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drome, connective tissue, collagen,
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Ehlers DanlosfE&# (EDS) i, B - B0
BHEY, SEMBORBELERLTER
WEEOBRIFCTH D, 6 20T RECHESNT

Wh, WIRIT T UFTFEDbD, Fz
BEHEEOBETFERBICEI VALY, BE,
FRENE S W7 2RER, F0AE/LE -
BRENERL LBICEREINTHE (EA1)2.
MarfanfEBEEE (MFS) 1, &% - IR - OISR -
Wiz CERBEO TR BRI SN 5 B
EEEEEERTH ), FBNIEEFOEEICL
DEET Y. LoeysDietziEEREFIZ LD & L7
EREREVPRHEINTHWE (F2)9.

%1 Ehlers-DanlosiEEREEDHEE

HE/BREY EEER EHEEEF
T8 E (Classical type) 1/20,000 AD COL5A1, COL5A2
M &i 2 (Hypermobility type) 1/5,000~20,000  AD REBIITH, PEHFITTNXB
ME A (Vascular type) 1/50,000~250,000 AD COL3A1 o
8% Al (Kyphoscoliosis type) 1/100,000 AR PLOD
% 2R3 (Arthrochalasia type) #30A AD COLIAI* COL1A2*
FEEETIE! (Dermatosparaxis type) 8 A AR ADAMTS-2"
FOMORE
Brittle cornea syndrome 11A AR ZNF469
EDSHike syndrome due to tenascin-XB deficiency 10N AR TNXB
Progeroid form 3 A AR B4GALT7
‘Cardiac valvular form 4 A AR COL14A2
EDSlike spondylocheirodysplasia 8 A AR SLC39A13
Kosho type (D4ST-1-deficient EDS) 22N AR CHST14

AD : BREHEBIEERE, AR BLRBELHERE, COLSAL VEFUaS -5 Yol#EETF, COLsA2: VE -
TUa7 =7V e2dEETF, TNXB: 71 YV X&ET, PLOD . VYV FuFy 5 —¥EEF, *. A7
AARBICLBII VYV 6DRAFy T, ADAMTS-2. 7025 —4 Y IN-JOT 4 +—¥&EZTF, ZNF469 . 2

I =TV EER - BB b 2 EERTORET, B4GALT7 . p4F I 7 b — AEBEET(GalT- 1) EEF,
SLC39AI3  Hp N7 ¥ AR~ 5 — BT/ OEADEET, CHSTIL: 7V ¥ VAOMBESZRES (DIST
1)E&EF

* Weak connect tissue diseases—Marfan syndrome and Ehlers-Danlos syndrome.
** Tomoki KOSHO, M.D.: EMAFEFH M EREEETFHEI(S390-8621 REFRAATIMES-1-1) ; Department
of Medical Genetics, Shinshu University School of Medicine, Matsumoto, Nagano 390-8621, JAPAN
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ABSTRACT: Ehlers-Danlos syndrome (EDS) is a hetero-
geneous connective tissue disorder involving skin and
joint laxity and tissue fragility. A new type of EDS, similar
to kyphoscoliosis - type but without lysyl hydroxylase
deficiency, has been investigated. We have identified a
homozygous CHST14 (carbohydrate sulfotransferase 14)
mutation in the two familial cases and compound
heterozygous mutations in four sporadic cases. CHST14
encodes dermatan 4-O-sulfotransferase 1 (D4ST1),
which transfers active sulfate from 3’-phosphoadenosine
5'.phosphosulfate to position 4 of the N-acetyl-D-
galactosamine (GalNAc) residues of dermatan sulfate
(DS). Transfection experiments of mutants and enzyme
assays using fibroblast lysates of patients showed the loss
of D48T1 activity. CHSTI4 mutations altered the
glycosaminoglycan (GAG) components in patients’
fibroblasts. Interestingly, DS of decorin proteoglycan, a
key regulator of collagen fibril assembly, was completely
lost and replaced by chondroitin sulfate (CS) in the
patients’ fibroblasts, leading to decreased flexibility of
GAG chains. The loss of the decorin DS proteoglycan
due to CHST14 mutations may preclude proper collagen
bundle formation or maintenance of collagen bundles
while the sizes and shapes of collagen fibrils are
unchanged as observed in the patients’ dermal tissues.
These findings indicate the important role of decorin DS

Additional Supporting Infarmation may be found in the online version of this article.

The first three authors contributed equally to this article.

*Correspondence to: Noriko Miyake, Department of Human Genetics, Yokohama City
University Graduate School of Medicine, 3- Fukuura, Kanazawa-ku, Yokohama 236-0004,
Japan. E-mail: nmiyake@yokohama-cu.acjp or Naomichi Matsumoto, Department of
Human Genetics, Yokohama City University Graduate School of Medicine, 3-9 Fukuura,
Kanazawa-ku, Yokohama 236-0004, Japan. E-mail: naomat@yokohama-cu.ac.jp

in the extracellular matrix and a novel pathomechanism
in EDS. ' L '
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Introduction

Ehlers-Danlos syndrome (EDS) is a heterogeneous connective
tissue disorder characterized by joint and skin laxity and tissue
fragility [Steinmann et al., 2002], affecting as many as 1 in 5,000
individuals. The pathomechanisms of EDS consist of dominant-
negative effects of mutant procollagen o-chains, o-chain haplo-
insufficiency, and deficiency of collagen-processing enzymes
[Mao and Bristow, 2001]. In a revised nosology [Beighton et al.,
1998], EDS was classified into six major types as well as additional
minor forms. We previously described two unrelated patients
showing characteristic facial and skeletal features with partial
similarity to kyphoscoliosis type EDS but without lysyl hydro-
xylase deficiency (EDS-VIB) [Kosho et al., 2005]. Through long-
term clinical evaluation of them as well as additional four
unrelated patients including one reported previously [Yasui et al.,
2003], we confirmed that these patients represent a new type of
EDS [Kosho et al., 2010]. The evidence that two of six probands
were born between consanguineous parents (Fig. 1A) suggests that
this disease is inherited in an autosomal recessive fashion. Thus,
we performed homozygosity mapping to find the disease-
causative gene and successfully identified pathological mutations
in the carbohydrate sulfotransferase 14 (CHSTI4: GenBank
reference sequence, NM_130468.3) gene, in all six probands.
CHST14 encodes dermatan 4-O-sulfotransferase 1 (D4ST1),
which transfers active sulfate to the N-acetyl-D-galactosamine
(GalNAc) residues of dermatan sulfate (DS). Furthermore, we

© 2010 WILEY-LISS, INC.
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Figure 1. CHSTI4 mutations in the patients. A: Pedigrees of the

patients. Mutations in both alleles were found in all. B: A schematic
representation of D4ST1 encoded by CHSTI4. Arrows indicate the
position of mutations found in the patients. The red and blue boxes
indicate a 5'-phosphosulfate binding site {5'-PSB) and a 3'-phosphate
binding site (3'-PB), respectively. Light blue, yellow, and purple boxes
denote cytoplasmic, transmembrane, and luminal regions, respectively.
*p.Y293C (c.878A > G) is the same missense mutation identified in the
Japanese ATCS sibs reported [Diindar et al, 2009]. C: D4ST1 amino
acid alignment for three missense mutations evolutionally conserved.

conducted pathological and glycobiological investigations to
reveal the pathomechanism of this disease.

Materials and Methods

Subjects

We analyzed six Japanese patients clinically diagnosed as
showing a specific type of EDS [Kosho et al., 2005, 2010] in this
study. Briefly, they clinically resemble the kyphoscoliosis type EDS
characterized by joint laxity, progressive scoliosis, tissue fragility
with atrophic scars, easy bruising, arterial rupture, and Marfanoid
habitus. However, the lysyl hydroxylase deficiency, which is the
reliable diagnostic test for the kyphoscoliosis type, was not
observed in the probands [Kosho et al., 2005, 2010]. One of the
authors (T.K.) evaluated all cases. This study was approved by the
institutional review boards of Yokohama City University School of
Medicine, Shinshu University School of Medicine, and Hokkaido
University Graduate School of Advanced Life Science. Informed
consent was obtained from all subjects involved in this study.

Mapping and Mutation Analysis

We performed the whole genome linkage analysis using
Affymetrix Human Mapping single nucleotide polymorphism
(SNP) 10K Xbal 142 2.0 array (Affymetrix, St. Clara, CA) in
two affected probands (patients 2 and 3) and six unaffected

members from two consanguineous families. Haplotype analysis
was performed using seven microsatellite markers (D1551002,
D1581007, D155118, D15581044, D155214, D15S978, and D158117)
purchased from Applied Biosystems (Bedford, MA). These
markers were designed based on the Marshfield genetic map
(http://research.marshfieldclinic.org/genetics). We screened three
affected individuals (patients 1, 2, and 3) for mutations in seven
genes (THBSI, FSIPI, VSP39, MEIS2, DLL4, CHACI, and
CHST14) among 109 known genes within the 7.3-Mb candidate
locus. After identifying a mutation, we only screened CHST14
(NM_130468.3) in the remaining individuals (patients 4, 5, and
6). We amplified genomic DNA by PCR using four primer sets
(sequences available on request). Nucleotide changes found in the
patients were checked in 376 Japanese control samples (752
alleles). Compound heterozygosity was confirmed by direct
sequencing of the patients’ parents or allele specific sequencing
after cloning of respective regions covering two different mutation
sites of CHSTI14. Nucleotide numbering reflects cONA numbering
with +1 corresponding to the A of the ATG translation initiation
codon in the reference sequence, according to journal guidelines
(www.hgvs.org/mutnomen). The initiation codon is codon 1.

Primary Fibroblast Culture

We obtained skin fibroblasts from patient 1 at age 6 years, her
mother at 27 years, and patient 3 at 29 years. Their age- and sex-
adjusted normal controls (a 6-year-old girl: control 1 and a
36-year-old man: control 2) were purchased from Japan Health
Sciences Foundation (http://www.jhsf.or.jp/). Cells were cultured
in Dulbecco’s modified Eagle’s medium with 10% heat-inactivated
fetal bovine serum (FBS), 100 U/ml penicillin, 100 U/ml strepto-
mycin, and 2mM t-glutamine (Invitrogen, Carlsbad, CA).

Sulfotransferase Assays

COS-7 cells transiently transfected with the N’-V5-D4ST1
vectors using FuGENE™ 6 (Roche Diagnostics, Indianapolis, IN)
and human fibroblasts were lysed with 200pl of M-PER®
mammalian protein extraction reagent (Thermo Fisher Scientific
Inc., Waltham, MA). Sulfotransferase activities of each cell lysate
toward dermatan, chemically desulfated DS were assayed as
described before [Mikami et al., 2003]. The [**S]sulfate incor-
poration was quantified by determination of the radioactivity in
the flow-through fractions of the gel filtration chromatography by
liquid scintillation counting.

Disaccharide Composition Analysis of Chondroitin (CS)/DS
Chains Isolated from Fibroblasts

Cell lysates of fibroblasts cultured on 100-mm plates were
digested with actinase E (Kaken Pharmaceutical Co., Ltd., Tokyo,
Japan) and GAG-peptides were recovered by 80% ethanol as
described [Uyama et al, 2006]. After being desalted using a
centrifugal filter, Amicon®™ Ultra-4 (Ultracel-3k, Millipore Corp.,
Billerica, MA), the GAG-peptides were digested with CSase ABC
from Proteus vulgaris (EC 4.2.2.20) (Seikagaku Corp., Tokyo, Japan)
[Yamagata et al., 1968], a mixture of CSase AC-I from Flavobacter-
ium heparinum (EC 4.2.2.5) (Seikagaku Corp.) [Yamagata et al.,
1968}, and AC-Il from Arthrobacter aurescens (EC 4.2.2.5)
(Seikagaku Corp.) [Hiyama and Okada, 1975], or CSase B from
Flavobacterium  heparinum (EC 4.2.2.19) (IBEX Technologies,
Kawasaki, Japan) [Michelacci and Dietrich, 1974]. The digests were
labeled with a fluorophore 2-aminobenzamide (2AB) and aliquots
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of the 2AB-derivatives of CS/DS oligosaccharides were analyzed by
anion-exchange HPLC on a PA-03 column (YMC Co., Kyoto, Japan)
as previously described [Kinoshita and Sugahara, 1999].

Immunoblotting

Each cell lysate of COS-7 cells expressing the recombinant
N’-V5-D4ST1 was subjected to SDS-PAGE using a 10-20% SDS-
polyacrylamide gradient gel. The serum-free conditioned medium
from fibroblast cultures was collected and concentrated using
Amicon Ultra-4 filters (Ultracel-30k). An aliquot of the sample
was digested with CSase ABC, CSase AC, CSase B, or buffer alone,
and each digest was subjected to SDS-PAGE using a 7.5%
SDS-polyacrylamide gel. Immunoblotting was carried out using anti-
V5 antibody (Invitrogen) for D4ST1-transfected cells or antihuman
decorin antibody (clone 115402; R&D Systems, Minneapolis, MN)
for secreted decorin DS proteoglycan from fibroblasts.

PAI1 and SMAD7 Expression Analysis with TGF-B1
Stimulation

Fibroblasts were grown to 70-80% confluence in 24-well multiplates
and transfected with 200 ng of empty, wild-type, or mutant CHSTI4
expression vector, using FuGENE 6. At 24 hr after transfection, cells
were transferred to low serum medium (0.2% EBS) and, after 8hr
treated with TGE-B1 (1ng/ml; PeproTech Inc., Rocky Hill, NJ) for
24hr. Total RNA was extracted using the SV-Total RNA Isolation
system (Promega, Madison, WI). Randomly primed cDNA was
synthesized using the Tagman Multiscribe Reverse Transcriptase kit
(Applied Biosystems). Real-time PCR was carried out on the
StepOnePlus Real-Time PCR system (Applied Biosystems) using
the QuantiTect SYBR Green PCR kit (Qiagen, Tokyo, Japan). The
following primers were used for amplification: CHST14, 5'-CTATGA-
GAGGCTGGAGGCTG-3 and 5'-AGGCAAAGAGGGAGAAGTCC-3';
PAI1, 5'-CAGACCAAGAGCCTCTCCAC3' and 5'- GACTGTTCC-
TGTGGGGTTGT-3'; SMAD7, 5'-TTGCTGTGAATCTTACGGGA-3'
and 5'-CCAGATAATTCGTTCCCCCT-3; and GAPDH, 5'-ACCA-
CAGTCCATGCCATCAC-3' and 5-TCCACCACCCTGTTGCTGTA-3'.

Reporter Gene Assay

Fibroblasts were grown to 70-80% confluence in 24-well
multiplates and transfected with plasmid DNA mixtures using
FuGENE 6. The DNA mixture involved 100 ng of SBE4-luc vector,
200 ng of empty, wild-type, or mutant CHST14 expression vector,
and 25 ng of a reference vector, pRL-TK. The SBE4-Luc vector is a
TGEF-B-responsive reporter containing four tandem copies of a
SMAD-binding element (SBE) linked to luciferase [Zawel et al.,
1998]. At 24 hr after transfection, cells were transferred to low
serum medium (0.2% FBS) and, after 8 hr, treated with TGF-B1
(1ng/ml) for a further 24 hr. Luciferase activities were measured
using the PG-DUAL-SP reporter assay system (Toyo Ink., Tokyo,
Japan) and a Lumat LB 9507 luminometer (Berthold Technologies
GmbH & Co. KG, Bad Wildbad, Germany). Relative luciferase
activity was calculated by normalizing the transfection efficiency
of Renilla luciferase activity against the reference vector.

SMAD2 Phosphorylation with TGF-B1 Stimulation

Fibroblasts were grown to 70-80% confluence in six-well
multiplates and were transfected with 1.5 ug of empty, wild-type,
or mutant CHST14 expression vector, using FuGENE 6. At 24 hr
after transfection, cells was transferred to low serum medium
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(0.2% FBS) and, after 8 hr, were treated with TGF-B1 (1 ng/ml) for
30min. Cells were lysed using M-PER protein extraction kits
(Pierce, Rockford, IL) containing a protease inhibitor cocktail
(Roche Diagnostics). Proteins in the cell lysate were separated on
SDS-PAGE gels and electrophoretically transferred to PVDF
membranes. After blocking with 5% nonfat dry milk in PBS-
Tween, the membranes were incubated first with antibodies
against phospho-SMAD2 or SMAD2 (Cell Signaling Technology,
Danvers, MA) and then with goat polyclonal antibodies against
rabbit IgG conjugated with horseradish peroxidase (Cell Signaling
Technology). Band intensities were measured using Image]
software (http://rsbweb.nih.gov/ij/).

Pathology

Skin specimens were obtained from the upper arms of patients
5 and 6. For light microscopy using a BX51 microscope (Olympus,
Tokyo, Japan), skin specimens were fixed with 20% buffered
neutral formalin solution and 3-5-pm sections were stained with
H&E. For transmission electron microscopy, skin specimens were
fixed in 2.5% glutaraldehyde for 2hr, postfixed in 1% osmium
tetroxide for 2hr, dehydrated in a graded ethanol series, and
embedded in epoxy resin (Epon 812, TAAB, Berks, UK). Semithin
sections (4pm) were stained with toluidine blue. Ultrathin
sections (100nm) were stained with uranyl acetate and lead
citrate and examined with a transmission electron microscope
(JEM-1011, JEOL Ltd., Tokyo, Japan).

Statistical Analyses

All values are described as mean+ SEM. Where appropriate, we
assessed between-groups effects by unpaired ¢ tests for two groups and
ANOVA with Dunnett’s adjustment for more than two groups using
GraphPad Prism 5 for Windows, version 5.02 (www.graphpad.com).

The detailed methods are described in the Supp. Methods.

Results

Genetic Analysis

We performed homozygosity mapping of two independent
consanguineous families (families 2 and 3) and identified the largest
8.15-Mb homozygous region at chromosome 15q14-q15.3 with the
maximum LOD Score 2.885, and by using additional microsatellite
markers narrowed it down to a 7.3-Mb region (Supp. Fig. S1).
Among 109 known genes within this region, the CHSTI4 gene
(encoding D4ST1) harbored the same homozygous missense
mutation (¢.842C>T: p.P281L) in the two families and compound
heterozygous mutations in the other four (Fig. 1A and B). Mutations
include one nonsense (c.205A>T: p.K69X) and three missense
mutations (c.842C>T: p.P281L, c.866G > C: p.C289S, and c.878A >G:
p-Y293C) occurring at evolutionally conserved amino acids (Fig. 1C).
They were absent in 376 Japanese normal controls.

Sulfotransferase Activity

DAST1 transfers a sulfate group from 3'-phosphoadenosine
5'-phosphosulfate to position 4 of the N-acetyl-D-galactosamine
(GalNAc) residues of DS, which is abundantly expressed in skin,
aortic wall, tendon, and bone [Penc et al., 1998]. Mutant D4ST1
proteins showed significantly decreased sulfotransferase activity
towards dermatan (Fig. 2A) regardless of similar expression levels
(Fig. 2B). The sulfotransferase activity was also measured in the



