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GGC Repeat Expansion and Exon 1 Methylation
of XYLT1 Is a Common Pathogenic Variant
in Baratela-Scott Syndrome

Amy J. LaCroix,1,11 Deborah Stabley,2,11 Rebecca Sahraoui,2,3 Margaret P. Adam,1,4 Michele Mehaffey,1

Kelly Kernan,1 Candace T. Myers,5 Carrie Fagerstrom,6 George Anadiotis,6 Yassmine M. Akkari,6

Katherine M. Robbins,2 Karen W. Gripp,2 Wagner A.R. Baratela,7,8 Michael B. Bober,7 Angela L. Duker,7

Dan Doherty,1,4 Jennifer C. Dempsey,1 Daniel G. Miller,1 Martin Kircher,9 Michael J. Bamshad,1,4

Deborah A. Nickerson,4,9 University of Washington Center for Mendelian Genomics,
Heather C. Mefford,1,4,12,* and Katia Sol-Church2,10,12,*

Baratela-Scott syndrome (BSS) is a rare, autosomal-recessive disorder characterized by short stature, facial dysmorphisms, developmental

delay, and skeletal dysplasia caused by pathogenic variants inXYLT1. We report clinical andmolecular investigation of 10 families (12 indi-

viduals) with BSS. Standard sequencing methods identified biallelic pathogenic variants in XYLT1 in only two families. Of the remaining

cohort, twoprobands had no variants and six probands had only a single variant, including fourwith a heterozygous 3.1Mb 16p13 deletion

encompassingXYLT1 and twowith aheterozygous truncating variant. Bisulfite sequencing revealed aberrant hypermethylation in exon1of

XYLT1, always in transwith the sequence variant or deletionwhen present; both allelesweremethylated in those with no identified variant.

Expressionof themethylatedXYLT1allelewas severely reducedinfibroblasts fromtwoprobands. Southernblot studiescombinedwithrepeat

expansion analysis of genome sequence data showed that the hypermethylation is associatedwith expansion of a GGC repeat in theXYLT1

promoter region that is not present in the reference genome, confirming that BSS is a trinucleotide repeat expansion disorder. The hyperme-

thylatedallele accounts for50%ofdisease alleles inourcohortand isnotpresent in130control subjects.Our studyhighlights the importance

of investigating non-sequence-based alterations, including epigenetic changes, to identify the missing heritability in genetic disorders.
Introduction

Baratela-Scott syndrome (BSS [MIM: 300881]) is a rare syn-

drome characterized by short staturewith skeletal dysplasia,

facial dysmorphisms, and developmental delay.1 Here we

report that BSS is caused by recessive pathogenic variants

in XYLT1 (MIM: 608124), which have also been reported

in Desbuquois dysplasia type II (DBQD-II [MIM:

615777]).2–7 Compound heterozygous or homozygous

pathogenic variants inXYLT1were identified in 12 families

with one or more individuals with DBQD-II, including 3

frameshift, 3missense, 2 splice site, and 2nonsense variants

(Table S1). In addition, a whole gene deletion and an 18 bp

deletion encompassing the intron 7-exon8 junctionwas re-

ported in an infant with severe short limb skeletal dysplasia

but without the typical findings of DBQD-II.8

XYLT1 encodes the xylosyltransferase enzyme, XT1,

which catalyzes the first step in the biosynthesis of chon-

droitin sulfateanddermatansulfateproteoglycans.9Thepro-

moter regionofXYLT1was recently characterized and found

to have 238 bp of sequence (XYLT1-238) that is not present

in the reference genome (GRCh37/hg19, GRCh38/hg38)
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but appears to be fixed in the human population (100/100

individuals tested)10 and is evolutionarily conserved in

chimpanzee and mouse. The 238 bp region also contains a

variableGGCrepeatwith a rangeof 9–20 repeats in100 indi-

viduals tested; repeat length within this range did not influ-

ence promoter activity in in vitro assays.10

In this work, we identified a pathogenic GGC repeat

expansion in the annotated XYLT1 promoter region asso-

ciated with hypermethylation of exon 1 (Figure 1) in eight

of ten families with BSS with single or no known XYLT1

variants. The hypermethylated and expanded alleles

show reduced expression and account for half of the dis-

ease alleles in our cohort. We also identified a recurrent

3.1 Mb deletion of 16p13 encompassing XYLT1 that ac-

counts for 20% of disease-associated alleles.
Material and Methods

Cohort Recruitment and Sample Collection
Affected individuals, family members, and unaffected control

subjects were recruited into this study after obtaining written
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Figure 1. XYLT1 Exon 1 and Surrounding Region
Schematic of XYLT1 (GRCh37/hg19, GenBank: NM_022166)
exon 1 and surrounding region, noting the region upstream previ-
ously described as XYLT1-238, which contains the GGC repeat re-
gion; genomic coordinates notated. Methylation-specific PCR was
performed on the bracketed segment of exon 1, which includes 48
CpG sites.
informed consent. This studywas approved by the institutional re-

view boards at University of Washington (IRB# 28853) and Nem-

ours (IRB# 212117). DNA was extracted from white blood cells

(WBC), saliva, or fibroblasts using standard procedures. Fibroblasts

were cultured using standard protocols.

Exome Sequencing
Sequence capture was performed using the Roche NimbleGen

SeqCap EZ Human Exome Library v.2.0 (37 Mb target, Basel,

Switzerland) and sequenced via paired-end 50 bp reads on Illu-

mina HiSeq2000/2500 sequencers. BAM files were aligned to hu-

man reference (GRCh37/hg19) using Burrows-Wheeler Aligner

(BWA) and variants were called using UnifiedGenotyper tool

from Genome Analyzer Toolkit (GATK) and annotated with VEP

v.73.

Bisulfite Conversion of DNA
Bisulfite treatment of genomic DNA was carried out with the EZ

DNA Methylation Direct Kit (Zymo, D5020) using 600 ng DNA

and final elution of 12 mL. Bisulfite treatment of genomic

DNA for exon 1 methylation controls was done using the EZ

DNA Methylation Kit (Zymo, D5003) per the manufacturer’s

protocol.

RNA Methods
RNA was extracted from cultured fibroblast cells using Trizol (Am-

bion) and RNA Clean and Concentrator Kit (Zymo). RNA was ex-

tracted from blood using the QIAamp Blood Mini Kit following

the manufacturer’s protocols (QIAGEN). For RT-PCR, cDNA was

prepared using either SuperScript II (Invitrogen, 18064-014) or

the High-Capacity cDNA Reverse Transcription Kit (ThermoFisher

Scientific). RNA-seq libraries were constructed using the TruSeq

RNA Library Prep Kit v2 (Illumina) and sequenced with 150 nucle-

otide paired-end reads on a HiSeq2500. Output fastq files were pro-

cessed using Spliced Transcripts Alignment to a Reference (STAR);

subsequently, output BAM files were visualized as Sashimi Plots

with Integrated Genomics Viewer (IGV).

Methylation-Specific PCR
Methylation-specific primers were designed to capture exon 1 of

XYLT1 (GenBank: NM_022166.3) as completely as possible. Using

the GRCh37/hg19 reference sequence (UCSC genome browser),

primers were manually designed to maximize the number of

CpG sites captured. The 30 end of the reverse primer was specif-

ically a CpG site to ensure methylation-specific binding. PCR
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was carried out with HotStarTaq DNA Polymerase (QIAGEN,

203203) using 2 mL of bisulfite-treated DNA and 0.5 mM of both

forward and reverse primer in a final reaction volume of 50 mL.

Commercially available fully methylated DNA was combined

with fully unmethylated DNA (Zymo, D5014) and diluted to 5%

methylation to ensure that this method could detect low levels

of methylated alleles.

Southern Blot Analysis
5 mg genomic DNA was digested with restriction enzyme KpnI

(New England Biolabs), followed by electrophoresis in a 0.8%

agarose gel. Capillary transfer of the separated DNA fragments

was carried out with a charged nylon membrane (GE Amersham)

overnight and crosslinked by exposure to ultraviolet light. Probe

was prepared by PCR amplification of a genomic fragment (Table

S2) cloned into a plasmid. The probe was labeled with p32-

alpha-dCTP (MegaPrime) and hybridized to the membrane at

65�C overnight. Membrane was washed two times for 15 min

each time in 23 SSC, 0.1% SDS and once with 0.23 SSC, 1%

SDS at 65�C. The probes were exposed to film anywhere from

24 hr to 7 days at -80�C before development.

Whole-Genome Sequencing and STRetch Analysis
Genomic DNA underwent library preparation using Accel-NGS

2S PCR-free DNA library kit (Swift BioSciences, 20024) for

150 nucleotide paired-end sequencing on a HiSeq4000. Output

fastqs were adapter trimmed and aligned to a modified reference

genome (hg19) that included XYLT1-238 with BWA. Paired-

end whole-genome sequencing data were also interrogated for

repeat expansions using STRetch software.11 Default analysis pa-

rameters and the provided STRdecoys.sorted.bed file were used

for the STRetch analysis pipeline STRetch_wgs_pipeline.groovy.

We used WGS data from 75 in-house genomes as controls in the

analysis.

Whole-Genome Bisulfite Sequencing
DNA bisulfite conversion was done using EZ DNA Methylation

Lightning Kit (Zymo). Library construction was carried out with

the TruSeq DNA Methylation Kit (Illumina) for 150 nucleotide

paired-end sequencing on a HiSeq4000. Output fastqs were

trimmed with TrimGalore-0.4.4 and Cutadapt-0.16. A modified

reference genome (hg19) containing XYLT1-238 underwent in

silico bisulfite conversion, and trimmed fastqs were aligned using

Bismark-0.19.0 and bowtie2. Output BAM files were sorted using

PicardTools for ‘‘bisulfite mode’’ visualization in IGV. A methyl-

ation report of individual base pair conversion was generated us-

ing Bismark methylation extractor v.0.19.0 to confirm results

seen in IGV.
Results

Cohort

We identified 12 individuals (11male) in 10 unrelated fam-

ilies with BSS. The detailed phenotypes of 7 individuals

from 6 families were previously described, delineating

the BSS phenotype.1 All 12 affected individuals had short

stature at birth (length range �3 to �11 SD) that persisted

throughout development (present height range �5 to �9

SD) and mild facial dysmorphisms including midface

hypoplasia, depressed nasal bridge, and epicanthal folds.
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Figure 2. BSS Cohort
(A) Pedigrees of 10 families with 12 affected individuals included in this study. XYLT1 variants are noted for those individuals tested.
CH3, methylated allele; del, 16p13 deletion; *, individual underwent exome sequencing; hmz, homozygous.
(B) Proband 06-1 as an infant.
(C) Proband 04-1 at 9 years of age. Dysmorphic features include flat midface, depressed nasal bridge, epicanthal folds.
Significant and characteristic developmental delays are

present (Figure 2, Table 1). Though 11/12 affected individ-

uals in our cohort are males, previous reports of individuals

with DBQD-II due to XYLT1 pathogenic variants do not

show the same skewing (6 males, 7 females, 3 not reported;

Table S1), suggesting that larger cohorts are needed to

determine whether a true sex bias exists.

Sequence and CNV Analysis Identify XYLT1 Variants in a

Minority of Individuals

To determine the genetic etiology of BSS in this cohort, we

performed exome sequencing in 14 individuals from

5 families, including 6 affected individuals (5 probands,

1 affected sibling; Figure 2). We identified a homozygous

XYLT1 splice site variant in one proband (09-1,

c.1290�1G>A) which causes exon 6 skipping (Figure S1),

but no variants in XYLT1 in the remaining four probands,

although exon 1 was not covered in the exome data, likely

due to high GC content (82% GC). CNV analysis of exome

data using CoNIFER12 identified a 3.1 Mb heterozygous

deletion (approximate coordinates: chr16:15,300,000–

18,400,000 [GRCh37/hg19]) that includes all of XYLT1

in two families (03-1 and his father, and 05-1 and his
The Am
affected sibling), which was confirmed by SNP array in

family 03.

Two additional probands (04-1 and 06-1) were identified

by clinical chromosomemicroarray to have a heterozygous

3.1 Mb deletion of 16p13. Targeted capture and next-gen-

eration sequence analysis of XYLT1 failed to identify a

pathogenic variant on the remaining allele in these two

individuals; as with exome sequencing, exon 1 was not

well covered. Low-pass whole-genome sequencing was per-

formed in these two individuals to search for structural var-

iants, but none were identified. In three other probands

who did not have exome sequencing, Sanger sequencing

of XYLT1 identified a homozygous 4 bp duplication

(c.1730_1733dup [p.Asp578GlufsTer2], exon 8) in pro-

band 10-1, but no variants in 07-1 or 08-1.

Given that we identified homozygous, likely pathogenic

variants in XYLT1 in two affected individuals (09-1, 10-1)

and a heterozygous deletion in an additional four case sub-

jects (03-1, 04-1, 05-1, 06-1), we Sanger sequenced exon 1

for the six probands without previous exon 1 coverage. No

second deleterious variant was found in the four probands

with a heterozygous XYLT1 deletion; however, variants

were identified in 02-1 (c.319G>T [p.Gly107Ter]) and
erican Journal of Human Genetics 104, 35–44, January 3, 2019 37



Table 1. Anthropometric Data and Craniofacial Features

04-1 06-1 03-1 02-1 08-1 01-1 05-1 05-4 07-1 07-4 09-1 10-1

Previously Reported
Patient No.1 Patient 2 Patient 1 Patient 4 Patient 5 Patient 6 Patient 7

XYLT1 variant 1 16p13 del
(de novo)

16p13 del
(pat)

16p13 del
(pat)

c.319G > T CH3 CH3 (pat) 16p13 del 16p13 del CH3 (pat) CH3 (pat) c.1290�1G>A
(pat)

c.1730_
1733dup

XYLT1 variant 2 CH3 (mat) CH3 (mat) CH3 (mat) CH3 CH3 c.281_306del
(mat)

CH3 (mat) CH3 (mat) CH3 (mat) CH3 (mat) c.1290�1G>A
(mat)

c.1730_
1733dup

Birth weight
(kg; SDS)

2.4 (�2.4) 1.86 (�3.3) 3.2 (�1.3) 3.0 (�1.0) 2.6 (�2.2) 2.5 (�2.3) 3.3 (�1.1) 2.3 (�2.5) 2.5 (�1.7) 2.0 (�2.3) NA 2.0 (NA)

Birth length
(cm; SDS)

38.1 (�6.1) 33.5 (�11.1) 44.1 (�3.5) 42.0 (�3.0) 42.0 (�4.4) 38.7 (�5.9) 43.0 (�4.0) 43.0 (�4.0) 37.0 (�5.0) 36.0 (�5.1) 34.2 (�8.0) 37.0 (NA)

Birth OFC (cm; SDS) 33.0 (�2.0) 31.0 (�3.9) 33.0 (�2.2) 35.0 (�0.4) 33.7 (�1.6) 35.0 (�0.7) NA NA 32.7 (�1.5) 32.0 (�1.7) NA NA

Age at most recent
exam

11 year 5 year 20 year 13 year 7 mo 22 year 16 year 22 year 18 year 4 year 6 mo 22 mo 14 year 3 year 7 mo

Current wt (kg; SDS) 23.4 (�2.9) 10.2 (�5.9) 46.8 (�3.1) 41.1 (�0.9) 36.7 (�5.6) 52.3 (�1.0) 59.0 (�1.2) 51.0 (�2.0) 10.8 (�4.9) 6.8 (�4.9) 19.0 (�7.2) 12.2 (�2.3)

Current ht (cm; SDS) 99.0 (�7.0) 76.5 (�7.9) 116.0 (�8.2) 114.6 (�5.5) 114.0 (�8.5) 130.0 (�5.0) 120.0 (�7.7) 114.0 (�8.0) 76.9 (�6.4) 59.7 (�9.0) 97.0 (�7.2) 71.6 (�7.5)

Current OFC
(cm; SDS)

50.5 (�2.0) 44.0 (�4.6) 51.5 (�2.4) 52.0 (�1.4) 53.0 (�1.4) 55.3 (0.1) 55.7 (0.4) 57.2 (1.5) 48.7 (�1.2) 45.2 (�2.1) 47.0 (�4.8) 46.7 (�2.2)

Developmental delay þ moderate þ moderate þ (IQ 49) þ þ (IQ 53) þ þ þ þ þ þ þ

Craniofacial Features

Depressed nasal
bridge

þ þ þ þ þ þ þ þ þ þ þ þ

Cleft palate/
bifid uvula

� � þ � � þ þ þ � � � �

Epicanthal folds � � � � þ þ þ þ � � þ �

Synophrys � � þ � þ þ � � � � þ �

Phenotypic data of affected individuals within our BSS cohort. Identification numbers are provided for those individuals with previously reported phenotypic data.1 XYLT1 variants are notated: pat, paternally inherited;
mat, maternally inherited; CH3, methylated allele. For proband 10-1, standard deviation scores at birth were not available as gestational age was not known.
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01-1 (c.281_306del [p.Gln94ArgfsTer59]). Both variants

appeared homozygous, consistent with a recessive mode

of transmission for this disorder; however, further segrega-

tion analysis in family 01 revealed that only the mother

was heterozygous for the variant, suggesting possible

allelic drop-out of the paternal allele. Re-examination of

the Sanger sequence data for 02-1 showed a small wild-

type peak in both saliva andWBCDNA, suggesting skewed

amplification of one allele. The presence of the reference

allele in 02-1 was confirmed by allele-specific PCR

(Figure S2). Parents of 02-1 were not available for segrega-

tion studies. While screening for causal variants in family

05, we suspected similar allele drop-out for the mother.

As both affected siblings share a heterozygous 16p13 dele-

tion of XYLT1, which is not inherited from their mother,

we expected the remaining allele would be maternal, but

found numerous SNPs were not shared with either child.

This phenomenon was specific to exon 1 and the 50 region
of the gene, suggesting that specific local DNA modifica-

tion or conformational changes may interfere with ampli-

fication and cause PCR bias toward one allele. Thus, after

standard sequencing and CNV analyses, we identified

only a single pathogenic allele in six of ten families and

no pathogenic alleles in two of ten families.

To investigate the hypothesis that local DNA modifica-

tion or conformation was interfering with PCR, we di-

gested DNA with BsrF1, a methylation-sensitive restriction

endonuclease that cuts at multiple discrete sites in the re-

gion of interest. This approach in family 05 revealed a

second, methyl-protected allele in the mother, and SNP

analysis confirmed its inheritance by the affected siblings

(Figure S3). The same approach in probands 02-1 and

01-1 confirmed that the apparently homozygous patho-

genic variant in each was heterozygous, and a second

methyl-protected allele with wild-type sequence was pre-

sent. We conclude that BsrF1 digestion cut the unmethy-

lated allele, allowing amplification and detection of the

previously ‘‘hidden’’ methylated allele. Together, these

results suggested that exon 1 and surrounding sequence

are heavily methylated.

Bisulfite Sequence Analysis Confirms Hypermethylation

of Exon 1 Alleles without Variants

Bisulfite treatment of DNA converts unmethylated cyto-

sine residues to uracil, while 5-methylcytosine is unaf-

fected. Sequence analysis of bisulfite-treated DNA there-

fore reveals the pattern of methylation in the sequenced

region. We designed methylation-specific PCR (MS-PCR)

primers to perform specific amplification of methylated

and unmethylated alleles after bisulfite treatment (Table

S3). Sequencing of the product, which encompasses the

majority of exon 1, revealed methylation of all 48 CpG

sites on the chromosome with the presumed missing al-

leles in our cohort (Figure S4A). Both alleles were fully

methylated in individuals 08-1, 07-1, and 07-4, in whom

no detectable sequence or copy number variant had been

previously identified. For individuals 04-1, 06-1, 05-1, 05-
The Am
4, and 03-1, the non-deleted allele was fully methylated;

01-1 and 02-1 had methylation of one allele. Segregation

analysis using MS-PCR in available family members

confirmed that the methylated allele segregated in trans

to the variant allele in all case subjects (Figure S4A;

Table S4).

Methylated Alleles Are Not Transcribed

We hypothesized that hypermethylation of exon 1 pre-

vents transcription of XYLT1. Sanger sequencing of

MS-PCR products in proband 02-1 confirmed that the het-

erozygous nonsense variant and hypermethylation alleles

are in trans. Sequence analysis of cDNA from proband fi-

broblasts showed that only the unmethylated allele was

present in cDNA sequence, indicating that the unmethy-

lated allele was preferentially transcribed (Figure 3A). Us-

ing fibroblast cDNA from an individual with one deleted

allele and one hypermethylated allele (04-1), we were un-

able to amplify any product spanning the exon 1-exon 2

splice junction; this result was confirmed by RNA-seq (Fig-

ures 3B, 3C, and S5). In addition, preliminary 50-RACE and

RT-PCR experiments suggest the reference annotation for

the transcriptional start of XYLT1 may also be incomplete.

Sequencing of mRNA from 09-1, 09-2, 02-1 and a control

fibroblast line (GM08447) all showed evidence of a tran-

script that begins 50 of the reference annotation, within

XYLT1-238, and in fact may contain the entire repeat re-

gion (Figure S6; Table S5). The transcription start site that

we identified is conserved in mouse as well. This suggests

that the GGC repeat expansion lies within the 50 UTR of

XYLT1, similar to other trinucleotide repeat disorders

with methylation of exon 1 and transcriptional silencing.

Methylation of Exon 1 Is Rare in Control Subjects

To investigate the frequency of XYLT1 exon 1 hyperme-

thylation in a healthy population, we tested 130 unrelated,

unaffected individuals using MS-PCR on bisulfite-treated

DNA. All control subjects were positive for the unmethy-

lated product, confirming both the successful bisulfite con-

version of the DNA and that exon 1 was unmethylated. All

control subjects were negative for the methylated product.

Studies using a mixture of commercially available fully

methylated and unmethylated human genomic DNA

showed that we could detect as few as 5% methylated al-

leles using MS-PCR (Figure S4B).

Southern Blot and WGS Analysis Suggest GGC Repeat

Expansion

Using PCR primers upstream of the 50 UTR region, we

confirmed that the XYLT1-238 sequence10 is present in

all individuals for whom PCR was successful. In probands

with homozygous or hemizygous (with deletion) methyl-

ation, we were unable to obtain a PCR product using the

same primers. As the XYLT1-238 region contains a GGC

repeat ((GGC)n-AGC-(GGC)n-(GGA)n in most individuals),

we suspected that individuals with hypermethylation have

expanded repeats, preventing amplification of the region.
erican Journal of Human Genetics 104, 35–44, January 3, 2019 39



Figure 3. Methylated Alleles Are Not Transcribed
(A) Sequence analysis of MS-PCR product from bisulfite-treated genomic DNA (top) of individual 02-1 confirms that the XYLT1 point
mutation (c.319G>T) is located on the unmethylated allele in genomic DNA. CpG sites are notated (*). Fibroblast cDNA sequence (bot-
tom) confirms that only the unmethylated allele is transcribed.
(B) RT-PCR of fibroblast cDNA from 04-1 shows that transcription of exon 1-3 is absent and levels of shortened transcripts that begin
downstream are reduced compared to the control.
(C) Sashimi Plot of RNA-seq data for 04-1 shows exon 1 is not transcribed and the exon 1-2 junction is absent. Overall transcription levels
are severely reduced compared to the control.
We performed Southern blots to evaluate the size of the

promoter region of XYLT1 in four families. All individuals

with a methylated allele had a larger DNA fragment than

control subjects, with the increase in fragment size ranging

from 300 to 2,500 bp (Figure 4). In two families (04 and

07), the expansion increased in size when transmitted

from the unaffected mother. For individuals with hemizy-

gous or homozygous methylated alleles (07-4, 04-1, 06-1),

only expanded alleles were seen.

To determine whether the increase in fragment size is

due to expansion of the GGC repeat, we analyzed whole-

genome sequence data for proband 04-1 using STRetch

software.11 STRetch is designed to detect short tandem

repeat (STR) expansions using paired-end reads by adding

STR decoy sequences to the reference genome for map-

ping. Using an altered reference genome that includes

the XYLT1-238 sequence, we found that all reads ap-
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proaching the proposed expansion site had read pairs map-

ping to an expanded GGC decoy sequence. In addition, no

read pairs span the expansion site, indicating a segment

larger than the average insert size of 543 bp (Figure S7).

These findings are consistent with the Southern blot

data; in addition, the STRetch analysis is strong indication

that the expansion comprises primarily GGC repeats.

Genome Bisulfite Sequencing Confirms Methylation of

XYLT1 Expanded Repeat Alleles

To gain a broader understanding of the methylation land-

scape in the XYLT1 region, we performed whole-genome

bisulfite sequencing (WGBS) on probands 04-1 and 06-1

who each have a deletion and a methylated allele

(Figure S8). For 04-1, methylation stretched 1.7 kb down-

stream into intron 1 and 1.4 kb upstream of the expansion

site (chr16:17,563,050–17,566,200). For 06-1, methylation
019



Figure 4. Southern Blot of Four Affected Individuals and Avail-
able Family Members
The expected wild-type fragment (2,800 bp) encompasses exon 1
and surrounding DNA including XYLT1-238. For each individual
with one or two methylated alleles, a fragment 300–2,500 bp
larger than expected was detected. Individual 07-4 has two meth-
ylated alleles; 04-1 and 06-1 each have one methylated and one
deleted allele, and 02-1 is heterozygous for methylation. In
families 07 and 04, there is further expansion when trans-
mitted from unaffected mother to affected child. Fragments that
are >400 bp larger than wild-type exhibit instability in somatic
cells as indicated by the non-distinct bands seen; particularly in
02-1 and 04-1. Each panel is from the same Southern blot but
with different exposure times (panel 1, 4 day; panel 2, 24 hr; panel
3, 4 day).
was present approximately 700 bp both upstream and

downstream of the expansion site (chr16:17,564,100–

17,565,500). Coverage of the region was not uniform;

however, 70% of exon 1 was covered for both pro-

bands >303. Poor mapping prevented analysis of WGBS

data across the GGC region. Coverage encompassing

exon 1 (chr16:17,564,250–17,564,700) spanned 51 and

52 CpG sites for 04-1 and 06-1, respectively. For 04-1,

84% of sites were fully methylated and 96% of sites were

more than 50% methylated. For 06-1, 88% of sites were

fully methylated and 94% of sites were greater than 90%

methylated. Results confirm the hypermethylation found

using Sanger sequencing methods.
Discussion

We identified a trinucleotide repeat expansion upstream of

XYLT1 associated with hypermethylation and transcrip-

tional repression of XYLT1 as the most common patho-

genic allele (10/20, 50%) in ten families with BSS. In two

families, the affected individuals were homozygous for hy-

permethylated alleles. The hypermethylated allele cannot

be detected by standard sequencing methods (i.e., exome,

genome, or Sanger sequencing).
The Am
More than 40 disorders in humans are caused by expan-

sions of simple repeats, most often trinucleotide repeats.

The consequences of the repeat expansion differ depend-

ing on the gene and the location of the repeat within the

gene structure. For example, the protein-coding CAG

repeat in Huntington disease (MIM: 143100) leads to an

expanded polyglutamine tract in the huntingtin protein

resulting in aberrant properties that are eventually toxic

to the cell; the CTG expansion in myotonic dystrophy

(MIM: 160900) is located in the 30 UTR of DMPK (MIM:

605377) and causes disease through RNA toxicity.13

Most similar to our finding, full expansion of a CGG

repeat in the 50 UTR of FMR1 (MIM: 309550), responsible

for fragile X syndrome (MIM: 300264), leads to hyperme-

thylation of the promoter and 50 UTR and transcriptional

silencing.14 Several CGG repeat regions have been

characterized as folate-sensitive fragile sites, which are

ctyogenetically visible ‘‘gaps’’ in the chromosome associ-

ated with repeat expansion and methylation. FRA16A is

a fragile site on the short arm of chromosome 16 that

was cloned and characterized more than two decades

ago,15,16 andmanual comparison of the FRA16A published

sequence confirmed that the FRA16A sequence corre-

sponds to the XYLT1-238 sequence (which is not present

in the reference genome). Our results are consistent with

the original characterization of the FRA16A site, though

no disease association was made at that time.

We initiated our study to investigate the genetic cause of

BSS, the phenotypic features of which were recently delin-

eated.1 During the course of our study, homozygous or het-

erozygous pathogenic variants in XYLT1 were identified as

the cause of a similar disorder, Desbuquois dysplasia type II

(DBQD-II),2 and the results of our current study confirm

that BSS and what has been described as DBQD-II are

allelic. Desbuquois dysplasia is a heterogeneous group of

disorders characterized by skeletal dysplasia and disloca-

tion of the large joints and short stature with flat face

and prominent eyes. Specific forms of Desbuquois

dysplasia are grouped based on the presence (type I and

Kim type) or absence (type II) of specific hand anomalies.

Unlike DBQD-I (MIM: 251450), caused by pathogenic var-

iants in CANT1 (MIM: 613165), the majority of individuals

with BSS have at least mild to moderate intellectual

disability, with strong social and verbal skills initially

masking their cognitive impairment. A lack of hand and

foot abnormalities in BSS is another differentiating factor.

Further detailed phenotyping will be necessary to deter-

mine whether individuals currently described as DBQD-II

have the same degree and types of intellectual impairment

as BSS, or whether the two disorders can be distinguished

by cognitive abilities as seen in the distinction between

Smit-McCourt dysplasia (MIM: 607326) and Dyggve-Mel-

chior-Clausen dysplasia (MIM: 223800), both caused by

recessive loss-of-function mutations in DYM.17 Notably,

one of the pathogenic variants in four families (five

affected individuals) is a 3.1 Mb recurrent deletion of

16p13, which is a known risk factor for a range of
erican Journal of Human Genetics 104, 35–44, January 3, 2019 41



neurodevelopmental disorders.18–20 While the deletion

may contribute to the neurodevelopmental features, indi-

viduals in our cohort with single nucleotide or repeat

expansion alleles also present with developmental delays,

suggesting this is a core feature of BSS.

The vast majority of repeat expansion disorders are

autosomal dominant, and many cause neurologic or

neurodegenerative disease. BSS now represents an auto-

somal-recessive skeletal dysplasia associated with repeat

expansion. Other examples of autosomal-recessive disor-

ders due to repeat expansions include Friedreich’s ataxia

(MIM: 229300) (GAA expansion in intron 1 of FXN; see

GeneReviews inWeb Resources), Unverricht-Lundborg dis-

ease (MIM: 254800) (dodecanucleotide expansion in 50

region of CSTB),22 and Richieri-Costa-Pereira syndrome

(MIM: 268305) (CACA expansion in 50 UTR of EIF4A3).23

In these conditions, the exact mechanism of transcrip-

tional repression remains unclear.

Typically, in repeat expansion disorders, a threshold

number of repeats is necessary to confer pathogenicity,

though the specific number varies depending on the dis-

order. The smallest methylated allele in our cohort was

approximately 300 bp (�100 repeats) larger than the

wild-type, unmethylated allele (Figure 4, individual

06-1). Faust and colleagues characterized the wild-type

repeat region as 54 bp (18 trinucleotides) with the

following composition: GGC9-AGC-GGC5-GGA3.
10 In

100 healthy blood donors, they identified five additional

homozygous alleles that could be accurately sequenced,

with the repeat region ranging from 27 to 60 bp (9–20 tri-

nucleotides). When characterizing the FRA16A site, Nan-

carrow and colleagues found repeat sizes on normal (not

exhibiting a fragile site) chromosomes of up to 216 bp

(72 repeats).16 Together with our data, this suggests the

minimum repeat size associated with hypermethylation

is between 216 bp and �360 bp. Faust and colleagues

found that 45% of control subjects were homozygous;

however, given our findings, it is possible that the ‘‘ho-

mozygous’’ allele in some cases was in trans with an

expanded allele that could not be amplified. Given that

BSS is very rare, it is unlikely that expanded and hyper-

methylated alleles are common in the population; we de-

tected 0/130 control subjects with hypermethylation, but

additional studies combining repeat sizing with methyl-

ation status are needed to determine the true frequency

of expanded alleles, as well as the repeat size at which hy-

permethylation occurs.

The expanded, hypermethylated allele can be trans-

mitted from an unaffected parent to child. As with many

repeat expansions, the region appears to become unstable

as the repeat size increases. In two families, we observed

expansion of the maternal allele. Our sample size is too

small to determine whether there is a parent-of-origin

effect on the stability of the allele when transmitted, as

has been seen for other triplet repeat expansion disor-

ders.24,25 However, earlier studies of FRA16A also suggested

increased instability of the repeat in maternal transmis-
42 The American Journal of Human Genetics 104, 35–44, January 3, 2
sions than in paternal transmissions.16 Identification of

additional affected individuals and large families in which

transmission can be studied would be required. Large ex-

pansions also appear to be unstable in somatic tissue

(blood and saliva), as shown by indistinct bands on

Southern analysis in several individuals with expan-

sions >2,500 bp (Figure 4).

Neither the expansion nor the hypermethylation are

readily detected by standard Sanger or exome sequencing.

In fact, we were not able to amplify the repeat region in in-

dividuals with an expansion and methylation, despite

numerous attempts using methods designed for GC-rich

regions (not shown). It is not clear whether amplification

was prohibited by the repeat size, overall GC content,

DNA conformation, methylation, or a combination. The

most reliable detection methods in our studies were MS-

PCR analysis to identify excess methylation of the region

within and 50 of exon 1 followed by Southern blot to

confirm the presence of a larger allele. Using software de-

signed to identify repeat expansions, we were able to

confirm GGC expansion in the XYLT1-238 region using

short-read genome sequencing; however, an alternative

reference was required since the XYLT1-238 region is not

present in the reference human genome.

In the clinical setting, dedicated testing will be required.

For those individuals in whom a diagnosis of either BSS or

DBQD-II is suspected but genetic testing is inconclusive

due to the presence of only one or no pathogenic variants

in XYLT1, our results open another avenue of testing to

successfully diagnose individuals and aid in family plan-

ning. Further, segregation analysis for apparently homozy-

gous pathogenic variant calls in exon 1 are necessary to

ensure that an expanded and methylated allele has not

been overlooked.

Our study illustrates the importance of investigating

non-sequence-based alterations, including epigenetic

changes, to identify the missing heritability in genetic dis-

orders. The path to discovery in our cohort was circuitous

and slow, as initial efforts were heavily focused on

traditional sequencing approaches. Targeted sequencing,

whole-exome, and even whole-genome sequencing

yielded no causal variants for approximately half of our

cohort. Despite this, a search for a unifying cause

continued, in part due to the similarity of these individuals

and the strong belief that all of the individuals in the

cohort had the same condition. In the clinical setting,

exome sequencing yields a diagnosis in less than 50% of

all case subjects26 and in approximately one third of chil-

dren who present with short stature.27 Our study high-

lights that alternate avenues of testing are needed for in-

herited disorders that continue to lack a clear genetic

cause and persistently remain elusive despite extensive

study. As the knowledge of the genetic landscape of Men-

delian disorders continues to improve, our study provides

further insight into genetic mechanisms that are currently

not well understood and remain under-explored in the

search for the genetic causes of disease.
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