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Structural Chromosomal Rearrangements
Require Nucleotide-Level Resolution: Lessons
from Next-Generation Sequencing in Prenatal Diagnosis

Zehra Ordulu,1,2 Tammy Kammin,1 Harrison Brand,3,4,5 Vamsee Pillalamarri,3 Claire E. Redin,2,3,4,5

Ryan L. Collins,3 Ian Blumenthal,3 Carrie Hanscom,3 Shahrin Pereira,1 India Bradley,6

Barbara F. Crandall,6 Pamela Gerrol,1 Mark A. Hayden,1 Naveed Hussain,7 Bibi Kanengisser-Pines,8

Sibel Kantarci,9 Brynn Levy,10 Michael J. Macera,11 Fabiola Quintero-Rivera,9 Erica Spiegel,12

Blair Stevens,13 Janet E. Ulm,14 Dorothy Warburton,15,16 Louise E. Wilkins-Haug,1,2

Naomi Yachelevich,17 James F. Gusella,3,4,5,18 Michael E. Talkowski,2,3,4,5,19

and Cynthia C. Morton1,2,5,20,21,*

In this exciting era of ‘‘next-gen cytogenetics,’’ integrating genomic sequencing into the prenatal diagnostic setting is possible within an

actionable time frame and can provide precise delineation of balanced chromosomal rearrangements at the nucleotide level. Given the

increased risk of congenital abnormalities in newborns with de novo balanced chromosomal rearrangements, comprehensive interpre-

tation of breakpoints could substantially improve prediction of phenotypic outcomes and support perinatal medical care. Herein, we

present and evaluate sequencing results of balanced chromosomal rearrangements in ten prenatal subjects with respect to the location

of regulatory chromatin domains (topologically associated domains [TADs]). The genomic material from all subjects was interpreted to

be ‘‘normal’’ by microarray analyses, and their rearrangements would not have been detected by cell-free DNA (cfDNA) screening. The

findings of our systematic approach correlate with phenotypes of both pregnancies with untoward outcomes (5/10) and with healthy

newborns (3/10). Two pregnancies, one with a chromosomal aberration predicted to be of unknown clinical significance and another

one predicted to be likely benign, were terminated prior to phenotype-genotype correlation (2/10). We demonstrate that the clinical

interpretation of structural rearrangements should not be limited to interruption, deletion, or duplication of specific genes and should

also incorporate regulatory domains of the human genome with critical ramifications for the control of gene expression. As detailed in

this study, our molecular approach to both detecting and interpreting the breakpoints of structural rearrangements yields unparalleled

information in comparison to other commonly used first-tier diagnostic methods, such as non-invasive cfDNA screening andmicroarray

analysis, to provide improved genetic counseling for phenotypic outcome in the prenatal setting.
Introduction

Fetal material obtained through invasive methods can

be assessed routinely with different techniques, includ-

ing karyotyping, fluorescence in situ hybridization, and

chromosomal microarray analysis (CMA).1–3 Although

karyotyping remains the principal cytogenetic tool in

prenatal diagnosis, CMA has the advantage of higher

resolution and is the preferred method in a fetus

with one or more major structural abnormalities

identified by ultrasonography.1 However, unlike karyo-

typing, CMA cannot detect balanced chromosomal
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rearrangements, such as translocations, inversions, and

insertions.

The risk of congenital abnormalities is two to three

times higher in newborns with apparently balanced de

novo chromosomal rearrangements (6.1% for transloca-

tions and 9.4% for inversions) than in a population of preg-

nancies tested by amniocentesis.4 The cause of the increase

in abnormal phenotypes in such cases can be a submicro-

scopic deletion, duplication, disruption, dysregulation,

or fusion of a gene(s) located at or near the breakpoints.

Studies using CMA have demonstrated the presence of a

cryptic imbalance in40%–50%of subjectswithanabnormal
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Table 1. Pathological Rewiring of Genetic Regulatory Interactions

Genomic Locus
on 2q36.1

TAD and TBR Nucleotides (hESC,
GRCh37/hg19)18 (Size) Structural Rearrangement (Associated Phenotype)

WNT6-IHH-DES
TBR: 219,731,756–219,851,756 (120 kb),
TAD: 219,851,756–220,251,756 (400 kb),
TBR: 220,251,756–220,411,756 (160 kb)

inversion or duplication altering the 160 kb TBR and bringing the
centromeric portion of the EPHA4-containing TAD into proximity with
WNT6 (F-syndrome [MIM: 102510])

duplication or deletion altering the 160 kb TBR and bringing IHH into
proximity with the centromeric portion of the EPHA4-containing TAD
(polydactyly)

EPHA4 TAD: 220,411,756–222,891,756 (2.48 Mb)
deletion involving the TBR at 222,891,756 (brachydactyly)

PAX3 TAD: 222,891,756–223,491,756 (600 kb)

This table shows the pathological rewiring of genetic regulatory interactions of enhancer EPHA4 through different structural rearrangements altering the TAD
boundaries (data presented herein are modified from Lupiãnez et al.20). Abbreviations are as follows: hESC, human embryonic stem cell; TAD, topologically asso-
ciated domain; and TBR, topological boundary region.
phenotype and an apparently balanced chromosomal

rearrangement.5–12 Massively parallel sequencing tech-

nologies can provide timely localization of chromosomal

breakpointswithnucleotide-levelprecision inall apparently

balanced rearrangements, along with information on the

gain or loss of genomic material,13,14 which could substan-

tially improve the prediction of phenotypic outcomes and

support perinatal medical care.

Outcomes of structural rearrangements changing the

copy number of a gene or directly disrupting a gene

can be predicted from dosage effects. However, if a

balanced rearrangement occurs in a non-coding region

or the regulatory effect of the rearrangement is more

pertinent to an abnormal phenotype than the directly

affected gene, predicting pathogenic consequences can

become challenging and even erroneous when only

the gene(s) with copy-number changes or disrupted

gene(s) are evaluated. This is particularly important in

prenatal diagnosis, because for many key developmental

genes, cis-regulatory elements can extend beyond the

transcription unit with an estimated median regulator-

target gene distance of 120 kb,15 which can range up to

1.5 Mb.16,17

Topologically associated domains (TADs) have been

elucidated as key elements of mammalian regulatory orga-

nization.18,19 TADs are highly conserved megabase-sized

genomic segments that partition the genome into large

units with frequent intra-domain interactions. They

are separated by topological boundary regions (TBRs),

which represent ‘‘genomic insulators’’ by blocking the in-

teractions between adjacent TADs. Disruption of TBRs by

structural rearrangements has been demonstrated to cause

rewiring of genomic regulators in the WNT6-IHH-EPHA4-

PAX3 locus (MIM: 604663, 600726, 602188, and 606597)

and result in human limb malformations, as described by

Lupiãnez et al. (Table 1 and Figure 1).20 In this context,

the developmental genes with historically well-known

long-range regulation can be re-evaluated in relation to

their TAD and TBR annotations (Table 2 and Figure 1).

For example, disruption of PAX6 (MIM: 607108) and

regulatory elements located in the same TAD as PAX6 (up
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to 150 kb downstream) results in isolated aniridia,21

whereas haploinsufficiency ofWT1 (MIM: 194070), which

is located in the TAD adjacent to PAX6, causes genitouri-

nary anomalies without aniridia.23 Deletions of the contig-

uous locus containing both PAX6 and WT1, including the

TBR between their two adjacent TADs, result in the auto-

somal-dominant WAGR syndrome (MIM: 194072) with

both aniridia and genitourinary anomalies, supporting

the ‘‘genomic insulator’’ role of TBRs. In addition, the

size of an individual TAD can be relevant to the extent of

long-range regulation. TWIST1 (MIM: 601622) is known

to have long-range regulation up to 260 kb downstream,

which is located within the same 440 kb TAD as TWIST1.

Monoallelic disruption of both TWIST1 and its down-

stream regulatory region results in Saethre-Chotzen syn-

drome (MIM: 101400).24 SOX9 (MIM: 608160) is reported

to have long-range regulation up to 1.5 Mb upstream,

which is located within the same 1.88 Mb TAD as

SOX9. Monoallelic disruption of both SOX9 and its regula-

tory region is associated with campomelic dysplasia (MIM:

114290) and Pierre Robin sequence (MIM: 261800).25,28,29

There might also be phenotype-specific regulators within

the same TAD for a developmental gene depending on

their distance from the gene of interest. Monoallelic

disruption of regulatory elements located within the

same 1.6 Mb TAD as SHH (MIM: 600725) can result in

type 3 holoprosencephaly (MIM: 142945) or preaxial poly-

dactyly (MIM: 174500), depending on the location (265 kb

upstream or 1 Mb upstream of SHH, respectively).26 Lastly,

in addition to the genes showing a phenotype with mono-

allelic disruption, regulatory regions of developmental

genes located on the X chromosome or imprinted genes

should also be carefully analyzed, given that disruption

of a single allele through balanced rearrangements could

result in an abnormal phenotype in such cases. For

instance, POU3F4 (MIM: 300039) is an X-linked recessively

inherited gene with long-range regulation up to 900 kb

upstream27 in a 3.04 Mb TAD, and disruption of a single

allele of POU3F4 or its regulatory region results in deafness

in males. Overall, advances in the understanding of chro-

matin organization of the human genome, along with
mber 3, 2016



Figure 1. Developmental Genes with Well-Known Long-Range Regulations
Schematic diagrams of representative developmental genes with well-known long-range regulations in relation to their TAD (red box)
and TBR (dark-red vertical line if 0 bp or gray box if greater than 0 bp) annotations (genes in red: haploinsufficiency index < 10%).
the evolving databases of phenotypes associated with

structural variation, could provide a conceptual framework

for the interpretation of balanced-rearrangement break-

points and their potential cis-regulatory effects.

Identifying breakpoints of balanced chromosomal rear-

rangements has been the foundation of the Develop-

mental Genome Anatomy Project (DGAP), which has

sequenced more than 200 subjects. As an extension of

these efforts, in this study, we sequenced ten prenatal sub-

jects with balanced chromosomal rearrangements by us-

ing customized large-insert libraries and used publicly

available databases to interpret the breakpoints on the ba-

sis of convergent genomic evidence in light of previously

annotated TADs and TBRs in human embryonic stem

cells.29
Material and Methods

Subjects
Ten subjects were enrolled after proper informed consent was ac-

quired in accordance with an institutional-review-board protocol

approved by Partners HealthCare System in Boston. These ten sub-

jects represent the total of a consecutive series of DGAP prenatal

referrals to date, and prior to enrollment, all had balanced chro-

mosomal rearrangements according to karyotyping with normal

CMA results. Two subjects (DGAP239 and DGAP259) have been

reported in part previously.30,31
The American Jou
Sequencing and Bioinformatic Analysis
Genomic DNA was extracted from amniocytes or chorionic

villi with a Gentra Puregene Cell Kit (QIAGEN). Large-insert

structural-variation sequencing was performed as previously

described.12,26 In brief, after the production of large-insert libraries

(target size of 2–3.5 kb) and quality control, massively parallel

paired-end sequencing of 25 or 50 cycles was performed with

an Illumina HiSeq 2000 or 2500. Reads were processed with

our customized structural-variant sequencing pipelines, which

include alignment, clustering of anomalous read pairs, extensive

cluster filtering, and variant screening against known structural

variants.32–35 Genome-wide physical coverage of inserts ranged

from 353 to 683, and DNA input ranged from 900 ng to 5 mg.

For all subjects with sufficient material, DNA was amplified by

PCR with primers based on sequence reads supporting the rear-

rangement junction for confirmation of breakpoints.
Analysis of Convergent Genomic Evidence
In addition to genes located directly at breakpoints, phenotypic

associations were evaluated in relation to previously annotated

TADs and TBRs in human embryonic stem cells18 for positional

effects on protein-coding genes through disruption of potential

regulatory elements. DECIPHER was utilized for predicting the

probability of haploinsufficiency, which was determined on the

basis of genes known to produce a phenotype through haploinsuf-

ficiency and genes disrupted by unambiguous loss-of-function

variants in at least two apparently healthy individuals. Low

haploinsufficiency indices (<10%) indicate a high predicted prob-

ability that a gene will exhibit haploinsufficiency (i.e., disruption
rnal of Human Genetics 99, 1015–1033, November 3, 2016 1017



Table 2. TADs and TBRs of Genes with Historically Well-Known Long-Range cis-Regulation Associated with a Phenotype

Locus
(Chromosome
Band)

TAD and TBR Nucleotides (hESC,
GRCh37/hg19)18 (Size) Genetic Alterations Phenotype

PAX6-WT1
(11p23)

TBR: 30,963,424–31,083,424 (120 kb),
TAD: 31,083,424–32,323,424 (1.24 Mb),
TAD: 32,323,424–32,643,424 (320 kb),
TBR: 32,643,424–32,683,424 (40 kb),

disruption of regulatory elements up to
150 kb downstream of PAX6

aniridia21

deletions involving PAX6 and WT1, which
includes the TBR between the TADs of
these genes

WAGR syndrome22

haploinsufficiency of WT1 syndromes involving genitourinary
anomalies without aniridia23

TWIST1
(7p21.1)

TAD: 18,713,475–19,153,475 (440 kb),
TAD: 19,153,475–19,713,475 (560 kb)

disruption of regulatory elements up to
260 kb downstream of TWIST1

Saethre-Chotzen syndrome24

SOX9
(17q24.3)

TAD: 68,648,405–70,528,405 (1.88 Mb) disruption of regulatory elements up to
1.5 Mb upstream of SOX9

Pierre Robin sequence25

SHH
(7q36.3)

TAD: 155,587,239–157,187,239 (1.6 Mb)

disruption of regulatory elements up to
265 kb upstream of SHH

HPE326

disruption of regulatory elements up to 1 Mb
upstream of SHH

preaxial polydactyly26

POU3F4
(Xq21.1)

TAD: 80,073,344–83,113,344 (3.04 Mb) disruption of regulatory elements up to
900 kb upstream of POU3F4

X-linked deafness27

Abbreviations are as follows: hESC, human embryonic stem cell; HPE3, holoprosencephaly type 3; TAD, topologically associated domain; TBR, topological
boundary region; and WAGR, Wilms tumor, aniridia, genitourinary anomalies, and mental retardation.
of one allele might be pathogenic, also referred to as monoal-

lelic).36 Within the analyzed intervals, disrupted genes, genes

with a haploinsufficiency index < 10%, hemizygous or imprinted

genes, and genes associated with a phenotype were evaluated in

detail for each subject in relation to the disrupted TADs and

TBRs. Abnormal phenotypic associations of disrupted or dysregu-

lated regions were reviewed in the scientific literature, OMIM,37

OMIMGeneMap andMorbidMap,37 DECIPHER,38 and the Devel-

opmental Disorders Genotype-to-Phenotype (DDG2P) database.39

Expression Studies
qRT-PCR was performed with RNA extracted from cultured prena-

tal cells of the available subjects (amniocytes from DGAP247 and

chorionic villi fromDGAP248 and DGAP288) and control samples

(amniocytes or chorionic villi with a normal karyotype referred for

advanced maternal age) or cord blood (DGAP247 and DGAP288).

qRT-PCR was performed according to standard conditions of the

CFX Real-Time PCR Detection System (Bio-Rad), and transcription

levels were quantified with the DDCT method.30
Results

Prior to enrollment, karyotyping was performed for all

pregnancies because they were considered to be high

risk (e.g., advanced maternal age, abnormal first-trimester

serum screening, and/or ultrasound abnormality) with

normal CMA results during clinical assessment (see Sup-

plemental Note). Among the ten subjects analyzed, four

had reciprocal translocations, five had inversions, and

one had a complex rearrangement according to karyotyp-

ing. Sequencing revised the initial karyotype by providing

nucleotide-level resolution to the initially described chro-

mosome bands with a size ranging from 2.8 to 53.6 Mb,
1018 The American Journal of Human Genetics 99, 1015–1033, Nove
encompassing 63–1,032 genes and 16–358 phenotype-

associated loci for each rearrangement (Table 3 and Table

S1).40 In addition to refining breakpoints, including those

in a subject with a very complex karyotype (DGAP259),

sequencing revealed cryptic rearrangements unapparent

by karyotyping in four subjects (DGAP258, DGAP268,

DGAP290, and DGAP295). All rearrangements were

located within a TAD, except for one that was located in

a TBR at Xq28 (DGAP285) (Figures 2, 3, and 4; Tables 4,

5, and 6; and Table S2). Five subjects had abnormal clinical

outcomes, three continue to be healthy, and two were

terminated prior to detection of any potential abnormal

findings (Table 7).
DGAP239

DGAP23930 (46,XY,t(6;8)(q13;q13)dn.arr(1-22)x2,(XY)x1.

seq[GRCh37/hg19] t(6;8)(q13;q12.2)dn) had multisyste-

mic abnormalities detected by imaging studies starting

in the second trimester and was diagnosed clinically with

CHARGE syndrome (MIM: 214800) only after birth.

Sequencing the prenatal DNA sample identified transloca-

tion breakpoints (designated as t(6;8)(q13;q13) by karyo-

typing) disrupting CHD7 (MIM: 608892) at 8q12.2 and

LMBRD1 (MIM: 612625) at 6q13 (Figure 2A and Table 4).

Whereas biallelic losses of LMBRD1 are associated with

methylmalonic aciduria and homocystinuria, cblF type

(MIM: 277380) (no phenotypic overlap with DGAP239),42

monoallelic loss of CHD7 is well known to be associated

with CHARGE syndrome (it is mutated in more than 90%

of subjects), correlating with the low haploinsufficiency

index of CHD7 and the clinical outcome of DGAP239 (see

Supplemental Note and Tables S3 and S4).43
mber 3, 2016



Table 3. Genomic Localization of the Disrupted Chromosome Bands in Comparison to Karyotypically Reported Bands

Subject Next-Gen Cytogenetic Nomenclature40 (Short System) G-Band
Next-Gen
Band Revised Band Range: Nucleotides (Distance) Genesa

Phenotype-
Associated Locib

DGAP239 46,XY,t(6;8)(q13;q13)dn.arr(1-22)x2,(XY)x1.
seq[GRCh37/hg19] t(6;8)(q13;q12.2)dn

6q13 6q13 6q13: 70,000,001–75,900,000 (5.9 Mb) 63 16

8q13 8q12.2 8q12q21: 55,500,001–93,300,000 (37.8 Mb) 334 41

DGAP247 46,XY,inv(8)(q13q24.1)dn.arr(1-22)x2,(XY)x1.
seq[GRCh37/hg19] inv(8)(q11.21q24.23)dn

8q13 8q11.21 8q11q21: 45,600,001–93,300,000 (47.7 Mb) 406 47

8q24.1 8q24.23 8q24: 117,700,001–146,364,022 (28.7 Mb) 306 47

DGAP248 46,XY,t(2;13)(p13;q14)dn.arr(1-22)x2,(XY)x1.
seq[GRCh37/hg19] t(2;13)(p12;q13.2)dn

2p13 2p12 2p14p12: 64,100,001–83,300,000 (19.2 Mb) 225 32

13q14 13q13.2 13q13q21: 32,200,001–73,300,000 (41.1 Mb) 375 47

DGAP258 46,XY,inv(6)(p23q13)dn.arr(1-22)x2,(XY)x1.
seq[GRCh37/hg19] inv(6)(p25.3q16.1)dnc

6p23 6p25.3 6p25p22: 1–30,400,000 (30.4 Mb) 679 74

6q13 6q16.1 6q11q16: 61,000,001–105,500,000 (44.5 Mb) 293 44

DGAP259

46,XX,t(3;18;5;7)(p25;p11.2;q13.3;q32),t(9;18)(p22;q21)dn.arr(1-22,X)x2.
seq[GRCh37/hg19](3,5,7,9,18)cx,der(3)t(3;7)(p24.3;q36.3)dn,der(5)t(5;7)
(q14.3;q35)t(3;7)(p24.3;q36.3)
t(3;18)(p26.3;p11.31)dn,der(7)t(5;7)dn,
der(9)t(9;18)(p23;q21.3)dn,
der(18)t(3;18)inv(18)(p11.31q21.3)t(9;18)dn

3p25 3p26.3
3p24.3

3p26p24:1–30,900,000 (30.9 Mb) 277 49

5q13.3 5q14.3 5q12q14: 58,900,001–92,300,000 (33.4 Mb) 323 358

7q32 7q35
7q36.3

7q31q36: 107,400,001–159,138,663 (51.8 Mb) 693 80

9p22 9p23 9p23p21: 9,000,001–33,200,000 (24.2 Mb) 181 33

18p11.2 18p11.31 18p11: 1–17,200,000 (17.2 Mb) 192 29

18q21 18q21.3 18q21: 43,500,001–61,600,000 (18.1 Mb) 172 33

DGAP268 46,XY,inv(10)(p13q24)dn.arr(1-22)x2,(XY)x1.
seq[GRCh37/hg19]inv(10)(p12.2p12.31)(p12.2q23.32)dn

10p13 10p12.31
10p12.2

10p14p12: 6,600,001–29,600,000 (23 Mb) 233 26

10q24 10q23.32 10q23q25: 82,000,001–119,100,000 (37.1 Mb) 467 84

DGAP285 46,Y,inv(X)(p11.2q28).arr(1-22)x2,(XY)x1.
seq[GRCh37/hg19] inv(X)(p11.2q28)

Xp11.2 Xp11.21 Xp11.2: 46,400,001–58,100,000 (11.7 Mb) 274 65

Xq28 Xq28 Xq28: 147,100,001–155,270,560 (8.2 Mb) 192 63

DGAP288 46,XX,t(6;17)(q13;q21)dn.arr(1-22,X)x2.
seq[GRCh37/hg19] t(6;17)(q21;q24.3)dn

6q13 6q21 6q11q21: 61,000,001–114,600,000 (53.6 Mb) 404 57

17q21 17q24.3 17q11q24: 24,000,001–70,900,000 (46.9 Mb) 1,032 138

DGAP290 46,XY,t(2;7)(q33;q32)dn.arr(1-22)x2,(XY)x1.
seq[GRCh37/hg19](2,7)cx,
der(2)t(2;7)(q32.3;q33)
inv(7)(q33q33)dn,der(7)t(2;7)dn

2q33 2q32.3 2q32q34: 183,000,001–215,300,000 (32.3 Mb) 313 51

7q32 7q33 7q31q33: 107,400,001–138,200,000 (30.8 Mb) 291 49

DGAP295 46,XY,t(2;11)(p13.1;p15.5)dn.arr(1-22)x2,(XY)x1.
seq[GRCh37/hg19](2,11)cx,der(2)inv(11)(p15.5)inv(11)(p15.5)
t(2;11)(p13.3;p15.5)dn,der(11)t(2;11)dn

2p13.1 2p13.3 2p13: 68,600,001–75,000,000 (6.4 Mb) 133 32

11p15.5 11p15.5 11p15.5: 1–2,800,000 (2.8 Mb) 114 31

aNumber of genes for the presented nucleotide range (NCBI Map Viewer, annotation release 105 [GrCh37.p13]).
bOMIM Phenotypic Series-specific entries for the presented nucleotide range (June 9, 2015).
cCryptic paternal inversion is not included.
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Figure 2. Diagrams of DGAP239, DGAP247, DGAP248, and DGAP258 Rearrangements
Schematic diagrams of the breakpoints of DGAP239 (A), DGAP247 (B), DGAP248 (C), and DGAP258 (D) in relation to their TAD (red
box) and TBR (dark-red vertical line if 0 bp or gray box if greater than 0 bp) annotations (genes in red: haploinsufficiency index < 10%).
DGAP247

DGAP247 (46,XY,inv(8)(q13q24.1)dn.arr(1-22)x2,(XY)x1.

seq[GRCh37/hg19] inv(8)(q11.21q24.23)dn) had normal

prenatal findings without complications during the

perinatal period. At 31 months of age, he continues to be

healthy. Sequencing of the prenatal DNA sample identified

inversion breakpoints (designated as inv(8)(q13q24.1) by

karyotyping) within a non-genic region at 8q11.2 and

disruption of KHDRBS3 (MIM: 610421) at 8q24.23

(Figure 2B and Table 4). Although KHDRBS3 has a border-

line haploinsufficiency index and showed decreased RNA

expression in the prenatal sample (see Supplemental

Note, Figures S1 and S2, and Tables S5 and S6), it is not re-

ported to be associated with a developmental role and/or

abnormal phenotype, and no additional genes located in

the rearranged TADs have been implicated in a phenotype

or developmental role, correlating with the normal clinical

phenotype.
1020 The American Journal of Human Genetics 99, 1015–1033, Nove
DGAP248

DGAP248 (46,XY,t(2;13)(p13;q14)dn.arr(1-22)x2,(XY)x1.

seq[GRCh37/hg19] t(2;13)(p12;q13.2)dn) had normal

first-trimester screening. At 19.4 weeks, the pregnancy

was terminated before the sequencing results were avail-

able. Sequencing of the prenatal DNA sample identified

translocation breakpoints (designated as t(2;13)(p13;q14)

by karyotyping) within a non-genic region at 2p12 and

disrupting RFC3 (MIM: 600405) at 13q13.2 (Figure 1C).

The 2p12 breakpoint is located within a TAD that includes

LRRTM4 (MIM: 610870), a gene with a low haploinsuffi-

ciency index and no reported abnormal phenotypic asso-

ciation. However, structure and expression profiles of

LRRTM mRNAs in mice suggest a role in development and

maintenance of the vertebrate nervous system.44 RFC3 has

a low haploinsufficiency index and showed decreased RNA

expression in the prenatal sample (Figure S3).36 In addition,

NBEA (MIM: 6084889), a candidate autism gene with a low
mber 3, 2016



Table 4. DGAP239, DGAP247, DGAP248 and DGAP258: Significant Protein-Coding Genes Surrounding the Breakpoints according to TADs
and Convergent Genomic Evidence

Gene
Nucleotides
(GRCh37/hg19) Description OMIM37

OMIM
Morbid37 DDG2P39 HI (%)36 Notes

DGAP239: 6q13 Breakpoints on Rearrangement_A (70,405,86{7-8}) and Rearrangement_B (70,405,86{7-9})

ADGRB3 69,345,259–70,099,403 adhesion G protein-
coupled receptor B3

602684 � � 3.02 no reported phenotype association;
homologous to ADGRB1, an
angiogenesis inhibitor that is a
candidate for involvement in
development of glioblastoma41

LMBRD1
(disrupted)

70,385,694–70,507,003 LMBR1 domain
containing 1

612625 þ þ 12.92 biallelic loss of function (autosomal
recessive) associated with
methylmalonic aciduria and
homocystinuria, cblF type42

(no phenotypic overlap with
DGAP239)

DGAP239: 8q12.2 Breakpoints on Rearrangement_A (61,628,67{1-2}) and Rearrangement_B (61,628,66{7-9})

CHD7
(disrupted)

61,591,337–61,779,465 chromodomain helicase
DNA binding protein 7

608892 þ þ 2.4 haploinsufficiency (autosomal
dominant, monoallelic) reported
to be associated with CHARGE
syndrome, such that mutations
in >90% of subjects meet
diagnostic criteria of CHARGE
syndrome43 (consistent with the
clinical diagnosis of CHARGE
syndrome during the postnatal
period of DGAP239)

DGAP247: 8q11.2 Breakpoints on Rearrangement_A (51,889,501) and Rearrangement_B (51,889,502)

No significant gene within the same TAD as the breakpoints

DGAP247: 8q24.23 Breakpoints on Rearrangement_A (136,495,820) and Rearrangement_B (136,495,823)

KHDRBS3 136,469,700–136,668,965 KH domain containing,
RNA binding, signal
transduction associated 3

610421 � � 10.52 no reported phenotype association

DGAP248: 2p12 Breakpoints on Rearrangement_A (78,301,91{1-2}) and Rearrangement_B (78,301,90{8-5})

LRRTM4 76,974,845–77,820,445 leucine rich repeat
transmembrane
neuronal 4

610870 � � 7.26 no reported phenotype association;
structure and expression profile
of LRRTM mRNAs in mice suggest
role in development and
maintenance of the vertebrate
nervous system44

DGAP248: 13q13.2 breakpoints on Rearrangement_A (34,542,73{2-1}) and Rearrangement_B (34,542,7{20-23})

RFC3
(disrupted)

34,392,186–34,540,695 replication factor C
subunit 3

600405 � � 4.93 no reported phenotype association

NBEA 35,516,424–36,247,159 neurobeachin 6084889 � � 6.83 disrupted in a subject with a
de novo translocation and
idiopathic autism,45 and
haploinsufficiency causes
autism-like behaviors in
animal models46,47

DGAP258: 6p25.3 Breakpoints on Rearrangement_A (776,81{6}) and Rearrangement_B (776,787)

No significant gene within the same TAD as the breakpoints

DGAP258: 6q16.1 Breakpoints on Rearrangement_A (93,191,54{7}) and Rearrangement_B (93,191,545)

MAP3K7 91,223,292–91,296,764 mitogen-activated
protein kinase kinase
kinase 7

602614 � � 2.75 no reported phenotype association

Abbreviations are as follows: DDG2P, Developmental Disorders Genotype-to-Phenotype database; and HI, haploinsufficiency index.
haploinsufficiency score,45,46 is located within the same

2.16 Mb TAD and 973 kb downstream of the breakpoints

(Figure 2C and Table 4). Given the presence of two genes
The American Jou
with low haploinsufficiency indices—one associated with

a phenotype and located within the 13q13.2 rearrange-

ment TAD (NBEA) and the other implicated in nervous
rnal of Human Genetics 99, 1015–1033, November 3, 2016 1021



systemdevelopmentand locatedwithin the2p12rearrange-

ment TAD (LRRTM4)—but the lack of strong evidence for a

phenotypic correlation, these results are interpreted as ‘‘un-

known clinical significance. Clinical follow-up was not

possible because the pregnancywas terminated (see Supple-

mental Note and Tables S7 and S8). Of note, the pregnancy

was terminated prior to communication of the sequencing

results on the basis of an informed decision after karyotyp-

ing, CMA, and genetic counseling.

DGAP258

DGAP258 (46,XY,inv(6)(p23q13)dn.arr(1-22)x2,(XY)x1.

seq[GRCh37/hg19] inv(6)(p25.3q16.1)dn(q15q15)pat or

46,XY,inv(6)(p23q13)dn.arr(1-22)x2,(XY)x1.seq[GRCh37/

hg19] inv(6)(p25.3q16.1)dn,inv(6)(q15q15)pat) was a

monozygotic twin pregnancy, and amniocentesis was

performed as a result of abnormal first-trimester serum

screening. Other than minor complications due to a twin

pregnancy, there were no abnormal clinical findings dur-

ing the perinatal period. At 2.5 years of age, the twins

continue to be healthy. Sequencing of the prenatal DNA

sample identified inversion breakpoints (designated as

inv(6)(p23q13) by karyotyping) within non-genic regions

at both 6p25.3 and 6q16.1. In addition, a paternally

inherited cryptic non-genic rearrangement at 6q15 was

detected (Figure 2D and Table 4). Because of the length

of the sequencing reads, it was not possible to determine

whether both of the breakpoints on 6q reside in the

same paternally inherited chromosome; however, given

their relative proximity and localization within the

same 2.21 Mb TAD, this is a likely possibility. Analysis

of protein-coding genes localized in the same TAD as

the breakpoints did not reveal any additional genes

associated with an abnormal phenotype or a develop-

mental role, correlating with the normal clinical pheno-

type of DGAP258 (see Supplemental Note and Tables S9

and S10).

DGAP259

DGAP25931 (46,XX,t(3;18;5;7)(p25;p11.2;q13.3;q32),t(9;18)

(p22;q21)dn.arr(1-22,X)x2.seq[GRCh37/hg19](3,5,7,9,18)

cx,der(3)t(3;7)(p24.3;q36.3)dn,der(5)t(5;7)(q14.3;q35)t(3;7)

(p24.3;q36.3)t(3;18)(p26.3;p11.31)dn,der(7)t(5;7)dn,der(9)

t(9;18)(p23;q21.3)dn,der(18)t(3;18)inv(18)(p11.31q21.3)

t(9;18)dn) had abnormal prenatal findings of bilateral ven-

triculomegaly and colpocephaly with partial agenesis of

the corpus callosum and a complex amniotic fluid karyo-

type designated as 46,XX,t(3;18;5;7)(p25;p11.2;q13.3;

q32),t(9;18)(p22;q21)dn. The pregnancy was terminated at

22 weeks as a result of the abnormal findings. Sequencing

of the prenatal DNA sample identified nine rearrangement

sequences located at 3p26.3, 3p24.3, 5q14.3, 7q35, 7q36.3,

9p23, 18p11.31, and 18q21.3 with small deletions and

duplications less than 1 kb (Figure 3 and Table 5). Among

six disrupted protein-coding genes, TBC1D5 (MIM:

615740) and CNTNAP2 (MIM: 604569) reside in the vicin-

ity of well-known genome-organizer- and chromatin-
1022 The American Journal of Human Genetics 99, 1015–1033, Nove
regulator-encoding regions—SATB1 (MIM: 602075)50 and

EZH2 (MIM: 601573)61 at 3p24.3 and 7q35, respec-

tively—which might be relevant to the complex chromo-

somal aberration of DGAP259 (all four of these genes are

predicted to have low haploinsufficiency indices). Break-

points at 7q36.3 disrupt the regulatory region of SHH,

which has a low haploinsufficiency index. Monoallelic

disruption of this SHH regulatory region is associated

with holoprosencephaly,26 which is consistent with the

cerebral malformation phenotype of DGAP259. Break-

points at 5q14.3 are located within the same TAD as

MEF2C (MIM: 600662), another gene that has a low

haploinsufficiency index and is associated with cerebral

malformation and hypoplastic corpus callosum,47,54 as

observed in DGAP259 (see Supplemental Note and Tables

S11–S18).

DGAP268

DGAP268 (46,XY,inv(10)(p13q24)dn.arr(1-22)x2,(XY)x1.

seq[GRCh37/hg19] inv(10)(p12.2p12.31)(p12.2q23.32)dn)

had abnormal nuchal translucency detected in the first

trimester, and there were no complications during the

perinatal period. At 1 year of age, he continues to be

healthy. Sequencing of the prenatal DNA sample identified

a complex inversion with breakpoints (designated as

inv(10)(p13q24) by karyotyping) within non-genic re-

gions at 10p12.31 and 10p12.2 and disruption CPEB3

(MIM: 610606) at 10q23.32 (Figure 4A and Table 6).

CPEB3 does not have a low haploinsufficiency index and

does not have any abnormal phenotypic association. Anal-

ysis of protein-coding genes localized in the same TAD as

the breakpoints also did not reveal any genes associated

with an abnormal phenotype, correlating with the normal

clinical phenotype of DGAP268 (see Supplemental Note

and Tables S19–S21).

DGAP285

DGAP285 (46,Y,inv(X)(p11.2q28).arr(1-22)x2,(XY)x1.seq

[GRCh37/hg19] inv(X)(p11.21q28)) showed abnormal

prenatal imaging findings, including hydrocephalus,

starting at 22.5 weeks and fetal demise at 31.4 weeks after

decreased fetal movements. Sequencing of the prenatal

DNA sample identified inversion breakpoints (designated

as inv(X)(p11.2q28) by karyotyping) disrupting FAM104B

at Xp11.21 and within a non-genic region at Xq28

(Figure 4B and Table 6). Breakpoints at Xq28 disrupt

a TBR, which could result in genomic rewiring of the

surrounding TADs and TBRs. MTM1 (MIM: 300415) is

an X-linked recessively inherited gene associated with

centronuclear myopathy (MIM: 310400), a prenatal-

onset fatal disease with clinical findings including

decreased fetal movements, hydrocephalus, and still-

birth.73–75 MTM1 is located in a TBR upstream of the

TBR at the Xq28 rearrangement, and therefore dysre-

gulation of MTM1 might contribute to the phenotype

of DGAP285 (see Supplemental Note and Tables S22

and S23).
mber 3, 2016



Figure 3. Diagrams of DGAP259 Rearrangements
Schematic diagrams of the breakpoints of DGAP259 in relation to their TAD (red box) and TBR (dark-red vertical line if 0 bp or gray box if
greater than 0 bp) annotations (genes in red: haploinsufficiency index < 10%).
DGAP288

DGAP288 (46,XX,t(6;17)(q13;q21)dn.arr(1-22,X)x2.seq

[GRCh37/hg19] t(6;17)(q21;q24.3)dn) had cystic hy-

groma at 11.1 weeks, followed by prenatal imaging find-

ings consistent with Pierre Robin sequence, which were

confirmed during the postnatal period. Sequencing of the

prenatal DNA sample identified translocation breakpoints

(designated as t(6;17)(q13;q21) by karyotyping) within

non-genic regions at 6q21 and 17q24.3 (Figure 4C and

Table 6). Breakpoints at 17q24.3 were in a 1.88 Mb TAD

corresponding to an upstream cis-regulatory region of

SOX9 (MIM: 608160), a region known to be associated

with Pierre Robin sequence as a result of dysregulation of

SOX9, an autosomal-dominantly inherited gene with a

low haploinsufficiency index.25,28,29 The prenatal sample
The American Jou
showed decreased RNA expression of SOX9 (Figure 5),

correlating with the clinical outcome of DGAP288 (see

Supplemental Note and Tables S24 and S25).

DGAP290

DGAP290 (46,XY,t(2;7)(q33;q32)dn.arr(1-22)x2,(XY)x1.

seq[GRCh37/hg19](2,7)cx,der(2)t(2;7)(q32.3;q33)inv(7)

(q33q33)dn,der(7)t(2;7)dn) was a high-risk pregnancy ac-

cording to first-trimester screening, which showed normal

imaging up to 18 weeks. The parents decided to termi-

nate the pregnancy at 23 weeks because of uncertainty of

the clinical significance of the balanced rearrangement.

Sequencing of the prenatal DNA sample identified trans-

location breakpoints (designated as t(2;7)(q33;q32) by

karyotyping) disrupting HECW2 at 2q32.3 and NUP205
rnal of Human Genetics 99, 1015–1033, November 3, 2016 1023



Table 5. DGAP259: Significant Protein-Coding Genes Surrounding the Breakpoints according to TADs and Convergent Genomic Evidence

Gene
Nucleotides
(GRCh37/hg19) Description OMIM37

OMIM
Morbid37 DDG2P39 HI (%)36 Notes

3p26.3 Breakpoints on Rearrangement_D (1,408,99{6}) and Rearrangement_G (1,408,984)

CNTN6
(disrupted)

1,134,260–1,445,901 contactin 6 607220 � � 39.69 no reported phenotype association; neural adhesion molecule48

CNTN4 2,140,497–3,099,645 contactin 4 607280 � � 6.9 disrupted in a subject with a 3p deletion syndrome
(autosomal-dominant) phenotype49 (cerebral and renal
malformation phenotype of DGAP259)

3p26.3 Breakpoints on Rearrangement_D (1,408,99{6}) and Rearrangement_G (1,408,984)

TBC1D5
(disrupted)

17,198,654–18,486,309 TBC1 domain family
member 5

615740 � � 5.84 no reported phenotype association

SATB1a 18,386,879–18,487,080 SATB homeobox 1 602075 � � 2.15 global genome organizer50,51 (complex chromosomal
rearrangement of DGAP259); role in neuronal plasticity of
cortical neurons and regulation of key neuronal genes52,53

(cerebral malformation phenotype of DGAP259)

5q14.3 Breakpoints on Rearrangement_B (88,756,2{48-56}) and Rearrangement_E (88,756,2{39-40})

MEF2C 88,013,975–88,199,922 myocyte enhancer factor 2C 600662 þ þ 0.26 haploinsufficiency (autosomal dominant, monoallelic) associated
with mental retardation, stereotypic movements, epilepsy, and
cerebral malformations (MIM: 613443)47,54 (cerebral malformation
and hypoplastic corpus callosum phenotype of DGAP259); role in
synaptic plasticity and hippocampal-dependent learning and memory55

(9p23 breakpoints of DGAP259 disrupt PTPRD1 with similar role)

CETN3 89,688,078–89,705,603 centrin 3 602907 � � 5.94 present in centrosomes and important role in early cleavage of
frog embryos56 (complex chromosomal rearrangement of DGAP259)

7q35 Breakpoints on Rearrangement_B (147,718,91{1-9}) and Rearrangement_E (147,718,90{7-8})

CNTNAP2
(disrupted)

145,813,453–148,118,090 contactin associated
protein-like 2

604569 þ þ 4.94 susceptibility to autism type 15;57 homozygous or compound-
heterozygous mutations cause Pitt-Hopkins-like syndrome 1
(MIM: 610042)58 (cerebral malformation phenotype of DGAP259;
18q21 breakpoints are one TAD downstream of TCF4, associated
with Pitt-Hopkins syndrome)

CUL1a 148,395,006–148,498,128 cullin 1 603134 � � 4.3 regulates the mammalian G1/S transition59

EZH2a 148,504,475–148,581,413 enhancer of zeste 2 polycomb
repressive complex 2 subunit

601573 þ þ 3.07 has a critical role during normal and perturbed development of the
hematopoietic and central nervous systems,60 maintains homeotic
gene repression, and is thought to control gene expression by
regulating chromatin61 (cerebral malformation and complex
chromosomal rearrangement of DGAP259)

(Continued on next page)
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Table 5. Continued

Gene
Nucleotides
(GRCh37/hg19) Description OMIM37

OMIM
Morbid37 DDG2P39 HI (%)36 Notes

7q36.3 Breakpoints on Rearrangement_A (155,701,797) and Rearrangement_C (155,700,873)

SHH 155,592,680–155,604,967 sonic hedgehog 600725 þ þ 0.66 haploinsufficiency (autosomal dominant, monoallelic)
associated with HPE3,62 which has a long-range
regulation-associated phenotype63 (cerebral malformation
phenotype of DGAP259)

9p23 Breakpoints on Rearrangement_F (9,646,47{5}) and Rearrangement_I (9,646,471)

PTPRD
(disrupted)

8,314,246–10,612,723 protein tyrosine phosphatase,
receptor type D

601598 � � 0.14 homozygous microdeletion causes trigonocephaly,
hearing loss, and intellectual disability, which overlap the
autosomal-dominant 9p deletion syndrome64 (cerebral
malformation phenotype of DGAP259); role in synaptic
plasticity and hippocampal-dependent learning and memory65

(5q14.3 breakpoints are within the same TAD as MEF2C with
similar role)

18p11.31 Breakpoints on Rearrangement_D (6,375,05{1}), Rearrangement_G (6,559,611), and Rearrangement_H (6,375,0{52-48} and 6,559,{598-602})

L3MBTL4
(disrupted)

5,954,705–6,415,236 L(3)Mbt-like 4 (Drosophila) � � � 59.07 no reported phenotype association

18q21.3 Breakpoints on Rearrangement_F (54,660,13{8}) and Rearrangement_I (54,660,136)

TCF4a 52,889,562–53,332,018 transcription factor 4 602272 þ þ 0.38 haploinsufficiency (autosomal dominant, monoallelic)
is associated with Pitt-Hopkins syndrome66 (cerebral
malformation phenotype of DGAP259, 7q35 breakpoints disrupt
CNTNAP2, related to Pitt-Hopkins-like syndrome58)

WDR7
(disrupted)

54,318,574–54,698,828 WD repeat domain 7 613473 � � 14.85 no reported phenotype association; localized to synaptic vesicles
in rat and mouse brain67

NEDD4La 55,711,599–56,068,772 neural precursor cell expressed,
developmentally down-regulated
4-like, E3 ubiquitin protein ligase

606384 � � 8.66 regulator of renal sodium channels; involved in induction of
mesoendodermal fates in mouse embryonic stem cells68 (renal
malformation phenotype of DGAP259)

Abbreviations are as follows: DDG2P, Developmental Disorders Genotype-to-Phenotype database; HI, haploinsufficiency index; and HPD3, holoprosencephaly type 3.
aAlthough not located within the same hESC TAD18 as the breakpoint, these genes might be relevant to the phenotype of DGAP259 given the complexity of the rearrangement.
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Figure 4. Diagrams of DGAP268, DGAP285, DGAP288, DGAP290, and DGAP290 Rearrangements
Schematic diagrams of the breakpoints of DGAP268 (A), DGAP285 (B), DGAP288 (C), DGAP290 (D), and DGAP290 (E) in relation to
their TAD (red box) and TBR (dark-red vertical line if 0 bp or gray box if greater than 0 bp) annotations (genes in red: haploinsufficiency
index < 10%; green: imprinted).
(MIM: 614352) at 7q33 and an additional non-genic disrup-

tion at 7q33 (Figure 4D andTable 6). Neither disrupted gene

had a lowhaploinsufficiency index, and analysis of protein-

coding genes in the same TAD as the breakpoints did not

reveal any genes associated with an abnormal phenotype.

These results are interpreted as ‘‘unknown clinical signifi-

cance, likely to be benign’’; however, clinical correlation

was not possible because the pregnancy was terminated

(see Supplemental Note and Tables S26 and S27).

DGAP295

DGAP295 (46,XY,t(2;11)(p13.1;p15.5)dn.arr(1-22)x2,(XY)

x1.seq[GRCh37/hg19](2,11)cx,der(2)inv(11)(p15.5)inv(11)

(p15.5)t(2;11)(p13.3;p15.5)dn,der(11)t(2;11)dn) had

abnormal first-trimester screening, which showed an

abnormal prenatal imaging finding of growth restric-

tion starting from 19 weeks, and weighed 450 g upon

delivery at 31 weeks. Sequencing of the prenatal DNA

sample identified translocation breakpoints (designated

as t(2;11)(p13.1;p15.5) by karyotyping) disrupting GFPT1

(MIM: 138292) at 2p13.3 and multiple non-genic regions

at 11p15.5 within a 70 kb distribution (Figure 4E and

Table 6). The complex breakpoints at 11p15.5 are within

the same 600 kb TAD as IGF2 (MIM: 147470), an imprinted

region known to be associated with growth restriction with

distinctive facies (GRDF [MIM: 616489])71 and Silver-
1026 The American Journal of Human Genetics 99, 1015–1033, Nove
Russell syndrome (MIM: 180860),72 consistent with the

growth restricted phenotype of DGAP295 (see Supple-

mental Note and Tables S28 and S29).
Discussion

We report whole-genome sequencing of ten prenatal sub-

jects with balanced chromosomal rearrangements with

‘‘normal’’ CMA results and their phenotypic interpretation

through publicly available resources. Each subject has

contributed uniquely to our experience in the evolution

of this approach to a new standard of care in prenatal diag-

nosis by providing further insight into prognosis through

incorporation of an understanding of the regulatory

genome (Table 7).

In the evaluationof thepathogenic outcomesof balanced

rearrangements, disruption or dysregulation of a single

allele is of particular significance when it involves a region

known to be hemizygous for X-linked traits, haploinsuffi-

cient (autosomal dominant), or imprinted and associated

with an abnormal phenotype. Next-generation sequencing

can identify the disrupted regions at the nucleotide level;

however, predicting the dysregulation of the genes in the

vicinity of the breakpoints is more challenging. Advances

in the understanding of large-scale regulatory chromatin
mber 3, 2016



Table 6. DGAP268, DGAP285, DGAP288, DGAP290, and DGAP295: Significant Protein-Coding Genes Surrounding the Breakpoints according to TADs and Convergent Genomic Evidence

Gene
Nucleotides
(GRCh37/hg19) Description OMIM37

OMIM
Morbid37 DDG2P39 HI (%)36 Notes

DGAP268: 10p12.31 Breakpoints on Rearrangement_B (21,606,655) and Rearrangement_C (21,606,63{4-2})

No significant gene within the same TAD as the breakpoints

DGAP268: 10p12.2 Breakpoints on Rearrangement_A (23,659,495~) and Rearrangement_C (23,659,20{0-2})

No significant gene within the same TAD as the breakpoints

DGAP268: 10q23.32 Breakpoints on Rearrangement_A (93,983,897~) and Rearrangement_B (93,982,408)

CPEB3
(disrupted)

93,806,449–94,050,844 cytoplasmic polyadenylation
element binding protein 3

610606 � � 12.96 no reported phenotype association

DGAP285: Xp11.21 Breakpoints on Rearrangement_A (55,174,723~) and Rearrangement_B (55,174,381~)

FAM104B
(disrupted)

55,169,535–55,187,743 family with sequence similarity
104 member B

� � � 93.08 no reported phenotype association

DGAP285: Xq28 Breakpoints on Rearrangement_A (150,286,207~) and Rearrangement_B (150,284,569~)

MTM1 149,737,069–149,841,795 myotubularin 1 300415 þ þ 12.54 hemizygous loss of function (X-linked
recessive) associated with X-linked
myotubular myopathy69 (overlapping
the phenotype of DGAP285)

DGAP288: 6q21 Breakpoints on Rearrangement_A (112,976,04{2-4}) and Rearrangement_B (112,976,031)

No significant gene within the same TAD as the breakpoints

DGAP288: 17q24.3 Breakpoints on Rearrangement_A (69,728,01{7-9}) and Rearrangement_B (69,728,006)

SOX9 70,117,161–70,122,561 SRY-box 9 608160 þ þ 0.56 haploinsufficient (autosomal dominant,
monoallelic) long-range cis-regulation
associated with Pierre Robin sequence28

(overlapping the phenotype of DGAP288)

DGAP290: 2q32.3 Breakpoints on Rearrangement_A (197,164,194) and Rearrangement_B (197,164,206)

HECW2
(disrupted)

197,059,094–197,458,416 HECT, C2, and WW domain
containing E3 ubiquitin protein
ligase 2

� � � 18.5 no reported phenotype association

DGAP290: 7q33 Breakpoints on Rearrangement_A (135,905,923), Rearrangement_B (135,299,810), and Rearrangement_C (135,299,81{2} and 135,905,92{4})

NUP205
(disrupted)

135,242,667–135,333,505 nucleoporin 205 614352 � � 11.41 no reported phenotype association
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Figure 5. SOX9 Expression of DGAP288
Decreased expression of SOX9 in the chorionic villus sample (CVS)
of DGAP288 in comparison to three CVS controls (three different
primer sets were used for the expression assessment of exons 1 and
2 out of 3, normalized to GAPDH). Error bars represent the SE of
the normalized ratios.
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domains (TADs) contribute to overcoming this obstacle. A

recent study analyzing the WNT6-IHH-EPHA4-PAX3 locus

and three related congenital genetic disorders has provided

multiple layers of evidence for the significanceof thesemeg-

abase-sized regulatory domains and their contribution to

abnormal phenotypes through genomic rewiring of the

regulatory boundaries resulting from structural rearrange-

ments.20 It is well established that the cis-regulatory

elements for many key developmental genes can extend

beyond the transcription unit in the range of 120 kb to

1.5Mb,15–17,76,77 which could be explained by these regula-

tory associations. Therefore, we analyzed the aforemen-

tioned characteristics (hemizygosity, haploinsufficiency,

and imprinting) of the disrupted genes at the breakpoints,

as well as the protein-coding genes located in the regula-

tory domains and boundaries (TADs and TBRs, respec-

tively) associated with the breakpoints to identify the

dysregulated regions. Then, we evaluated the phenotypic

and developmental significance of these genes of interest.

None of the three subjects with normal outcomes

(DGAP247, DGAP258, and DGAP268) had disrupted

genes or were predicted to have dysregulated genes

involved with an abnormal phenotype. Among five

subjects with abnormal outcomes, one (DGAP239) had

a disrupted syndromic gene with a low haploinsufficiency

index, one (DGAP285) had a disrupted TBR and was

predicted to have a dysregulated X-linked recessively in-

herited syndromic gene, one (DGAP288) had a dysregu-

lated gene involved with an abnormal phenotype, one

(DGAP295) was predicted to have a dysregulated im-

printed gene involved with a syndrome, and lastly, in

one chromothripsis-affected subject (DGAP259), multiple

genes associated with CNS malformations and genomic

organization were disrupted and predicted to be dysregu-

lated. All showed abnormal phenotypes overlapping the
mber 3, 2016



Table 7. Lessons Learned: Next-Generation Sequencing of Ten Prenatal Subjects

Subject
Gene(s) of Interest according
to Sequencing Results

Interpretation of the Sequencing
Results Clinical Significance Clinical Outcome

DGAP239 CHD7 (disrupted),
LMBRD1 (disrupted)

disruption of an autosomal-dominant
gene with a low haploinsufficiency index
and associated with CHARGE syndrome
(pathogenic) and an autosomal-recessive
gene (non-contributory)

pathogenic CHARGE syndrome

DGAP247 KHDRBS3 (disrupted) disruption of a single gene without
pathogenicity

unknown, likely
to be benign

healthy newborn

DGAP248 LRRTM4, RFC3 (disrupted),
NBEA

disruption of a gene with a low
haploinsufficiency index but no reported
pathogenicity; potential dysregulation
of an additional gene with a low
haploinsufficiency index and reported to
be associated with autism-like behaviors
in animal models and disrupted in a
subject with idiopathic autism45,46

unknown termination prior to
communication of
sequencing results

DGAP258 – non-genic breakpoints with cryptic
paternal inversion not at the
karyotypically detected breakpoint

unknown, likely
to be benign

healthy newborns

DGAP259 CNTN6 (disrupted), CNTN4,
TBC1D5 (disrupted), SATB1,
MEF2C, CETN3, CNTNAP2
(disrupted), CUL1, EZH2, SHH,
PTPRD (disrupted), L3MBTL4
(disrupted), TCF4, WDR7
(disrupted), NEDD4L

complex rearrangement with potential
dysregulation of genes with a low
haploinsufficiency index and associated
with malformation in the CNS and
chromatin organization

pathogenic termination due to multiple
abnormal prenatal findings
(bilateral ventriculomegaly
and colpocephaly with partial
agenesis of the corpus callosum)

DGAP268 CPEB3
(disrupted)

disruption of a single gene without
known pathogenicity and a cryptic
inversion at non-genic breakpoints

unknown, likely
to be benign

healthy newborn

DGAP285 FAM104B
(disrupted), MTM1

disruption of a single gene without
known pathogenicity; disruption
of a TBR with potential dysregulation
of a gene associated with X-linked
myotubular myopathy, a prenatal-onset
fatal disease

unknown, likely
to be pathogenic

intrauterine fetal demise
(overlapping findings with
X-linked myotubular myopathy
include decreased fetal
movements, hydrocephalus,
and stillbirth)

DGAP288 SOX9 non-genic breakpoints with
dysregulation of a gene with a low
haploinsufficiency index and known to
be associated with Pierre Robin sequence

pathogenic Pierre Robin sequence

DGAP290 HECW2 (disrupted),
NUP205 (disrupted)

disruption of two genes without known
pathogenicity; non-genic cryptic
inversion in one of the breakpoints

unknown, likely
to be benign

termination after
communication of
sequencing results

DGAP295 GFPT1 (disrupted), IGF2 complex rearrangement with potential
dysregulation of an imprinted gene
associated with Silver-Russell syndrome
(pathogenic) and a recessively inherited
syndromic gene (noncontributory)

pathogenic small birth weight and
failure to thrive (findings
consistent with Silver-Russell
syndrome)
predicted outcomes of the sequencing results. Of note,

two of the five subjects with abnormal phenotypes

(DGAP239 and DGAP295) had additional disrupted genes

involved in autosomal-recessive syndromes and did not

show any clinical features associated with these syn-

dromes. However, in such cases, a potential ‘‘carrier’’ sta-

tus for the relevant syndromes might be considered in

future genetic counseling of the newborn if the outcome

is otherwise normal. Among the two terminated pregnan-

cies without any abnormal phenotypes prior to termina-

tion, one subject (DGAP248) is interpreted as having a

rearrangement predicted to be of unknown clinical signif-

icance, and the other (DGAP290) is interpreted has hav-

ing a rearrangement predicted to be likely benign.
The American Jou
Although karyotyping remains the standard of care

for prenatal diagnosis, advances in genomic technologies

are rapidly transitioning into clinical practice. Non-inva-

sive cfDNA screening and CMA in invasive testing are

increasingly popular methods in the field of prenatal

genetics.78–80 Non-invasive prenatal testing of cfDNA

offers tremendous potential as a screening tool, particularly

for fetal aneuploidies. Although this next-generation-

sequencing-based approach has been shown to reliably

demonstrate copy-number variations greater than 5 Mb,81

it currently remains a screening method.2,3 Current guide-

lines recommend offering CMA to any woman choosing to

undergo prenatal invasive diagnostic testing and recom-

mend CMA as the primary test (replacing conventional
rnal of Human Genetics 99, 1015–1033, November 3, 2016 1029



karyotype) if the prenatal diagnostic test is performed for

an indication of a structural abnormality detected by prena-

tal imaging studies.33 Nonetheless, CMA cannot assess

balanced rearrangements and, if performed alone in the

present study, would have ‘‘missed’’ all five prenatal sub-

jects with abnormal outcomes (each of whom had

abnormal prenatal imaging findings), including a subject

with complex chromothripsis (DGAP259).

Karyotyping remains superior to CMA for the detection

of balanced rearrangements, despite its megabase-sized

resolution. Next-generation sequencing using large-insert

libraries provides precise delineation of the breakpoints

of structural rearrangements while detecting additional

high-resolution cryptic rearrangements, as well as copy-

number alterations that could potentially be detected by

CMA and not karyotyping. Although cfDNA screening is

also a sequence-based approach, given the fragmented na-

ture of cell-free DNA, it would be cumbersome to analyze

truly balanced rearrangements with the current cfDNA

technology. Another sequence-based approach in the field

of prenatal genetics is whole-exome sequencing.82,83

Although this method provides higher nucleotide-level

coverage and therefore can more reliably detect nucleo-

tide-level mutations in the exome than our large-insert

library method, given the presence of non-genic break-

points in structural rearrangements, a whole-genome

paired-end sequencing approach using large-insert li-

braries, as presented herein, would be most useful in

detecting structural rearrangements. Currently, we would

recommend using this method in subjects with a normal

CMA and a karyotype with a balanced rearrangement

(the order of CMA and karyotyping depends on the clinical

scenario). In subjects with an abnormal CMA and/or a

karyotype without a balanced rearrangement that fails to

explain an abnormal phenotype, our method could still

be valuable for identifying cryptic rearrangements in the

appropriate clinical setting. We believe next-generation

sequencing technologies will eventually be proposed as a

first-line diagnostic method because they can provide de-

tails on structural rearrangements that cannot be detected

by either karyotyping or CMA.

As with other genomic testing methods, whole-genome

sequencing also raises the issue of variants of unknown

clinical significance. The topic of ‘‘unknown clinical signif-

icance’’ is not a new problem for the field of prenatal

diagnosis, whether it be a subtle imaging finding such as

mildly enlarged ventricles or the detection of a balanced

chromosomal rearrangement by karyotyping. Sequencing

provides additional understanding of the breakpoints

involved in a balanced chromosomal rearrangement.

Although this information could fundamentally influence

genetic counseling, clinical management, and decision

making, it could also bring additional pressure to manag-

ing unknown findings on the basis of current genomic

evidence. Eventually, evolving annotation of the human

genome—including the discovery of disease-associated

genes or other predictors of regulatory effect, such as path-
1030 The American Journal of Human Genetics 99, 1015–1033, Nove
ogenic increases in gene expression—along with guide-

lines from expert committees, could close these gaps of

interpretation, as has been the case with improved clinical

reporting of CMA results over the past decade.84

In conclusion, detecting balanced chromosomal rear-

rangements with whole-genome sequencing provides

nucleotide-level precision incomparable to currently em-

ployed prenatal genetic-testing methods, thus enabling

the regulatory genome to be evaluated in such a way that

could prove invaluable in clinical interpretation.
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