features in-
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clude platyspondyly with rectangular vertebral bodies and
irregular end plates, broad ilia, metaphyseal changes of the
proximal femur, including short femoral neck and stria-
tion, and dysplasia of the short tubular bones. PAPSS2-
brachyolmia includes phenotypes of the conventional clin-
ical concept of brachyolmia, the Hobaek and Toledo types,
and is associated with abnormal androgen metabolism.

Hum Mutat 34:1381-1386, 2013. © 2013 Wiley Periodicals, Inc.
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Introduction

Brachyolmia is a heterogeneous group of skeletal dysplasias that
primarily affects the spine [Warman et al., 2011]. Clinical and ge-
netic heterogeneity have been reported in brachyolmia. Atleast three
clinically well-defined types of brachyolmia are known: type 1, in-
cluding the Hobaek (MIM #271530) and Toledo (MIM #271630)
forms; type 2, referred to as the Maroteaux type (MIM #613678);
and type 3 (MIM #113500), autosomal dominant forms. The molec-
ular etiology of brachyolmia is variable. TRPV4 mutations have been
identified in an autosomal dominant form [Dai et al., 2010; Rock
et al., 2008], whereas disease genes for autosomal recessive forms
were unknown until the recent identification of PAPSS2 mutations
[Miyake et al., 2012].

PAPSS2 (MIM #603005) encodes human PAPS (3’-phospho-
adenosine 5'-phosphosulfate) synthase 2, which generates PAPS by
its respective sulfotransferases. PAPS is the universal sulfate donor
required for sulfation of a variety of biomolecules, including gly-
cosaminoglycans, proteins, steroid hormones (e.g., DHEA [dehy-
droepiandrosterone] ), and various exogenous chemical compounds
(e.g., pharmaceutical agents) [Lindsay et al., 2008; Mizumoto et al.,
2013; Venkatachalam, 2003]. PAPSS2 plays a role in skeletal de-
velopment. Papss2 appears mainly in proliferating and differenti-
ating chondrocytes and is strongly downregulated in hypertrophic
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Figure 1. Clinical and radiographic features of brachyolmia caused by PAPSS2 mutations. A: clinical appearance of P1 (patient 1) at the age of
14 years. Short-trunk short stature with normal facies. The upper extremities are relatively long. B-E: Radiographs. B: Spine A-P (antero—posterior).
P5 atthe age of 12 years. Mild lumbar scoliosis and overfaced vertebra. C: lateral spine. P2 at the age of 14 years. Mild flattening of vertebral bodies
(rectangular vertebra) and irregular end plates. D: Hip A—P. P13 at the age of 9 years. Short femoral neck with longitudinal striation. E: Hand D-V

(dorso-ventral). P5 at the age of 12 years. Short metacarpals.

chondrocytes in 13.5-16.5 dpc mouse embryos [Stelzer et al., 2007].
We have recently identified PAPSS2 mutations by exome sequenc-
ing in a consanguineous Turkish family with brachyolmia, and con-
firmed PAPSS2 mutations in three additional brachyolmia patients
with different ethnic backgrounds (Japanese and Korean) but simi-
lar clinical and radiographic features [Miyake et al., 2012]. They had
late-onset short-trunk short stature, normal intelligence and facies,
and small hands; their radiographic features include rectangular
vertebral bodies with irregular endplates, short femoral neck, and
mildly shortened metacarpals. PAPSS2 mutations were identified in
both alleles in all patients, and all were nonsense mutations.

PAPSS2 mutations have also been reported to be responsible for
two other overlapping, but distinct, phenotypes, that is, spondy-
loepimetaphyseal dysplasia (SEMD), Pakistani type [Ahmad et al.,
1998], and spondylodysplasia and premature pubarche [Noordam
etal,, 2009]. The former is a relatively severe skeletal dysplasia that is
characterized by epi-metaphyseal abnormalities in addition to spinal
changes, including enlarged joints with deformity, delayed epiphy-
seal ossification at the hip and knees, and precocious osteoarthritic
changes of the large and small joints [Ahmad et al., 1998; Faiyaz ul
Haqueetal., 1998]. The latter is characterized by mild platyspondyly,
premature pubarche, and signs of androgen excess [Noordam et al.,
2009]. Both result from loss-of-function mutations of PAPSS2 in
both alleles. Thus, PAPSS2 is considered a causative gene of a group
of skeletal dysplasias, characterized by spinal dysplasia, with a con-
siderable variation of phenotypes. Further characterization of these
phenotypes is necessary to clearly understand the clinical signifi-
cance of PAPSS2 mutations.
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To understand the molecular etiology of brachyolmia caused by
PAPSS2 (PAPSS2-brachyolmia) and its phenotypic spectrum more
precisely, we extended our analysis of PAPSS2 mutations by exam-
ining 13 patients from 10 unrelated families. We identified homozy-
gous or compound heterozygous PAPSS2 mutations in all patients
examined and evaluated the clinical, radiographic, and molecular
features of PAPSS2-brachyolmia.

Materials and Methods

Subjects

Patients with the clinical and radiographic features of brachy-
olmia with PAPSS2 mutations previously described [Miyake et al.,
2012] were included in this study. Briefly, clinical features are short-
trunk short stature that became conspicuous during childhood,
normal intelligence, and normal facies (Fig. 1A). Radiographic fea-
tures are rectangular vertebral bodies with irregular endplates, short
femoral neck, and mildly shortened metacarpals (Fig. 1B-D). Pa-
tients with an obvious family history of dominant inheritance and/or
marked epiphyseal and/or metaphyseal dysplasia were excluded.

Mutation Search

Genomic DNA was extracted from blood by standard pro-
tocol after informed consent. The exon sequences of PAPPS2
(NM_001015880.1), with their flanking intron sequences, were
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amplified by PCR from genomic DNA. PCR primer sequences and
PCR conditions were as described previously [Noordam etal., 2009].
PCR products were directly sequenced for both strands using the
ABI Prism 3730 x 1 DNA analyzer (Life Technology, Foster City,
CA). The study was approved by the ethical committee of RIKEN
and participating institutions.

Evaluation of Mutations

To examine the possibility of polymorphisms, the sequence
changes were genotyped using the invader assay [Ohnishi et al.,
2001] in more than 190 ethnicity-matched controls. The sequence
changes were evaluated by public databases including dbSNP (http://
www.ncbi.nlm.nih.gov/projects/SNP/), Human Gene Mutation
Database (http://www.biobase-international.com/product/hgmd),
PolyPhen 2 (http://genetics.bwh.harvard.edu/pph2/), and 1000
Genomes (http://www.1000genomes.org/). All mutations identi-
fied in this study are available via Leiden Open Variation Database
(http://www.lovd.nl/PAPSS2).

c¢DNA Cloning and In Vitro Mutagenesis

The full-length PAPSS2 cDNA was amplified using PCR, employ-
ing human lung cDNA (Clontech, Mountain View, CA) as a tem-
plate, and cloned into the p3xFLAG-CMV8 vector (Sigma—Aldrich,
St. Louis, MO). The missense variants were introduced into PAPSS2
cDNA by PCR-based mutagenesis using a site-directed mutagene-
sis method [Heckman and Pease, 2007]. The introduced mutations
were confirmed by DNA sequencing.

PAPS Synthase Enzyme Assay of PAPSS2

The expression plasmids (6 pg) were transiently transfected
into COS-7 cells (Japanese Collection of Research Bioresources
Cell Bank, Osaka, Japan) in a culture dish (100 mm in diame-
ter) using FuGENE™ HD transfection reagent (Promega, Madi-
son, WI). Three days later, the culture medium (~2 mL) from the
cells transfected with p3xFLAG-CMV8/PAPSS2 (wild type and mu-
tants) was incubated with anti-FLAG affinity agarose resin (Wako,
Osaka, Japan) at 4°C overnight. The enzyme-bound affinity resin
was washed with 25 mM Tris—-HCI, pH 7.4, containing 150 mM
NaCl and 0.05% Tween-20, and was subjected to sodium do-
decyl sulfate-polyacrylamide gel electrophoresis. Western blotting
was carried out using the horseradish peroxidase-conjugated anti-
FLAG monoclonal antibody and the ImmunoStar LD detection kit
(Wako). Chemiluminescence signal was detected by LAS-4000 mini
(FujiFilm, Tokyo, Japan). PAPS synthase activity was assayed by
the method described previously [Fuda et al., 2002; Sugahara and
Schwartz, 1979, 1982a, 1982b] with a slight modification. Briefly,
the enzyme-bound ant-FLAG resin (15 L), as an enzyme source,
with 5 mM ATP and 1 mM Na,SO,, as substrates, were mixed in a
final volume of 100 1L of 50 mM Tris—HCI, pH 8.0, 10 mM MgCl,,
50 uM DTT, and 5 mM NaF. The mixtures were incubated for 2 hr at
37°C. The reaction was terminated by the addition of 1 mL of 16 mM
NaH,PO,. Separation and quantification of the reaction products
were carried out by anion exchange HPLC on an amine-bound
silica PA-G column (4.6 x 150 mm?*; YMC Co., Kyoto, Japan) con-
nected with a guard column. Authentic ribonucleotides were eluted
with 16 mM NaH,PO, for 10 min, followed by a linear gradient
of NaH,PQ, from 16 to 800 mM over 60 min at a flow rate of
0.5 mL/min at room temperature. The eluate was monitored using

a UV detector, SPD-20A (Shimadzu Co., Kyoto, Japan), with ab-
sorbance at 260 nm. Each nucleotide was identified by comparison
of the retention time of the standards. The amount of APS and PAPS
in each sample was calculated on the basis of the peak area in the
chromatogram.

Results

Clinical Findings

Thirteen patients from 10 families were included in the study
(Supp. Table S1). All patients, except one (P13), were from Turkey.
The parents of P13 were cousins from Lebanon and Syria. All pa-
tients, except one, were consanguineous. There were three pairs of
siblings. Five were men and eight were women. All patients were
noticed to have the disease between the ages of 2 and 5 years.

All had normal mental and motor developmental milestones
and normal facies. All, except one (P3), had postnatal onset of
short-trunk short stature (<third percentile), with normal birth
length and weight. Arm span was greater than height in all pa-
tients, whereas the upper/lower segment ratio was greater than one
in three patients. Body weight was not as small relative to height,
with only two patients below the third percentile. A short neck
and broad chest were found in about half of the patients. All, ex-
cept one (P12), had varying types of spinal deformities; lumbar
and thoracic scoliosis were found in six and five patients, respec-
tively. The proximal interphalangeal joints (PIPJs) were broad in
all patients. Pes planus was found in eight of the 12 patients. Genu
varum and cubitus valgus were found in several patients (Supp.
Table S1). Except for a missing incisor in P11, no patients had den-
tal abnormalities such as oligodontia or enamel hypoplasia. More-
over, none had ophthalmologic abnormalities, including corneal
opacities.

Six patients underwent an endocrinologic examination. Two (P1
and P9) showed signs of excess androgen such as hypertrichosis
and acne. Their endocrine workups were normal. One (P11) had
premature adrenarche, but she did not have an endocrine workup.
P13 had a history of precocious puberty, but no signs of androgen
excess; her serum DHEA level was high. Three patients had recurrent
abdominal pain, and serum anti-gliadin immunoglobulin G level
significantly increased in two of them.

Radiographic Findings

Key radiographs were available for all patients (Supp. Table S1).
All radiographs were taken after 4 years of age. In 11 of the 13
patients, radiographs from adolescence were available. Radiographs
from childhood were available for five patients.

All patients had platyspondyly with rectangular vertebra, irreg-
ular end plates, overfaced pedicles, scoliosis, broad ilia, and short
femoral necks. Scoliosis was mild (Cobb angle <40°) in most pa-
tients. All had narrow disk spaces, except for P8, whose radiographic
examinations were only available at 5 years of age and earlier. Lum-
bar canal stenosis and bulging of intervertebral discs, juxtaphyseal
striation of the proximal femur, prominent longitudinal trabec-
ula of the femoral neck, broad proximal phalangeal ends, broad
metacarpals, and brachymetacarpy were noted in most patients.
Mild metaphyseal abnormalities of the long bones, other than those
of the proximal femur, were found in nine of the 13 patients, whereas
epiphyseal abnormalities of the long bones were not found, except
in P7 who showed flattening of the proximal femoral epiphysis. Mild
precocious calcification of costal cartilage was found only in P9. No
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Table1. PAPSS2Mutations in the Autosomal Recessive Brachy-
olmia

Mutation

Family ID  Position in gene  Nucleotide change ~ Amino acid change

F1 Exon 3 c.227T>A p.L76Q
Intron 4 €.520+2T>A p-R129Lfs*25%
F2 Exon 10 c.1222+1G>A p.V364Rfs*18*
F3 Exon 3 ¢.337dup® p.A113Gfs*18
F4 Intron 4 ¢.520+2T>A p-R129Lfs*25%
F5 Intron 4 c.520+2T>A p.R129Lfs*25%
Fo Exon 12 c.1619T>A p-V540D
Exon 5 (c.547G>A)* p.E183K
F7 Exon 5 €.629_630dup p-Q211Cfs*11
F8 Exon 2 c.128G>A p.C43Y
F9 Intron 1 c.27+3A>C (First ATG codon is in exon 1)
F10 Exon 3 ¢.372del p.F1255fs*24

The nucleotide changes are shown with respect to PAPSS2 mRNA sequence
(NM_001015880.1). The corresponding predicted amino acid changes are numbered
from the initiating methionine residue.

#Not confirmed experimentally.

bThe same mutation has been reported previously (Miyake et al., 2012).

“Most likely to be a polymorphism from in vitro functional assay (and presence of
c.1619T>A).

patient had early osteoarthritic changes. When a patient’s bone age
was estimated to within =2 standard deviations (SDs) of the bone
age according to the patient’s chronological age [Greulic and Pyle,
1959], it was considered normal. The bone age was within the nor-
mal limit in six patients, advanced in five patients, and delayed in
one patient.

Identification of PAPSS2 Variants

By direct sequencing, we screened all 13 coding exons of PAPSS2
and their exon—intron boundaries in 10 probands. PAPSS2 variants
likely to be disease-causing mutations were found in both alleles of
all patients (Table 1). One was a compound heterozygote, and the
others were homozygous for the variants. ¢.520+2T>A variants were
found in three apparently unrelated families. Altogether, 10 possi-
ble mutations were found, and nine of those were novel. There were
three splice donor-site variants, four missense variants, and three
insertion/deletion variants in coding regions. The splice site and
insertion/deletion variants were all predicted to cause premature
stop codons, most likely leading to nonsense mutation-mediated
RNA decay. The missense variants were predicted to have a damag-
ing function against the gene product. Cosegregation of mutations
in the families was confirmed by sequencing and/or invader as-
say when DNAs of the family members were available. No variants
were present in ethnically matched controls or in public databases.
¢.547G>A (E183K) and ¢.1619T>A (V540D) were both identified in
F6, and cosegregated with the disease phenotype in the family. Both
were not in the public database for polymorphism. Therefore, it was
difficult to determine which of the two variants caused the disease
phenotype.

Functional Characterization of PAPSS2 Missense Variants

We evaluated the causality of the PAPSS2 missense variants by
measuring their PAPS synthase activities. The expression vectors
for the wild type and the missense variants, c.128G>A (C43Y),
c.227T>A (L76Q), ¢.547G>A (E183K), and c.1619T>A (V540D),
were constructed, and the recombinant PAPSS2 proteins were ex-
pressed in COS-7 cells (Fig. 2A). Although a peak from PAPS was
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detected in the wild type PAPS (Fig. 2B), no enzyme activity was
found in C43Y, L76Q, or V540D variants (Fig. 2C and E) or in the
empty vector (data not shown), indicating that these mutants abol-
ish the biosynthetic ability of the active sulfate, PAPS. The E183K
variant showed similar activity to the wild type (Fig. 2D and E).
Thus, E183K is likely an innocent polymorphism, whereas C43Y,
L76Q, and V540D are disease-causing loss-of-function mutations.

Discussion

In this study, we screened PAPSS2 mutations in 10 unrelated
families and found mutations in all. Together with previous studies
[Faiyaz ul Haque et al., 1998; Miyake et al., 2012; Noordam et al.,
2009], 18 types of PAPSS2 mutations have been identified in 16 un-
related families. A missense mutation, c.985C>T (T48R), has been
found in spondylodysplasia and premature pubarche [Noordam
et al., 2009]. An in vitro functional assay showed that the mutant
PAPSS?2 has only 6% of the activity of the wild type PAPSS2. Sim-
ilarly, in our study, all mutations were considered loss-of-function
mutations based on in silico analyses and in vitro experiments.
Thus, all PAPSS2 mutations are considered to cause loss of PAPSS2
function.

Including the findings of six patients with previously identified
PAPSS2 mutations [Miyake et al., 2012], the phenotypic character-
istics of PAPSS2-brachyolmia are short trunk, short stature, nor-
mal intelligence and facies, spinal deformity, and broad PIPJ. Short
stature becomes conspicuous after infancys it is less severe than in
most patients with other skeletal dysplasias, but medical advice is
usually sought during late childhood or adolescence. A relative in-
crease in arm span is typical. The upper/lower segment ratio is below
one in patients with no associated limb deformities, including genu
varum. Spinal deformity includes thoracic or lumbar scoliosis in
most patients, but kyphosis and lumbar lordosis could occur. Most
of the spinal deformities are not so severe as to warrant surgical
treatment. Pes planus, cubitus valgus, and genu varum are common
limb deformities.

Radiographic features include platyspondyly with rectangular
vertebral bodies and irregular end plates, overfaced pedicles, broad
ilia, metaphyseal changes of the proximal femur, and dysplasia of
short tubular bones. None of the characteristics of SEMD Pakistani
type, including enlarged joints with deformity, delayed epiphy-
seal ossification at the hip and knee, and precocious osteoarthritic
changes of the large and small joints [Ahmad et al., 1998; Faiyaz ul
Hagque et al., 1998], were noted in other families.

Spinal disorders, including the rectangular vertebral body, fit the
conventional clinical classification of type 1 brachyolmia [Rockeetal.,
2008], which are clearly differentiated from other clinical types of
brachyolmia. The Hobaek and Toledo forms of type 1 brachyolmia
are discriminated by the presence of corneal opacity and premature
calcification of costal cartilage in the latter [Mourao et al., 1973;
Shohat et al., 1989; Toledo et al., 1978]. In the present series, corneal
opacity was not found. Premature calcification of costal cartilage
was found only in a 15-year-old girl (P9) in this study, whereas it
was found in three patients in our previous series [Miyake et al.,
2012]. It should be noted that Family 3 in this series and Fam-
ily 1 in our previously reported series [Miyake et al., 2012] had
the same homozygous mutation (c.337dup) (Table 1). There were
only a few phenotypic differences between the five patients of the
two families harboring the identical PAPSS2 genotype. Precocious
calcification of costal cartilage was found in two patients in Fam-
ily 1 and none in Family 3. The differences regarding the calcifi-
cation of costal cartilage is likely to be attributable to the ages of
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Figure 2. Decreased PAPSS2 enzyme activities of the missense mutations in the patients in vitro. A: Western blotting of the recombinant FLAG—
PAPSS2 (wild type and mutants). The recombinant PAPSS2 was transiently expressed in COS-7 cells, separated by 7.5% SDS-polyacrylamide gel
electrophoresis, and detected with horseradish peroxidase-conjugated anti-FLAG antibody. “Empty” indicates the conditioned medium from COS-7
cells transfected with an empty vector. B-F: PAPS synthase activity of the soluble form of recombinant PAPSS2 proteins (wild type and mutants).
Anion-exchange HPLC of the reaction products prepared using the soluble form of recombinant PAPSS2 of wild type (B), C43Y (C), L76Q (D), E183K
(E), and V540D (F), and ATP, and inorganic sulfate as substrates. Representative chromatograms from individual reaction products are shown in the
figure. The reaction products were separated by anion-exchange HPLC on an amine-bound silica PA-G column using a linear gradient of NaH,P0,
as indicated by the dashed line. The elution positions of authentic ribonucleotides are indicated by numbered arrows: 1, 5-AMP; 2, 3'-AMP; 3, APS;
4, ADP; 5, PAP; 6, PAPS; 7, ATP. G: Comparison of the PAPS synthase activity of the soluble form of the recombinant PAPSS2 (mean + SD, n=3).
The reaction products were analyzed by anion-exchange HPLC (B—F). Mock and empty indicate the PAPS synthase activity of the conditioned
media of COS-7 cells transfected without and with an empty vector, respectively. *, P<0.001 by Student’s t-test.

the patients at radiographic examination; in the three patients, cal-
cification of costal cartilage was found in adult patients [Miyake
et al., 2012], whereas radiographic evaluation after 20 years of age
was available for only one patient in the present series. Abnormal
chondroitin sulfation metabolism in the Toledo forms of brachy-
olmia has been reported, including undersulfation of chondroitin-
6-sulfate in the urine [Toledo et al., 1978] and low PAPS-chondroitin
sulfate sulfotransferase activity in the serum [Mourao et al., 1981].

These findings indicate that PAPSS2-brachyolmia corresponds to
conventional clinical classification of type 1 brachyolmia; the
Hobaek and Toledo forms are variations of the PAPSS2 mutation
phenotype.

Broad ilia and short femoral necks are characteristic findings of
PAPSS2-brachyolmia. The latter usually associates juxtaphyseal stri-
ation and/or prominent longitudinal trabeculae, which have been
described in the Hobaek type brachyolmia [Hoo and Oliphant, 2003;
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Ikegawa et al., 1995]. This feature most likely results because of the
disorder of the growth plate of the proximal femur.

Brachyolmia does not exist on its own; some degrees of meta-
physeal and/or epiphyseal involvements of the long tubular bones
usually accompany this condition [Kozlowski et al., 1982]. In this
series, all patients had abnormalities in the metaphysis of the prox-
imal femur, and more than two-thirds had metaphyseal dysplasia
of the long bones (other than the proximal femur), although there
was no overt epiphyseal dysplasia in the long tubular bones, except
for in P7. While disorders of the axial skeleton (spine, pelvis, and
hip) are very similar, disorders of the long and short tubular bones
(other than the proximal femur) are very variable among patients.
They were variable even in the same family and among patients
with the same mutation. It is of note that one patient (P11) showed
metaphyseal dysplasia of the long bones at 5 years of age, but it
diminished with age. The disorders of the short tubular bones are
constant, but also very variable among patients, except for broad
PIPJs.

We have previously reported on advanced bone age as a feature
of PAPSS2-brachyolmia; however, it is denied by the present study.
More than half of the patients did not show advanced bone age,
and one patient even showed delayed bone age. Notably, advanced
bone age was negative even in a patient with positive signs of andro-
gen excess (P1). Her bone age was estimated at 13 years when her
chronologic age was 14 years and 2 months.

Three patients (one man and two women) in this study exhibited
signs of androgen excess; another patient showed increased serum
DHEA, although she did not show signs of androgen excess. We
have also recognized increased serum DHEA without overt clinical
signs of androgen excess in a patient [Miyake et al., 2012]. Disrup-
tion of PAPSS2 activity results in apparent DHEA sulfotransferase
(SULT2A1) deficiency. Disruption of SULT2A1 activity is hypothe-
sized to result in decreased inactivation of DHEA to DHEA sulfate,
thereby fueling the activation of androgens, resulting in androgen
excess [Idkowiak et al., 2011]. Therefore, the association of PAPSS2
mutation with abnormal androgen metabolism previously re-
ported in a patient with spondylodysplasia and premature pubarche
[Noordam et al., 2009] is not fortuitous. It remains an enigma why
only a minority of patients present with signs of androgen excess.
Further endocrinologic studies are necessary to better understand
PAPSS2-brachyolmia.
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