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The Genomics of Arthrogryposis, a Complex Trait:
Candidate Genes and Further Evidence
for Oligogenic Inheritance

Davut Pehlivan,1,2,28 Yavuz Bayram,1,3,28 Nilay Gunes,4 Zeynep Coban Akdemir,1 Anju Shukla,5

Tatjana Bierhals,6 Burcu Tabakci,7 Yavuz Sahin,8 Alper Gezdirici,9 Jawid M. Fatih,1 Elif Yilmaz Gulec,9

Gozde Yesil,10 Jaya Punetha,1 Zeynep Ocak,9 Christopher M. Grochowski,1 Ender Karaca,1

Hatice Mutlu Albayrak,11 Periyasamy Radhakrishnan,5 Haktan Bagis Erdem,12 Ibrahim Sahin,13

Timur Yildirim,14 Ilhan A. Bayhan,14 Aysegul Bursali,14 Muhsin Elmas,15 Zafer Yuksel,16

Ozturk Ozdemir,17 Fatma Silan,17 Onur Yildiz,17 Osman Yesilbas,18 Sedat Isikay,19 Burhan Balta,20

Shen Gu,1 Shalini N. Jhangiani,21 Harsha Doddapaneni,21 Jianhong Hu,21 Donna M. Muzny,21

Baylor-Hopkins Center for Mendelian Genomics, Eric Boerwinkle,21,22 Richard A. Gibbs,1,21

Konstantinos Tsiakas,23 Maja Hempel,6 Katta Mohan Girisha,5 Davut Gul,24 Jennifer E. Posey,1

Nursel H. Elcioglu,7,25 Beyhan Tuysuz,4 and James R. Lupski1,21,26,27,*

Arthrogryposis is a clinical finding that is present either as a feature of a neuromuscular condition or as part of a systemic disease in over

400 Mendelian conditions. The underlying molecular etiology remains largely unknown because of genetic and phenotypic heteroge-

neity. We applied exome sequencing (ES) in a cohort of 89 families with the clinical sign of arthrogryposis. Additional molecular tech-

niques including array comparative genomic hybridization (aCGH) and Droplet Digital PCR (ddPCR) were performed on individuals

who were found to have pathogenic copy number variants (CNVs) and mosaicism, respectively. A molecular diagnosis was established

in 65.2% (58/89) of families. Eleven out of 58 families (19.0%) showed evidence for potential involvement of pathogenic variation at

more than one locus, probably driven by absence of heterozygosity (AOH) burden due to identity-by-descent (IBD). RYR3, MYOM2,

ERGIC1, SPTBN4, and ABCA7 represent genes, identified in two ormore families, for whichmutations are probably causative for arthrog-

ryposis. We also provide evidence for the involvement of CNVs in the etiology of arthrogryposis and for the idea that both mono-allelic

and bi-allelic variants in the same gene cause either similar or distinct syndromes.Wewere able to identify themolecular etiology in nine

out of 20 families who underwent reanalysis. In summary, our data from family-based ES further delineate the molecular etiology of

arthrogryposis, yielded several candidate disease-associated genes, and provide evidence for mutational burden in a biological pathway

or network. Our study also highlights the importance of reanalysis of individuals with unsolved diagnoses in conjunction with

sequencing extended family members.
Introduction

Arthrogryposis is a term that describes the clinical observa-

tion of joint contractures in more than one segment of the

body. It does not describe a specific disease entity, but

rather represents a descriptive clinical neuromuscular sign
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for multiple contractures associated with different medical

conditions. The primary underlying cause of arthrogrypo-

sis is postulated to be decreased fetal joint mobility during

intrauterine development. Lack of fetal joint mobility

might result from multiple etiologies for perturbed neuro-

muscular function; these etiologies include intrinsic causes
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A

C

B Figure 1. Distribution and Molecular Re-
sults of Enrolled Individuals in the Ar-
throgryposis Cohort and Families with
Multilocus Pathogenic Variation
(A) Distribution of individuals enrolled in
arthrogryposis cohort.
(B) Apie chart displaying thedistributionof
molecular findings for each individual in
this study (i.e., phase II) of the arthrogrypo-
sis cohort (89 families). Multilocus patho-
genic variant model families were classified
according to muscle gene status. A corre-
sponding explanation for the colors in the
pie chart is below the chart. The abbrevia-
tion CNV ¼ copy number variation.
(C) Families affected with multilocus path-
ogenic variation (19 families) from phase
I þ II. Abbreviations are as follows:
HMZ¼ homozygous, HTZ¼ heterozygous,
Comp HTZ ¼ compound heterozygous,
and XL ¼ hemizygous male.
such as neurological disorders, muscle diseases, skeletal

conditions, and abnormalities in connective and cartilage

tissue and extrinsic factors such as maternal diseases, intra-

uterine space limitations, maternal exposures to drugs or

chemicals, and decreased blood supply to the fetus.1

Thus, arthrogryposis can be thought of as a birth defect

due to a malformation in some individuals and as a defor-

mation in others or, also, as a complex trait with both

genetic and environmental influences.

The prevalence of arthrogryposis ranges from �1/3000–

5000, and it has a high (�50%) mortality rate.2 The etiol-

ogy is thought to be mostly genetic, and variants in more

than 300 genes associated with over 400 Mendelian condi-

tions have been identified.3 Copy number variants (CNVs)

including microdeletions and duplications have also been

implicated in individuals with arthrogryposis.4–7 The

molecular etiology of arthrogryposis and the potential bio-

logical pathways involved remain unknown in many indi-

viduals; molecular diagnostic rates of 47% in an Australian

cohort of 38 families and 58% in a Turkish cohort of 48

families (phase I of this study) have been reported.8,9 One

of the insights into the potential genetic architecture

and underlying genetic etiology of some individuals with

arthrogryposis, recognized only through genome-wide

screening of coding regions, is the contribution of rare var-

iants in multiple loci of a single personal genome to the

observed phenotype (i.e., multiple molecular diagnoses

leading to a blended phenotype).10–14 Additionally, both

mono- and bi-allelic variants of several genes, responsible

respectively for autosomal-dominant (AD) and auto-

somal-recessive (AR) disease traits, are known to cause

either the same or a different syndrome and are being

reported more frequently with genome-wide analysis tech-

niques such as exome sequencing (ES).8,15–19
The American Journal of Human
We previously reported molecular

findings from 28 out of 48 arthrogry-

posis-affected families (a molecular
diagnostic yieldof58.3%).8 In thecurrent study,we enrolled

an additional 71 families (including two families found

throughGeneMatcher) andperformeda reanalysis of 20un-

diagnosed families, including ten families for which the

initial proband-exome was extended to trio exome with

parental samples, from the previously reported cohort. We

provide clinical and genomic evidence for 15 candidate

arthrogryposis-associatedgenesandfourcandidatedevelop-

mental delay and intellectual disability (DD and ID)-associ-

ated genes. Our findings suggest mutational burden might

contribute to the molecular diagnosis of some individuals

with arthrogryposis through the aggregation of multilocus

pathogenic variation in a personal genome.
Material and Methods

Study Participants
We recruited 103 individuals and fetuses from 91 mostly Turkish

families (only two families of different ethnicity were found

through GeneMatcher) with the presenting clinical feature of

arthrogryposis (Figure 1A). Of the 103 participants, 53 were female

(51.5%), 47 weremale (45.6%), and three (2.9%) had a gender that

was not reported (fetus). Ages ranged from 19 gestational weeks to

42 years old. Thirty-four of the participant families were character-

ized as having syndromic arthrogryposis, whereas 57 had an

apparent isolated neuromuscular disorder. Parental consanguinity

was reported in 46 families (50.5%), and 45 families (49.5%) had

no historical evidence for parental consanguinity. After all rele-

vant family members provided written informed consent, periph-

eral blood was collected from affected individuals, parents, and

unaffected relatives if available. Genomic DNA was extracted

from blood leukocytes according to standard procedures. All

genomic studies were performed on DNA samples isolated from

blood. This study was approved by the institutional review board

at Baylor College of Medicine (IRB protocol # H-29697).
Genetics 105, 132–150, July 3, 2019 133



Exome Sequencing
We applied ES to selected family members through the Baylor-

Hopkins Center for Mendelian Genomics (BHCMG) research

initiative.20 All experimental procedures were performed accord-

ing to previously described methods.21 Briefly, genomic DNA sam-

ples underwent exome capture with Baylor College of Medicine

Human Genome Sequencing Center core design (52 Mb, Roche

NimbleGen, RRID: nif-0000-31466), and were then sequenced

on the HiSeq platform (Illumina) with �1003 depth of coverage.

Sequence data were aligned and mapped to the human genome

reference sequence (hg19) with the Mercury in-house bioinfor-

matics pipeline.22 Variants were called with ATLAS2 (an integra-

tive variant analysis pipeline optimized for variant discovery)

and SAMTOOLS (RRID: nlx_154607; the Sequence Alignment/

Map) suites, and they were annotated with an in-house-developed

annotation pipeline that uses annotation of genetic variants and

additional tools and databases.23–25 Variant filtering parsed nonsy-

nonymous variants by population frequency data. The minor

allele frequency of candidate variants was obtained from publicly

available databases such as the 1000 Genomes Project and other

large-scale exome-sequencing projects, including the Exome

Variant Server; the National Heart, Lung, and Blood Institute

(NHLBI) Grand Opportunity Exome Sequencing Project (ESP);

the Atherosclerosis Risk in Communities Study Database (ARIC);

the Genome Aggregation Database (gnomAD); the Exome Aggre-

gation Consortium (ExAC); and our in-house-generated exome

database (�13,000 individuals) at the Baylor College of Medicine

Human Genome Sequencing Center.

In order to detect disease-causing single nucleotide variants

(SNVs), a stepwise analysis workflow was implemented.26 To be

able to identify CNVs, we used publicly available bioinformatics

tools, including XHMM (eXome-Hidden Markov Model),

CoNIFER, and CoNVex programs, for larger CNVs (R3 exon dele-

tion and duplication), and we used an in-house-developed soft-

ware, HMZDelFinder, for smaller homozygous and hemizygous

intragenic CNVs.27,28 In order to capture de novo disease-causing

variants, we used another in-house-developed program called

DNM (de novo mutation)-Finder.26 All candidate genes were sub-

mitted to GeneMatcher to identify additional individuals with

variants likely to be damaging in the same gene.29,30 To examine

absence of heterozygosity (AOH) regions, which might represent

identity-by-descent (IBD), surrounding candidate variants, we

calculated B-allele frequency by using exome variant data as a ratio

of variant reads to total reads.31 These data were then processed

with the circular binary segmentation (CBS) algorithm32 in order

to identify AOH regions. The calculated AOH intervals from

BafCalculator could represent ‘‘apparent genetic transmission

distortion’’ of individual genomic loci, resulting in runs-of-homo-

zygosity (ROHs) for diploid alleles that can occur by: (1) IBD, (2)

uniparental disomy,33 or (3) a large deletion CNV.
Sanger Sequencing
To validate exome-identified candidate variants by an orthogonal,

experimental DNA-sequencing method and segregate these vari-

ants in the families, we amplified target exons from genomic

DNA by using conventional PCR (HotStar TaqDNA polymerase,

QIAGEN) and high-GC-content long-range PCR (TaKaRa LA Taq,

Clontech), and we analyzed PCR amplification products by Sanger

sequencing (DNA Sequencing Core Facility at Baylor College of

Medicine). If the exome-identified variant was not confirmed by

Sanger sequencing or if segregation analysis showed inconsistency
134 The American Journal of Human Genetics 105, 132–150, July 3, 2
with Mendelian expectations under the hypothesized genetic

model, then the variant was considered to be unlikely to

contribute to the arthrogryposis trait.
Chromosomal Microarray Analysis for Genome-Wide

CNV Detection
For individuals in whomwe detected a CNV (individual BAB7128)

through genome-wide sequencing data and bioinformatic CNV-

detection tools,34 or as part of the preliminary, low-resolution

clinical genomics diagnostic studies such as karyotyping and

low-resolution array comparative genomic hybridization (aCGH;

individual BAB8145 and individual BAB9312), we performed

Agilent’s custom-designed whole-genome array (Baylor Genetics

Laboratory, CMA version 11, design#079906) to confirm the

CNV. All array procedures, including DNA fragmentation and

labeling, array hybridization, washing, and scanning, were

performed according to the manufacturer’s instructions and previ-

ously described protocols35 with minor modifications. Gender-

matched female control (NA15510) DNA and male control

(NA10851) DNA were obtained from Coriell cell repositories (Cor-

iell Institute for Medical Research). Data processing and analyses

were done with Agilent Feature Extraction Software (version

11.5, Agilent Technologies) and Agilent GenomicWorkbench (edi-

tion 7.0.4.0, Agilent Technologies).
Droplet Digital PCR Mosaicism Analysis
Variants suspected to be in a mosaic state on the basis of exome

read-depth ratios (vR/tR, variant reads/total reads) were further

validated via an orthogonal experimental system on a BioRad

QX200 ddPCR platform. Custom-designed fluorescent TaqMan

probes targeting the mutant variant (FAM fluorescence) and the

reference (HEX fluorescence) were multiplexed with common for-

ward and reverse primers and run under standard ddPCR condi-

tions.36 The fractional abundances for the amplified mutant and

reference allele were calculated to determine the percent of the

mosaicism.
Human and Fruit Fly Cross-Database Mining for

Candidate Gene Analyses
We evaluated orthologs and paralogs in fruit flies and humans for

identified candidate disease genes. In order to determine the hu-

man paralogs for fruit fly genes, we used DRSC Integrative Ortho-

log Prediction Tool (DIOPT).37 We first forward checked the

human gene in the fruit fly, and fly genes with the highest DIOPT

scores were reverse checked to detect the number of human homo-

logs. A DIOPT score of 3 is set as the threshold to determine the

presence of paralogs or orthologs in the human or fly, respectively.
Results

Exome Sequencing and Family-Based Genomics in

Arthrogryposis

We applied ES in a large cohort (Figure 1A, phase II) of 69

newly recruited families, a clinically heterogeneous group

of individuals in whom the arthrogryposis phenotype is

an apparent, isolated clinical feature (nonsyndromic ar-

throgryposis) or is part of the disease spectrum (syndromic

arthrogryposis). Molecular findings from the analysis of

phase I of this cohort had revealed a 58.3% (28 of 48
019



families studied) molecular diagnostic rate.8 In phase II of

this family-based genomics study, we analyzed 91 families,

including 69 newly ascertained and recruited families, 20

families who remained ‘‘molecularly undiagnosed’’ from

phase I, and two families identified through GeneMatcher

(Figure 1A).

The results were divided into the five categories pre-

sented below: (1) known disease-associated genes that

have an established association with the arthrogryposis

phenotype; (2) ‘‘probably causative’’ arthrogryposis-associ-

ated genes: rare variant, likely to be damaging, pathogenic

alleles present in at least two different families; (3)

‘‘possibly causative’’ arthrogryposis-associated genes: path-

ogenic variants discovered in only one family in this study;

(4) oligogenic inheritance and blended phenotypes: multi-

locus pathogenic variation, i.e., variants present in at least

two disease-associated genes, that explains the observed

set of phenotypic features including arthrogryposis; (5)

CNVs causing the arthrogryposis phenotype. The molecu-

lar findings of the individuals for the entire cohort are

described in Tables 1, 2, S1, and S2, and Figures S1 and S2.

The overall molecular diagnostic rate in the present

phase II cohort of 89 families with arthrogryposis is

65.2% (58/89); 43 of these 89 families have variants in pre-

viously described arthrogryposis-associated genes (six out

of nine oligogenic families have both known and candi-

date genes). 18 out of 89 families, including both single

locus and multilocus families, have variants in arthrogry-

posis-associated candidate genes. Three families were

found to have CNVs that are thought to contribute to

the arthrogryposis phenotype. Considering all families

studied in both phase I8 and phase II, we achieved amolec-

ular diagnostic rate of 73.5% (86/117) when considering

both known and potential disease genes, and 58.1%

(68/117) of families had a molecular diagnosis involving

a known disease gene.

Of note, the rate of consanguinity, as measured by AOH,

was significantly higher in the molecularly diagnosed

individuals compared to undiagnosed cohort individuals

(60/86 ¼ 69.8% in diagnosed cohort versus 5/31 ¼ 16.1%

in the undiagnosed cohort, p < 0.0001 Fisher’s exact

two-tailed test). However, we did not observe a significant

difference in evidence for consanguinity in syndromic

versus non-syndromic arthrogryposis in the diagnosed

compared to undiagnosed individuals (30/86 ¼ 34.9% in

the diagnosed cohort versus 8/31 ¼ 25.8% in the undiag-

nosed cohort, p ¼ 0.3824 Fisher’s exact two-tailed test).

In the current study, we propose five probably causative

and ten possibly causative arthrogryposis-associated genes

and four candidate DD-and-ID-associated genes contrib-

uting to the disease phenotype (Figure 1B). Potential multi-

locus pathogenic variation, i.e., the oligogenic model, was

observed in 11 families in this phase II cohort, specifically

in 19.0% (11/58) of individuals with a diagnosis. The over-

all potential oligogenic inheritance rate including both

phase I and phase II studies is 22.1% (19/86) of diagnosed

individuals (Figure 1C).
The Am
Known Arthrogryposis-Associated Genes

A total of 43 families have a pathogenic variant in a gene

associated with either nonsyndromic (isolated) or syn-

dromic arthrogryposis (Tables 1, 2, and S1, and Figures S1

and S2). The most common identified molecular diagnoses

and implicated genes included CHRNG (MIM: 100730),

associated with Escobar syndrome and lethal multiple pte-

rygium syndrome (EVMPS [MIM: 265000] and LMPS

[MIM: 253290], respectively), in 12 of 116 Turkish families

(10.3%, excluding the individual of Arabic origin in

phase I), and ECEL1 (MIM: 605896), associated with distal

arthrogryposis type 5D (DA5D [MIM: 615065]) in six fam-

ilies. The calculated total AOH after we used BafCalculator

on exome-generated variant data31 was on average 218.66

Mb for these 18 families, whereas the average calculated to-

tal AOH size in the entire Turkish cohort (�700 exomes) is

91.38 Mb. Rare variants in KLHL7 (MIM: 611119), previ-

ously associated with cold-induced sweating syndrome

(CISS3 [MIM: 617055]), were identified in four unrelated

families with syndromic primarily distal arthrogryposis.

The syndromic features were characterized by variable

involvement of the genitourinary system, DD and ID,

and congenital heart disease, each in at least two families;

these features represent a potential expansion of the

known disease phenotypes associated with KLHL7. Addi-

tional molecular diagnoses reported inmore than one fam-

ily involved MYH3 (MIM: 160720), associated with several

forms of distal arthrogryposis (DA2A [MIM: 193700], DA2B

[MIM: 601680], and DA8 [MIM: 178110]) in two families,

and SPEG (MIM: 615950), linked to centronuclear myop-

athy 5 (CNM5 [MIM: 615959]). In total, rare variants in

45 different known genes were found within 43 families

(including oligogenic families), and these findings reveal

the extensive genetic heterogeneity in the arthrogryposis

cohort. Additionally, we identified a second family with

variants in MYBPC2 (MIM: 160793), first proposed as a

candidate arthrogryposis-associated gene in the phase I

study.

Probably Causative Arthrogryposis-Associated Genes

We found evidence for five candidate genes, RYR3

(MIM: 180903), MYOM2 (MIM: 603509), ERGIC1 (MIM:

617946), SPTBN4 (MIM: 606214), and ABCA7 (MIM:

605414), in which predicted deleterious variants are

likely to be contributing to and probably causing the

arthrogryposis phenotype; the variants likely to be path-

ogenic are present in at least two families, and additional

families were identified either within our cohort,

through GeneMatcher, or in recent publications (molec-

ular findings in Tables 1, 2, and S1, and Figures S1

and S2; clinical findings in the Supplemental Text). For

each of these genes, additional data, such as minor allele

frequencies, evolutionary conservation, and CADD-

phred scores of identified variants, that support their

candidacy as arthrogryposis genes are provided (Tables

1, 2, and S1). These genes were not previously linked to

any human disease in OMIM, or there has been only
erican Journal of Human Genetics 105, 132–150, July 3, 2019 135



Table 1. Molecular Summary of the Known, Probably, and Possibly Causative Arthrogryposis Genes in the Cohort

Gene Proband Nucleotide (Protein) Zygosity
AOH Block Around
the Gene (Mb) Total AOH (Mb)

Known Causative Genes

CHRNG BAB8511 c.753_754del (p.Val253Alafs*44) Hmz 20.8 162.1

BAB8571 c.256C>T (p.Arg86Cys) Hmz 25.8 251.1

BAB8603 c.256C>T (p.Arg86Cys) Hmz 6.7 154.5

BAB8685 c.753_754del (p.Val253Alafs*44) Hmz 19.0 248.8

BAB9851 c.753_754del (p.Val253Alafs*44) Hmz 22.3 123.3

BAB9942 c.256C>T (p.Arg86Cys) Hmz 3.5 557.7

ECEL1 BAB8223 c.1630C>T (p.Arg544Cys) Hmz 3.3 199.2

BAB9537 c.1581þ1G>A Hmz 14.2 164.4

BAB10711 c.1916C>T (p.Ser639Phe) Hmz 14.7 238

NEB BAB8518 c.24988C>T (p.Arg8330*) Hmz 73.4 151.2

COL12A1 BAB8843 c.1488dup (p.Phe497Ilefs*5) Hmz 20.8 297.9

KLHL7 BAB8095 c.1051C>T (p.Arg351*) Hmz 14.1 36.2

BAB8098 21.7 96.5

BAB8652 c.1022del (p.Leu341Trpfs*9) Hmz 15.5 248.5

BAB10699 c.565C>T (p.Arg189*) Hmz 26.0 354.3

BAB10705 22.9 238.2

MYBPC1 BAB8515 c.32A>G (p.Glu11Gly) Hmz 25.8 351.9

MYBPC2 BAB9540 c.920T>C (p.Val307Ala) Comp Htz – 156.1

c.3194C>T (p.Ala1065Val)

MFN2 BAB3941 c.526G>A (p.Gly176Ser) Hmz 0.8 99.6

SYNE1 BAB7084 c.2839G>A (p.Glu947Lys) Comp Htz – 17.7

c.21164A>G (p.Lys7055Arg)

PLEC BAB7079 c.6523A>G (p.Lys2175Glu) Comp Htz – 8.2

c.8813C>T (p.Thr2938Met)

POR BAB8694 c.859G>C (p.Ala287Pro) Hmz 13.5 102.8

HSD17B4 BAB8832 c.1417C>T (p.Arg473Trp) Hmz 49.0 202.9

BAB8835 60.7 165.3

POMGNT1 BAB8986 c.461C>A (p.Pro154His) Hmz / Hmz 29.3 168.4

c.550C>T (p.His184Tyr)

FKBP10 BAB9244 c.890_897dup (p.Gly300*) Hmz 4.3 154.5

TGFB3 BAB9703 c.171del (p.Glu58Serfs*4) Hmz 48.5 183.4

BAB9704 30.1 480.7

TTN BAB7779 c.2370þ2T>C Comp Htz – 34.2

c.67279C>T (p.Arg22427*)

IGF1 BAB9740 c.156dup (p.Leu53Alafs*5) Hmz 15.7 289.3

BAB9741 6.6 208.3

TOR1A BAB10702 c.506T>C (p.Phe169Ser) Hmz 11.8 196.4

MYH3 BAB3964 c.2015G>A (p.Arg672His) Htz – 30.4

BAB9848 – 26.1

(Continued on next page)
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Table 1. Continued

Gene Proband Nucleotide (Protein) Zygosity
AOH Block Around
the Gene (Mb) Total AOH (Mb)

TNNT3 BAB3928 c.163C>T (p.Arg55Cys) Htz – 10.4

SYT2 BAB7308 c.1081G>C (p.Asp361His) Htz – 65.5

PIEZO2 BAB8789 c.8181_8183del (p.Glu2727del) Htz – 208.2

TRPV4 BAB8991 c.806G>A (p.Arg269His) Htz – 39.5

PQBP1 BAB8090 c.463C>T (p.Arg155*) Hemi – 24.2

Probably Causative Genes

RYR3 BAB7845 c.2486G>A (p.Arg829His) Hmz 1.8 247.5

PAED187 c.2000A>G (p.Asp667Gly) Comp Htz – 5.5

c.11164þ1G>A

BAB8988 c.8939G>T (p.Arg2980Leu) Hmz 12.0 149.6

MYOM2 BAB8905 c.621C>G (p.Ser207Arg) Hmz 7.2 312.9

IN076 c.2797C>T (p.Gln933*) Hmz 7.2 369.1

ABCA7 BAB6807 c.5092C>T (p.Arg1698Trp) Hmz 3.8 153.9

BAB6808 3.0 180.2

BAB10708 c.3076C>T (p.Arg1026Cys) Comp Htz – 233.8

c.4045C>T (p.Arg1349Trp)

ERGIC1 BAB8802 c.782G>A (p.Gly261Asp) Hmz 30.8 274.6

SPTBN4 BAB8691 c.6433G>A (p.Ala2145Thr) Hmz 3.4 183.9

Possibly Causative Genes

MID1IP1 BAB8397 c.297C>G (p.Asn99Lys) Hemi – 374.7

DRG1 BAB8807 c.118C>T (p.Arg40*) Hmz 7.6 251.6

TANC1 c.2830C>T (p.His944Tyr) Hmz 10.3

MYOM3 BAB8532 c.3534þ56C>T Comp Htz – 107.2

c.1684G>A (p.Val562Ile)

TNRC6C BAB8688 c.1022G>A (p.Gly341Glu) Hmz 7.0 132.0

FLII BAB7710 c.2590C>T (p.Arg864Trp) Hmz 2.2 257.4

TAF9B BAB8400 c.133C>A (p.Arg45Ser) Hemi – 110.6

MED27 BAB8606 c.770C>T (p.Pro257Leu) Hmz 11.8 195.2

BAB8609 2.0 233.7

CACUL1 BAB9729 c.910_911del (p.Leu304Ilefs*3) Hmz 10.0 158.9

FGFRL1 BAB3944 c.124C>T (p.Arg42Trp) Hmz 3.4 290.2

TMEM214 BAB5192 c.764G>A (p.Arg255Gln) Hmz 15.9 220.3

NR2C1 BAB8086 c.544þ1G>C Hmz 4.3 231.7

BAB8087 6.7 126.3

PRDM2 BAB9309 c.4283_4295del (p.Leu1428Glnfs*15) Htz – 284.5

FAT1 BAB8356 c.6026A>G (p.Asn2009Ser) Hmz 2.0 142.9

Abbreviations are as follows: Mb ¼ megabase, AOH ¼ absence of heterozygosity, Hmz ¼ homozygous, Hemi ¼ hemizygous, Htz ¼ heterozygous, and Comp
Htz ¼ compound heterozygous.
one reported individual, family, or variant; thus, we

consider the variants within these genes to be probably

causative for the arthrogryposis phenotype.
The Am
RYR3

RYR3 bi-allelic variants were found in three unrelated indi-

viduals (Table 1 and Figure 2): one was found as part of a
erican Journal of Human Genetics 105, 132–150, July 3, 2019 137



Table 2. Molecular Summary of the Multilocus Pathogenic Variation Cohort

Family ID
(HOU#)

Proband ID
(BAB#) Gene Nucleotide (Protein) Zygosity

AOH Block Around
the Gene (Mb)

Total AOH
(Mb)

HOU2523 BAB6807 COL6A3 c.619C>T (p.Gln207*) Hmz 7.8 153.9

ABCA7 c.5092C>T (p.Arg1698Trp) Hmz 3.8

BAB6808 ABCA7 c.5092C>T (p.Arg1698Trp) Hmz 3.0 180.2

ADNP c.775A>C (p.Asn259His) Hmz –

HOU2790 BAB7710 ECEL1 c.505_529del (p.Gly169Serfs*26) Hmz 20.1 257.4

FLII c.2590C>T (p.Arg864Trp) Hmz 2.2

HOU2817 BAB7845 RYR3 c.2486G>A (p.Arg829His) Hmz 1.8 247.5

MYO18B c.2879C>T (p.Ala960Val) Comp Htz –

c.3397C>T (p.Arg1133Trp) –

HOU3050 BAB8397 NEB c.19101þ5G>A Hmz – 374.7

MID1IP1 c.297C>G (p.Asn99Lys) Hemi –

HOU3051 BAB8400 GBE1 c.1864_1866del (p.Leu622del) Hmz 37.9 110.6

AP4M1 c.136C>G (p.Pro46Ala) Hmz 14.2

TAF9B c.133C>A (p.Arg45Ser) Hemi –

HOU3112 BAB8532 SPEG c.6971T>A (p.Ile2324Asn) Hmz 22.6 107.2

MYOM3 c.1684G>A (p.Val562Ile) Comp Htz –

c.3534þ56C>T

CIT c.2651A>C:p.Gln884Pro Htz –

HOU3125 BAB8600 FBN2 c.4094G>C (p.Cys1365Ser) Htz – –

BAB8601 FBN2 – 31.9

COL6A3 c.367G>A (p.Val123Met) Hmz 1.5

HOU3127 BAB8606 COG6 c.726del (p.Cys242Trpfs*7) Hmz 16.9 195.2

MED27 c.770C>T (p.Pro257Leu) Hmz 11.8

BAB8609 MED27 c.770C>T (p.Pro257Leu) Hmz 2.0 233.7

HOU3149 BAB8688 KLHL7 c.1258C>T (p.Arg420Cys) Hmz 17.9 132.0

HOXA11 c.304G>A (p.Val102Met) Hmz 17.9

TNRC6C c.1022G>A (p.Gly341Glu) Hmz 7.0

HOU3180 BAB8807 DRG1 c.118C>T (p.Arg40*) Hmz 6.7 251.6

TANC1 c.2830C>T (p.His944Tyr) Hmz 10.3

BRWD3 c.592-3T>C Hemi –

HOU3943 BAB10708 SPEG c.9575C>A (p.Thr3192Asn) Htz – 233.8

TPM2 c.620_631dup
(p.Gln210_Ala211insValGluAlaGln)

Htz –

ABCA7 c.3076C>T (p.Arg1026Cys) Comp Htz –

c.4045C>T (p.Arg1349Trp) –

Abbreviations are as follows: Mb ¼ megabase, AOH ¼ absence of heterozygosity, Hmz ¼ homozygous, Hemi ¼ hemizygous, Htz ¼ heterozygous, and Comp
Htz ¼ compound heterozygous.
potential multilocus mutational burden disease model

(RYR3 þ MYO18B [MIM: 607295]) (individual BAB7845),

one was identified through GeneMatcher (individual

PAED187), and one was found by assuming a single-

gene-single-disease model (individual BAB8988). The first
138 The American Journal of Human Genetics 105, 132–150, July 3, 2
individual, BAB7845, is a 6-month-old female who

was born to a first degree cousin marriage with 247.5 Mb

of total AOH. The proband exome revealed a compound-

heterozygous variant in a known gene,MYO18B (GenBank:

NM_032608; c.[2879C>T]; [3397C>T]: p.[Ala960Val];
019
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Figure 2. Segregation Results, Images, and Variant Distributions of the Individuals with RYR3 Mutation
(A) Sanger studies showing compound-heterozygous variants in MYO18B and a homozygous variant in RYR3 in the proband of family
HOU2817.
(B) Pictures of the proband’s contractures in fingers and toes.
(C) Anterior-posterior and lateral views of spinal X-ray showing the kyphoscoliosis.
(D) Conservation of the three variants through species. Variants of interest are written with a red font.
(E) Segregation studies for both the c.2000A>G and c.11164þ1G>A variants in GeneMatcher – 1.
(F) Highly conserved asparagine (D) amino acid and splice site through species.
(G) A pedigree and Sanger segregation of family HOU3274 that had a single affected female individual (BAB8988) and two unaffected
siblings available for study. Both parents and one unaffected sibling are heterozygous, the second unaffected sibling is wild type, and our
proband is homozygous for the c.8939G>T variant.
(H) A colored picture of the hand showing the contractures in the fingers of individual BAB8988.
(I) The arginine (R) amino acid residue is highly conserved among species and specified in red font.
[Arg1133Trp]), and a homozygous variant in RYR3 (Gen-

Bank: NM_001243996; c.2486G>A [p.Arg829His]) (Figures

2A–2D). The c.2879C>T MYO18B variant and the RYR3

variant were each reported as homozygous in one individ-

ual in gnomAD. On the basis of the amino acid conserva-

tion and ‘‘likely damaging prediction scores’’ (Table S1) of

the variants identified herein, we propose that all three var-

iants are hypomorphic alleles, and each contributes to the

arthrogryposis phenotype in this individual. Variants in

MYO18B were recently shown to cause a neuromuscular

disease spectrum ranging from nemaline myopathy with

cardiomyopathy to Klippel-Feil anomaly with myopathy

(KFS4 [MIM: 616549]),38,39 and here we report the fourth

family with MYO18B variants. Individual PAED187 has

compound heterozygosity for a missense variant (Gen-

Bank: NM_001036.3; c.2000A>G [p.Asp667Gly]) and a
The Am
variant affecting the splice donor (c.11164þ1G>A) in

RYR3 (Figures 2E and 2F). Individual BAB8988 was

born to first degree cousin parents with 149.6 Mb of total

AOH according to BafCalculator. Trio ES revealed a

homozygous nonsynonymous change in RYR3 (GenBank:

NM_001243996; c.8939G>T [p.Arg2980Leu]) (Figures 2G–

2I). Recently, compound-heterozygous alleles in RYR3,

c.[6208A>G]; [8939G>T]: p.[Met2070Val]; [Arg2980Leu],

were reported in a 22-year-old female with myopathic

facies, proximal weakness in all four limbs, mild scapular

winging, and type 1 muscle fiber atrophy and predomi-

nance in muscle biopsy.40 The c.8939G>T variant in the

reported individual is the same variant observed in individ-

ual BAB8988.

The ryanodine receptors are intracellular Ca2þ release

channels that play a key role in cell signaling via Ca2þ.
erican Journal of Human Genetics 105, 132–150, July 3, 2019 139



G A G G

*

*

*
A AC

G A G A A CC/G

G A G A A CC/G

MYOM2: c.621C>G

MYOM2: p.Ser207Arg

*

IN
07

6
M

ot
he

r
Fa

th
er

MYOM2: c.2797C>T

MYOM2: p.Gln933*

G C T

*

A G G

*

C/TG C A G G

C/TG C A G G

GeneMatcher - 2HOU3211

B
A

B
89

05

B
A

B
89

07
B

A
B

89
06

A

B C

D

F G

E

Human R I E S N Y G
Rhesus R I E S N Y G
Mouse R I E S R Y G
Dog R I E S K Y G
Elephant R I E S K Y G
Chicken - - - - - - -
X-tropicalis R I E S K Y G
Zebrafish - - - - - - -
Lamprey - - - - - - -

Human F D C Q E M T
Rhesus F D C Q E M T
Mouse F D C Q E M T
Dog F D C Q E M T
Elephant F D C Q E M T
Chicken F E C K E A T
X-tropicalis Y S C S E M T
Zebrafish F E C S N L T
Lamprey F E C D K L S

Heart - Left Ventricle

Muscle - Skeletal

Heart - Atrial Appendage

Brain - Cortex

Prostate

Colon - Sigmoid

Nerve - Tibial

Whole Blood

Breast - Mammary Tissue

Adipose - Subcutaneous

Esophagus - Mucosa

Artery - Aorta

200

400

600

800

T
P

M

Figure 3. Clinical and Molecular Details of the MYOM2 Individuals
(A) Pedigree and segregation analyses of the identified MYOM2 variant (c.621C>G) in family HOU3211. The parents are shown as
consanguineous because they are from the same small village and the proband demonstrates large AOH blocks on exome data. As ex-
pected with a recessive inheritance pattern, the parents are heterozygous and the proband (individual BAB8905) is homozygous for the
c.621C>G variant.
(B) Proband’s photos showing the contractures in the hands and feet.
(C) High conservation of the Ser207 amino acid in other species. The serine (S) amino acid is written with a red font color.
(D) A pedigree of the family (GeneMatcher – 2) showing a complicated medical history including affected and unaffected deceased sib-
lings along withmedically terminated or spontaneously aborted individuals in the GeneMatcher family. The fourth pregnancy is shown
with a checkered box to indicate a different phenotype than neuromuscular disease (i.e., he was found to have cardiac and gastrointes-
tinal anomalies along with intrauterine growth restriction). Sanger PCR from available individuals shows that the affected fetus is
homozygous and the parents are heterozygous for the c.2797C>T variant.
(E) Pictures of the fetus showing pterygia of axillae and popliteal joints and amidsagittal cut of fetal brain showing partial agenesis of the
corpus callosum and bilateral hypoplastic lungs.
(F) A genotype-tissue expression (GTEx) panel showing specific expression of MYOM2 in skeletal and heart muscles.
(G) Amino acid conservation around Gln933 among other species. The Gln (Q) amino acid is written in red font.
RYR1 (MIM: 180901) plays a role in the initial voltage-

dependent Ca2þ release, and RYR3 functions during the

prolongedCa2þ release.41,42 Further evidence that the path-

ogenicity of the variants inRYR3probably contribute to the

arthrogryposis phenotype comes from bioinformatics

studies; Abath Neto et al. performed a computational

data-mining study based on gene ontology (GO) terms,

human phenotype ontology (HPO) terms, pathways, com-

plexes, and protein motifs, and they found that RYR3 is

highly ranked as one of the congenital myopathy genes.43

Mutations in RYR1, a paralog of RYR3, were shown to cause

several neuromuscular disorders including central core dis-

ease (CCD [MIM: 117000]), myopathies (MIM: 255320 and

117000), and the complex trait of susceptibility to malig-

nant hyperthermia (MHS1 [MIM: 145600]), a sometimes le-

thal disease induced by exposure to certain anesthetics dur-

ing surgical interventions; deleterious variants in RYR2
140 The American Journal of Human Genetics 105, 132–150, July 3, 2
(MIM: 180902) were known to cause cardiac rhythm disor-

ders (ARVD2 [MIM: 600996] and CPVT1 [MIM: 604772]),

whereasnodiseasehas been linked toRYR3. Taken together,

we propose pathogenic variants in RYR3 are causing neuro-

muscular disease on the basis of the presence of deleterious

variants in threeunrelated families and functional evidence

for its involvement in neuromuscular disease.

MYOM2

Two unrelated individuals carry variants in MYOM2

(Figure 3). Trio ES revealed a homozygous missense variant

(GenBank: NM_003970; c.621C>G [p.Ser207Arg]) in Myo-

mesin-2 (MYOM2) in individual BAB8905 (Figures 3A–C).

The second individual, a fetus terminated at 20 weeks

of gestation (found through GeneMatcher) (individual

IN076), was found to have a homozygous nonsense variant

and presumed null allele (GenBank: NM_003970;

c.2797C>T [p.Gln933*]) inMYOM2 (Figures 3D–G). Because
019
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Figure 4. Families with ABCA7 Variants
(A) A pedigree suggesting an autosomal-
recessive inheritance pattern for ABCA7,
COL6A3, and ADNP in family HOU2523;
the affected individuals are homozygous,
whereas unaffected individuals are hetero-
zygous. Individual BAB6807 has a homozy-
gous stop-gain mutation in COL6A3 in
addition to a homozygous ABCA7 variant
shared with individual BAB6808. The
ADNP variant is homozygous in individual
BAB6808, who has a DD and ID phenotype.
(B) Conservation profiles of all three genes.
(C) A pedigree of family HOU3943 with
segregation studies showing bi-allelic vari-
ants in ABCA7 and de novo heterozygous
variants in SPEG and TPM2.
(D) The amino acid alignment of the de-
tected variants across different species.
MYOM2 is specifically expressed in the heart and skeletal

muscle, the cardiac and arthrogryposis findings can be

potentially explained by loss of function (LoF) mutation of

MYOM2. Further evidence for probablepathogenicity comes

from functional studies that showed that MYOM2 interacts

directlywithdysferlin,whichplays anessential role in sarco-

lemma repair; abnormalities of dysferlin cause awide variety

of myopathies called dysferlinopathies.44

ABCA7

Bi-allelic ABCA7 variants were found in two unrelated fam-

ilies (Figure 4). In the first family, therewere two affected sib-

lings, individuals BAB6807 and BAB6808 (Figures 4A

and4B). The younger female sibling was more severely

affectedwith arthrogryposis, whereas the oldermale sibling,

individual BAB6808, was observed to have DD and ID in

addition to a neuromuscular phenotype. ES was performed

on both affected siblings. Individual BAB6807 was found
The American Journal of Huma
to have a novel homozygous stop-gain

mutation (GenBank: NM_057166;

c.619C>T [p.Gln207*]) in the known

COL6A3 gene (MIM: 120250), but the

affected brother and healthy parents

were heterozygous for this variant.

Given the relative phenotypic simi-

larity between the two affected sib-

lings (the female is more severely

affected, and the brother had addi-

tional DD and ID phenotype), we

searched for variants shared by

the two affected siblings and found

a homozygous missense change

(GenBank: NM_019112; c.5092C>T

[p.Arg1698Trp]) in ATP-binding

cassette, subfamily A, member 7

(ABCA7). Individual BAB6808, who

has an additional DD and ID pheno-

type, was found to carry a deleterious

homozygous variant (GenBank: NM_

015339; c.775A>C [p.Asn259His]) in
ADNP (MIM: 611386), inwhichvariants are known to cause

DD and ID (HVDAS [MIM: 615873]).45 The homozygous

COL6A3 variant in individual BAB6807 probably explains

themore severe phenotype in this individual. In the second

family, individual BAB10708 is found to have variants

in three different genes: (1) compound-heterozygous

deleterious variants in ABCA7 (GenBank: NM_019112;

c.[3076C>T]; [4045C>T]: p.[Arg1026Cys]; [Arg1349Trp]),

(2) a de novo heterozygous variant in SPEG (MIM: 615950;

GenBank: NM_005876; c.9575C>A [p.Thr3192Asn]), in

which bi-allelic variants are known to cause centro-

nuclear myopathy 5 (CNM5 [MIM: 615959]), and (3) a

de novo, heterozygous, non-frameshift insertion in TPM2

(MIM: 190990; GenBank: NM_003289; c.620_631dup

[p.Gln210_Ala211insValGluAlaGln]), in which mono-

allelic variants are known to cause a broad spectrum of

neuromuscular disorders including distal arthrogryposis
n Genetics 105, 132–150, July 3, 2019 141
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Figure 5. Segregation, Pictures, and Pro-
tein Conservation for a Homozygous
ERGIC1 Variant in Individual BAB8802
(A) Segregation analyses of the exome-de-
tected variant; the proband was homozy-
gous and the parents were heterozygous
carriers, as expected in recessive disease
traits.
(B) Proband photographs showing restric-
tions in the wrists and fingers and the pes
equinovarus deformity in the feet.
(C) A peptide alignment showing the con-
servation of the affected amino acid across
species.
multiplex congenita types 1 and 2B (DA1A [MIM: 108120]

andDA2B [601680]) (Figures 4C and 4D). Heterozygous var-

iants inABCA7 have been linked to Alzheimer susceptibility

(AD9 [MIM: 608907]); however, bi-allelic variants associated

with recessive trait variants have not been reported in any

diseases previously. ATP-binding cassette (ABC) proteins

transport various molecules across extra- and intra-cellular

membranes. Heterozygous variants in ABCA1 (MIM:

600046) are associated with type 2 HDL deficiency and pro-

tection against coronary artery disease in familial hypercho-

lesterolemia (MIM: 604091 and 143890, respectively), and

homozygous variants in ABCA1 are known to cause Tangier

disease (TGD [MIM: 205400]), which has clinical features of

distal muscle atrophy and peripheral neuropathy. As per the

STRING database, there is distant interaction between

ABCA1 and ABCA7.

ERGIC1

Trio ES of individual BAB8802 showed a homozygous

change (GenBank: NM_001031711; c.782G>A [p.Gly261

Asp]) in ERGIC1 (Figure 5). This gene was reported in a

large family affected with arthrogryposis multiplex

congenita; in this family, 40 affected individuals were

found to have c.293T>A (p.Val98Glu), cosegregating

with the AR disease trait.46 However, to date, no additional

families or variants in ERGIC1 have been associated with

arthrogryposis. ERGIC (ER-Golgi intermediate compart-

ment) family proteins are transmembrane proteins that

are localized to the ER-Golgi intermediate compartment,

but the function of ERGIC1 remains elusive.47 The obser-

vation of a second family with rare variation in ERGIC1

in association with arthrogryposis strengthens its rele-

vance to the arthrogryposis phenotype.

SPTBN4

Trio ES revealed a homozygous GenBank: NM_020971;

c.6433G>A (p.Ala2145Thr) variant in SPTBN4 in individ-
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ual BAB8691, who presented with

distal contractures, hearing loss, and

DD and ID (Figure 6). Recently,

Knierim et al. reported a homozygous

nonsense variant GenBank: NP_

066022.2; p.Gln533* in a male with

myopathy, distal arthrogryposis, scoli-

osis, hearing loss, severe DD and ID,
increased cerebrospinal fluid (CSF) spaces on brain MRI,

and peripheral neuropathy.48 An immunoblot and immu-

nostaining showed the absence of SPTBN4, and a knock-

out mouse model showed findings, including muscle

weakness, decreased locomotion, quivering, ataxia, and

hearing loss, that are similar to those in humans. Between

these two individuals there is significant phenotypic over-

lap, including severe DD and ID, grossly normal brainMRI,

hearing loss, distal contractures, and failure to thrive.

Another homozygous variant (GenBank: NM_020971.2;

c.3394del [p.His1132Thrfs*39]) of SPTBN4 was reported

by Anazi et al. in an individual who had no reported

arthrogryposis but did have clinical features of global

developmental delay, hypotonia, dysphasia, recurrent res-

piratory infections, blue sclerae, hyporeflexia, and failure

to thrive.49 Although the authors did not report any elec-

tromyography or nerve conduction studies, the clinical

observation of hyporeflexia and hypotonia might be fea-

tures of peripheral neuropathy. SPTBN4 encodes a nonery-

throcytic member of the beta-spectrin protein family that

is mainly expressed in the brain, peripheral nervous sys-

tem, pancreas, and skeletal muscle. Mutation of different

domains might explain why each person presented with

more central nervous system than neuromuscular features.

Our individual has both neuromuscular and central ner-

vous system findings and is the second individual now

demonstrated to have arthrogryposis in association with

a rare variant in SPTBN4; this supports that SPTBN4 is asso-

ciated with both DD and ID and with the arthrogryposis

phenotype.

Possibly Causative Arthrogryposis-Associated Genes

We identified ten candidate arthrogryposis-associated genes

(CACUL1, DRG1 [MIM: 603952], FAT1 [MIM: 600976],

FGFRL1 [MIM: 605830], FLII [MIM: 600362], MID1IP1
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Figure 6. Clinical and Molecular Studies for a Homozygous SPTBN4 Variant in Individual BAB8691
(A) Segregation studies showing heterozygosity for the parents and homozygosity for the index for variant c.6433G>A. The second
child, who died of an unknown lung malformation, is shown with a checkered box.
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(E) Protein domains of SPTBN4, with the variant identified in the present cohort (p.Ala2145Thr) and variants reported in two individuals
in the literature (p.Gln533* and p.His1132fs).
[MIM: 300961], MYOM3 [MIM: 616832], NR2C1 [MIM:

601529], PRDM2 [MIM: 601196], and TMEM214 [MIM:

615301]) and four candidate DD-and-ID-associated genes

(MED27 [MIM: 605044], TAF9B [MIM: 300754], TANC1

[MIM: 611397], and TNRC6C [MIM: 610741]) (Tables 1, 2,

and S1, Figures S1–S4, and the Supplemental Text). Rare var-

iants in each gene were identified in a single family, leading

to their classification as candidate disease genes for which

additional evidence is required before they are established

as disease-associated genes. Evidence supporting plausible

pathogenicity of these variant alleles includes amino acid

conservation among other species, the predicted probably

damaging effect of the variant made on the basis of bioin-

formatics tools, and interactome studies. Only two of these

genes are highlighted here, and clinical and molecular re-

sults of all candidate genes are detailed in the oligogenic

inheritance and blended phenotype section in Tables 1, 2,

and S1, and the Supplemental Text.

Trio ES in individual BAB9729 revealed a homozygous

2 bp deletion (GenBank: NM_153810; c.910_911del

[p.Leu304Ilefs*3]) in CACUL1, encoding a cell-cycle-associ-

ated protein capable of promoting cell proliferation

through the activation of CDK2 at the G1/S phase

transition (Figure S5). Interacting genes, NEDD8 (MIM:
The Am
603171) and FBXW7 (MIM: 606278), have a role in muscle

function. Lange et al. showed that obscurin, a binding

partner of titin, contains a non-modular C terminus that

interacts with muscle specific isoforms of Ankyrin-1 (small

Ankyrin-1.5; sAnk1.5).50 sAnk1.5 localization and levels

of sAnk1.5 expression are downregulated in obscurin

knockout tissues, probably through ubiquitylation and/or

neddylation of sAnk1.5.50 Another interacting gene,

Fbxw7b, negatively regulates differentiation, proliferation,

and migration of myoblasts and satellite cells on muscle

fibers.51 The same group additionally showed that overex-

pression of Fbxw7b induces the expression of myogenin

and major atrogene markers (atrogin-1 and MuRF-1) and

eventually reduces myoblast differentiation.52

Trio ES in individual BAB9309 revealed a de novo frame-

shift deletion (GenBank: NM_012231; c.4283_4295del

[p.Leu1428Glnfs*15]) in PR domain-containing protein 2

(PRDM2 [MIM: 601196]). The fraction of variant reads

(12/150, 8.0%) suggested somatic mosaicism, an experi-

mental conclusion that was supported by an independent

orthogonal experimental approach that used ddPCR

(Figure 7A). PRDM2 is a member of a nuclear histone and

protein methyltransferase superfamily and plays a major

role in the regulation of myogenesis.53,54
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CNVs in Arthrogryposis

In three individuals, we found CNVs that were probably

contributing to the arthrogryposis phenotype (Figure 7B

and Table S2). We searched the genomic intervals defined

by these CNV regions in these three individuals for

possible candidate dosage-sensitive genes; however, we

could not readily identify any specific potentially dosage-

sensitive genes. We also examined the DECIPHER database

for additional individuals with CNVs involving the identi-

fied regions and found a few individuals with overlapping

features in two of these three individuals (individuals

BAB7128 and BAB9312). However, the overlapping region

of CNV remained substantial and had multiple annotated

genes within its boundaries, precluding identification of a

single, potentially etiologic gene. Individual BAB7128 was

a 20-month-old male with DD and ID, hearing loss, bilat-

eral hip dislocation, and pes equinovarus (PEV) deformity.

The CNV detection tool (XHMM) showed a 6.7 Mb de

novo deletion that includes 54 genes in the deletion region

on chromosome 5 (hg19.g.chr5: 129673070–136365890).
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A DECIPHER database search revealed

four individuals (DECIPHER ID#s

785, 2224, 256078, and 260667)

with scoliosis, distal arthrogryposis,

camptodactyly, and/or PEV. The small-

est overlapping region of �2 Mb

involving 11 genes (hg19.g.chr5:

129673070–131550089) was found in

DECIPHER individual 785. This indi-

vidual has camptodactyly and PEV,

which partially explain our subject’s

clinical features. Individual BAB8145
was a 3.5-year-old female with DD and ID, contractures

in fingers and toes, and PEV. She was found to have two

de novo deletions: a 9.43Mb deletion in chromosome 10

(hg19.g.chr10: 58374373–67805420) involving 29 genes

and a 0.7 Mb de novo deletion in a non-coding region on

chromosome 11 (hg19.g.chr11: 90798107–91499657);

this was followed by an �1 Mb normal copy number and

7.58 Mb de novo deletion on chromosome 11

(hg19.g.chr11: 92950818–100534639) involving 39 genes

in the region, and this was detected by karyotyping. Indi-

vidual BAB9312 was a 7-year-old female who presented

with DD and ID, hearing loss, and PEV. She was found

to have a complex genomic rearrangement (CGR)55

involving chromosome 18: a 21.8 Mb duplication

(hg19.g.chr18: 21901302–43716565) and an 11.6Mb dele-

tion (hg19.g.chr18: 66350129–78002264) (Figure 7B).

Interestingly, there were three DECIPHER individuals

(# 251072, 269015, and 319532) with overlapping clinical

features that included DD and ID, hearing loss, PEV, and

additional clinical findings, but the overlapping region



was �10 Mb in all three individuals (hg19.g.chr18:

67223975–77120273).

Families Potentially Affected by Multilocus Pathogenic

Variation

Although many of the early cohort-based studies

describing multiple molecular diagnoses involve known

disease genes, there have been more recent reports of mul-

tiple molecular diagnoses for which one identified gene is a

candidate gene proposed to explain the observed,

expanded phenotype associated with a well-studied,

known disease-associated gene.10,14,31,56 Given the rarity

of the conditions studied, it is unlikely that two or more

unrelated families will share the same combination of mul-

tiple molecular diagnoses. However, apparent phenotypic

expansion in the setting of a single molecular diagnosis

can, in some individuals, suggest a second, or even third,

molecular diagnosis explaining the observed, expanded

phenotypic features.31 Considering this possibility in the

present cohort, we further explored 11 families for which

there was evidence of multilocus pathogenic variation

potentially contributing to the phenotype, i.e., mutational

burden contributing to a blended phenotype (Tables 2 and

S1, Figures S1 and S2, and the Supplemental Text).10 Six

out of 11 families have three genes with variants that are

likely to be pathogenic and that we propose have an

impact on the disease phenotype. We highlight one

example from ‘‘known-known’’ and one example from

‘‘known-candidate’’ gene patterns, and the remainder of

individuals with proposedmultilocus pathogenic variation

are detailed in Tables 2 and S1, Figure S2, and the Supple-

mental Text.

Trio ES in individual BAB8600 (index) and her more

severely affected mother, individual BAB8601, revealed

novel variants in two known genes, FBN2 (MIM: 612570)

and COL6A3 (Figure S6). The variant in FBN2 was a

de novo missense change (GenBank: NM_001999;

c.4094G>C [p.Cys1365Ser]) in the mother that was trans-

mitted to the less severely affected child. The COL6A3

variant (GenBank: NM_057167; c.367G>A [p.Val123Met])

was a homozygous missense change in the mother and

heterozygous in the affected child and maternal grandpar-

ents. Mutations in FBN2 are known to cause autosomal-

dominant contractural arachnodactyly (DA9 [MIM:

121050]), whereas deleterious variants in COL6A3 cause

several neuromuscular phenotypes including dominantly

and recessively inherited Bethlem myopathy 1 (BTHLM1

[MIM: 158810]). Additional features in the mother can

potentially be parsimoniously explained by homozygosity

for the identified variant in COL6A3.

Individual BAB8397 underwent trio ES, which showed a

reported, homozygous splice-site variant (GenBank:

NM_001271208; c.19101þ5G>A) in NEB (MIM: 161650)

and a hemizygous, i.e., X-linked in a male proband, nonsy-

nonymous variant (GenBank: NM_001098791; c.297C>G

[p.Asn99Lys]) in MID1IP1 (Figure S7). The NEB variant

identified in the proband was previously reported in a
The Am
compound-heterozygous state with a nonsense variant

(p.Tyr1858*) in an arthrogryposis-affected individual

who died during the neonatal period.57 The more severe

phenotype in that individual could be explained by loss

of function of the second allele. The second gene,

MID1IP1, was not linked to any human disease previously.

However, there are studies showing thatMID1IP1 probably

plays a role in myogenesis.58,59 Casey et al. showed that

Mid1ip1 expression is increased in the skeletal muscle of

rats with peroxisome proliferator-activated receptors

(PPAR)-induced myopathy.58 Additionally, Bower et al.

showed upregulation of Mid1ip1 both with feeding and

in vitro myogenesis in salmon fish.59 The study further

showed that Mid1ip1 is highly expressed in fast and slow

twitch muscle fibers compared to other tissues in the

body. Although the function of MID1IP1 is not fully delin-

eated, taken together, these data provide evidence that the

MID1IP1 variant is likely to be contributing to the myop-

athy and contracture phenotype in our study individual.

The median total AOH size (individual locus AOH re-

gions R3 Mb) calculated from exome data with BafCalcu-

lator in the probands with arthrogryposis and without any

evidence for multilocus pathogenic variation (n ¼ 97) is

significantly higher (89.7 Mb) than the median total

AOH size in the non-Turkish probands present in the Bay-

lor-CMG database (n ¼ 2,340) (23.5 Mb) (Mann-Whitney

U test, p value ¼ 7.35 3 10�17). Intriguingly, the probands

that were studied in this arthrogryposis cohort and had

dual molecular diagnoses (n ¼ 19) have a larger median to-

tal AOH size (159.3 Mb) than the median total AOH size of

the probands without any dual molecular diagnosis

(n ¼ 97; 89.7 Mb) (Mann-Whitney U test, p value ¼ 0.02).
Discussion

We investigated the underlying molecular etiology of a

large cohort (totaling 117 families including the phase I

cohort) of individuals with arthrogryposis, either as an iso-

lated clinical entity or as part of a syndrome, by using

genome-wide assays. The current phase II cohort consists

of 91 families, including two families identified through

GeneMatcher, and 20 families who remained undiagnosed

during the phase I study: ten out of 20 families who re-

mained undiagnosed during phase I underwent reanalysis,

and we expanded the sequencing to additional family

members (e.g., index ES to trio or quad ES) in the remain-

ing ten families. Overall, the molecular diagnostic rate

from the combined phase I and II families was 73.5% (86

out of 117) when including both known and candidate

genes, and 58.1% (68 out of 117) when considering molec-

ular diagnoses involving only known genes.

Some experimental analysis enhancements that were

implemented in our phase II approach and that poten-

tially contributed to the increase in the molecular

diagnostic yield in the second cohort (65.1% in phase II

versus 58.3% in phase I) are expanding to trio ES and
erican Journal of Human Genetics 105, 132–150, July 3, 2019 145



reanalyzing with additional bioinformatics tools the indi-

viduals from phase I who had unsolved molecular diagno-

ses. Multilocus pathogenic variation, consistent with a

mutational burden or a potential oligogenic inheritance

model, was observed in 19.0% (11/58) of the unrelated in-

dividuals with a molecular diagnosis in the present (phase

II) cohort and 22.1% (19/86) of all 86 arthrogryposis-

affected individuals with a molecular diagnosis reported

here and in our previous [Phase I8 þ II] study. Although

AOH is indeed predicted to increase the frequency of ho-

mozygous variants in this cohort, identified multiple

molecular diagnoses involved at least one known dis-

ease-associated locus in each individual and included

known pathogenic or premature truncating variants at

six loci, and additional evidence for the pathogenicity of

identified variants is provided (Table S1 and Figure S2).

Parents who are carriers for multilocus variation are

notably unaffected, and four families with intrafamilial

phenotypic variation (families HOU2523, HOU2620,

HOU2791, and HOU3125) provide an opportunity to

further dissect the relationship between observed pheno-

types and identified genotypes.

Our phase II study additionally contributed to the classi-

fication of five genes (MYOM2, RYR3, ERGIC1, SPTBN4,

and ABCA7), in which variation is probably causative of

the arthrogryposis phenotype because they have now

been identified in more than one family with the same

phenotype.

We previously studied human disease-associated genes

by using the universality of biology and the bidirectional

synergism between fly and human genetics; this showed

that essential fly genes with multiple human paralogs are

8-fold more likely to be disease-causing genes.60 We

applied this approach to human paralogs for our proposed

candidate genes in the arthrogryposis cohort and found

that 14 of 19 have a fly ortholog, and 8 of 14 genes

(including DD-and-ID-associated genes) have two or

more human paralogs (Table S3).

Reanalysis of Exome Data and Expansion to Include

Studies of Additional Family Members

We previously showed in a pilot study (N ¼ 74 families)

that reanalysis in the research setting could potentially

solve the previously unsolved clinical exomes for about

half of affected individuals.26 Effective experimental ap-

proaches for improving molecular diagnostic ‘‘solved

rates’’ included: expanding singleton ES to additional fam-

ily members (trio ES or other affected family member[s])

and applying additional, in-house-developed bioinformat-

ics tools to detect indels, CNVs, and de novo variants with

more relaxed analysis parameters. In the phase II study,

we also expanded singleton ES to trio ES in ten previously

studied families to uncover the genetic etiology of arthrog-

ryposis and evaluate the diagnostic value of trio ES over

singleton ES. Four out of ten families (40%) were provided

with a molecular diagnosis upon expansion to trio ES and

the application of bioinformatics tools to identify de novo
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and compound heterozygous variants and CNVs.26 For

the remaining ten families for whom parental samples

were not available, reanalysis revealed variants that can

potentially explain the molecular etiology of the observed

phenotypes in five families. The overall diagnostic rate of

exome reanalysis, including expansion to trio ES, in this

cohort is 45% (9/20), which is consistent with our previous

findings of the diagnostic utility of reanalysis.26 Crucial

experimental approaches for a reanalysis cohort are

detailed in Table S4.

Phenotypic Expansion

In two personal genomes from unrelated individuals, we

found variants in genes previously associated with condi-

tions that do not include arthrogryposis as a phenotype;

we now propose an expansion of the known phenotypes

associated with these genes. Individual BAB7308 was

found to have a de novo, heterozygous SYT2 (MIM:

600104) variant (GenBank: NM_177402; c.1081G>C

[p.Asp361His], Figure S8), and details of this individual

are described in Tables 1 and S1 and the Supplemental

Text. The second individual, BAB8356, had proband ES,

which revealed a homozygous change (GenBank:

NM_005245; c.6026A>G [p.Asn2009Ser]) in FAT tumor-

suppressor homolog 1 - Drosophila (FAT1) (Figure S9). Clin-

ical details of this gene are described in the Supplemental

Text. Bi-allelic variants of FAT1 were shown to cause glo-

merulotubular nephropathy.61 Interestingly, two recent

studies showed that FAT1 expression has a role in the path-

ogenesis of fascioscapulohumeral dystrophy (FSHD1

[MIM: 158900]).62,63 Two additional studies showed het-

erozygous rare variants of FAT1 in individuals with

FSHD.64,65 FAT1 is a member of protocadherin and has a

role in smooth muscle cell motility, actin accumulation,

cell polarity, migrating muscle precursors, and kidney

development.66–69 We here propose another bi-allelic

variant in this gene with a phenotype of arthrogryposis.

Interestingly, there are increasing examples of Mendelian

disease-gene discoveries for which bi-allelic variation asso-

ciated with a recessively inherited trait is identified in a

gene previously or simultaneously described in association

with a dominant trait conferred by mono-allelic variation.

MAB21L2 (MIM: 604357), associated with dominant and

recessive forms of microphthalmia/coloboma and skeletal

dysplasia syndrome (MCSKS [MIM: 615877]), and ATAD3A

(MIM: 612316), associated with autosomal-dominant or

recessive Harel-Yoon syndrome (HAYOS [MIM: 617183]),

are examples that illustrate both de novo and homozygous

variants, and they lead to dominantly and recessively in-

herited conditions, respectively, that are associated with

a single locus,17,18 as is now described for MFN2 (MIM:

608507), TGFB3 (MIM: 190230), CIT (MIM: 605629),

SPEG, ADNP, and FAT1 in the present study.

Rare-Variant Multilocus Pathogenic Variation

In the combined phase I þ phase II arthrogryposis cohort,

we identified 19 families with rare variation found at more
019



than one locus and contributing to the observed pheno-

type; there were 16 individuals with an AR þ AR (14 indi-

viduals) or AR þ AR þ AR (two individuals) multilocus

disease-trait pattern, representing 84.2% (16/19) of indi-

viduals with multilocus variation (Figure 1C). Of the 37

identified AR molecular loci in all 19 individuals with mul-

tiple molecular diagnoses, 31 (31/37, 83.7%) loci demon-

strated homozygosity for rare variants that are private to

the studied clan (the Turkish population frequency can

be found in Table S1). This is in striking contrast to an anal-

ysis of multilocus variation in a cohort of North American

referrals to a diagnostic laboratory; for this cohort there

were 11 individuals with an AR þ AR (nine individuals)

or AR þ AR þ AR (two individuals) disease pattern, repre-

senting 10.9% (11/101) of multilocus variation individuals

studied (Figure 1C).10 The relative frequency of multiple

molecular diagnoses was higher (22%, 19/86) in the ar-

throgryposis cohort compared to a relatively outbred

population (4.9%, 101/2076), and this was driven by a

high rate of AR þ AR diagnoses (84.2% 16/19) in the

arthrogryposis cohort compared to the North American

referral population (10.9%, 11/101, two-tailed p <

0.0001, Fisher’s exact test). Further evidence for IBD-

driven, genome-wide accumulation of deleterious variants

is shown in large cohort population studies as well.70

In summary, we provide evidence for multiple candidate

genes and further evidence for multilocus pathogenic vari-

ation that contributes to the complex trait of arthrogrypo-

sis. Moreover, we provide evidence further extending

the clan genomics hypothesis71 and emboldening the

rare-variant multilocus-pathogenic-variation model for a

complex trait. This study also highlights: (1) the value of

reanalysis and exome variant analyses on additional family

members and its ability to conclude a molecular diagnosis

in this era of rapid gene discovery, (2) oligogenic inheri-

tance and blended phenotypes can be responsible for up

to �22% of the arthrogryposis diagnoses in individuals,

and the majority of this can be driven by population sub-

structure and IBD, (3) both mono-allelic and bi-allelic var-

iants in a single gene can contribute to human disease,

causing either similar or different phenotypes, (4) paralogs

of known disease-associated genes can be responsible for

disease traits, and (5) genetic models for complex traits

can be built from underlying Mendelian principles and

explored experimentally.
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F., Zangi, M., Tonekaboni, S.H., et al. (2018). Ryanodine recep-

tor type 3 (RYR3) as a novel gene associated with a myopathy

with nemaline bodies. Eur. J. Neurol. 25, 841–847.

41. Bertocchini, F., Ovitt, C.E., Conti, A., Barone, V., Schöler, H.R.,
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