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SUMMARY

Conventional cytogenetic testing offers low-resolution detection of balanced karyo-
typic abnormalities but cannot provide the precise, gene-level knowledge required
to predict outcomes. The use of high-resolution whole-genome deep sequencing is
currently impractical for the purpose of routine clinical care. We show here that
whole-genome “jumping libraries” can offer an immediately applicable, nucleotide-
level complement to conventional genetic diagnostics within a time frame that al-
lows for clinical action. We performed large-insert sequencing of DNA extracted
from amniotic-fluid cells with a balanced de novo translocation. The amniotic-
fluid sample was from a patient in the third trimester of pregnancy who underwent
amniocentesis because of severe polyhydramnios after multiple fetal anomalies had
been detected on ultrasonography. Using a 13-day sequence and analysis pipeline,
we discovered direct disruption of CHD7, a causal locus in the CHARGE syndrome
(coloboma of the eye, heart anomaly, atresia of the choanae, retardation, and geni-
tal and ear anomalies). Clinical findings at birth were consistent with the CHARGE
syndrome, a diagnosis that could not have been reliably inferred from the cytoge-
netic breakpoint. This case study illustrates the potential power of customized
whole-genome jumping libraries when used to augment prenatal karyotyping.

EEP SEQUENCING OF THE WHOLE GENOME HOLDS DIAGNOSTIC PROMISE
but is currently thought to be impractical for routine prenatal care. In con-
trast, large-insert mate-pair, or jumping-library, sequencing provides a trac-
table approach for immediate clinical application and could complement conven-
tional prenatal diagnostics. The risk of major structural birth defects among live
births in the United States is approximately 3%?* and is associated with inherited or
de novo genetic rearrangements and mutations as well as with maternal factors,
such as advanced age, certain clinical conditions, and exposure to teratogenic fac-
tors. Approximately 1 in 2000 prenatal cases analyzed with conventional karyotyp-
ing has a de novo, apparently balanced reciprocal translocation that carries a 6.1%
risk of congenital malformation.? Ultrasound examination between 18 and 20
weeks of gestation allows detection of major malformations and is offered rou-
tinely, since 90% of infants with congenital anomalies are born to women without
predisposing risk factors.?> An abnormal finding on fetal ultrasonography necessi-
tates counseling and a discussion of a diagnostic procedure that can be used to
assess the possibility that the abnormality has a genetic basis.
Conventional karyotyping, which is the standard method used for prenatal cy-
togenetic diagnosis, can detect numerical abnormalities as well as unbalanced and
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apparently balanced rearrangements within mi-
croscopical resolution (range, 3 to 10 Mb). Fluo-
rescence in situ hybridization analyses can be
used to detect chromosomal abnormalities
smaller than 3 Mb, but this method is not suit-
able for high-throughput analyses because only a
limited number of probes can be screened simul-
taneously. Array-based comparative genomic hy-
bridization (CGH) has been introduced in prena-
tal diagnosis to detect genomewide gains and
losses with higher resolution,* but its use is typi-
cally limited to dosage imbalances on the order of
tens to hundreds of kilobases. For example, a re-
cent study of more than 36,000 persons revealed
karyotypic abnormalities in 0.78% of persons with
intellectual disabilities in whom array-based CGH
tests were unremarkable.> The ability to rapidly
localize breakpoints of cytogenetically balanced
chromosomal rearrangements to individual genes
could substantially improve the prediction of phe-
notypic outcomes and inform postnatal medical
care. Here we describe such an approach in a
clinical setting. We used massively parallel paired-
end sequencing of customized large-insert jump-
ing libraries to define the precise consequences
of a balanced de novo translocation in DNA ex-
tracted from amniotic-fluid cells after the detec-
tion of multiple fetal anomalies.

CASE REPORT

A pregnant 37-year-old woman with a history of
infertility and spontaneous abortion and no previ-
ous full-term pregnancy presented after ultraso-
nography performed at 18.8 weeks of gestation re-
vealed fetal abnormalities, including a hypoplastic
right ventricle and tricuspid atresia (Fig. 1A). Con-
ception had occurred after the fourth cycle of in
vitro fertilization, and the results of ultrasonogra-
phy and genetic screening performed during the
first trimester had been normal. (All prenatal care
and testing had been performed in the United
States.) A pediatric cardiology review included the
consideration of two or three surgeries for possible
palliation, as well as pregnancy termination. Fol-
low-up fetal surveys revealed a level of amniotic
fluid that was elevated but within the normal range
at 27.3 weeks and polyhydramnios at 30.4 weeks;
a small, intermittently undetected stomach was
also noted (Fig. 1B). Esophageal atresia was consid-
ered along with the possibility of surgical repair
after delivery. At 33.3 weeks’ gestation, additional
findings on fetal ultrasonography indicated the

possibility of micrognathia, flexed extremities, and
severe polyhydramnios, suggesting a differential
diagnosis that included arthrogryposis, the Stick-
ler syndrome, and trisomy 18 (Fig. 1C, 1D, and 1E).
Therapeutic amnioreduction was performed, and
20 ml of fluid was submitted for cytogenetic anal-
ysis, with a portion of the fluid saved for possible
array-based CGH testing. Karyotyping with Giem-
sa (GTG) banding revealed an apparently balanced
de novo translocation, 46,XY,t(6;8)(q13;q13)dn
(see Fig. S1 in the Supplementary Appendix, avail-
able with the full text of this article at NEJM.org).
Abnormal findings detected on fetal magnetic res-
onance imaging at 34.4 weeks’ gestation included
moderately severe polyhydramnios, the absence of a
fluid-filled stomach, a nondilated esophagus to the
level of the carina, microstomia, an enlarged pro-
truding superior lip, intermittent abnormal swal-
lowing motion with mild protrusion of the tongue,
and abnormal fetal position, with flexed elbows
and knees, abducted hips, and clenched hands.
A medical genetics consultation at 34.4 weeks
included discussion of the possibility of a syn-
drome resulting from the disruption of one or
more genes, microdeletions or microduplications
in the breakpoint regions created during an appar-
ently balanced chromosome rearrangement, or a
combination of these abnormalities. An array-
based CGH analysis revealed no clinically signifi-
cant loss or gain of genetic material (Table S1 in
the Supplementary Appendix). The results of ultra-
sonography performed at 35.3 weeks suggested the
possibility of an undescended right testicle. Ab-
sence of fetal movement during ultrasonography at
36.2 weeks led to an immediate cesarean section.
At the time of the cesarean section, polyhydram-
nios was observed and the baby was found to have
neurologic and respiratory depression, prompting
intubation after delivery. On the basis of clinical
features, the infant received a postnatal diagnosis
of the CHARGE syndrome (Online Mendelian In-
heritance in Man [OMIM] number, 214800) (Ta-
ble S2 in the Supplementary Appendix). Plans for
any immediate surgeries were postponed until
after stabilization, but the infant’s clinical con-
dition worsened, and he died at 10 days of age.

METHODS

STUDY OVERSIGHT
We obtained written informed consent from the
parents in accordance with the Developmental
Genome Anatomy Project protocol, approved by
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Figure 1. Clinical Findings Detected with Prenatal Imaging.

A transaxial ultrasonogram with a four-chamber view of the heart, obtained at 27.3 weeks of gestation (Panel A), shows
a small right ventricle (arrow), as compared with the left ventricle (star), which was first detected at 18.8 weeks; tri-
cuspid atresia was also detected on earlier imaging. A transaxial ultrasonogram obtained at 35.3 weeks of gestation
(Panel B) shows polyhydramnios (dashed line), first detected at 30.4 weeks; also noteworthy is the absence of a fluid-
filled stomach in the upper abdomen (arrow). An ultrasonogram of the fetal profile (Panel C) and a three-dimensional
ultrasonogram of the fetal face (Panel D), both obtained at 34.4 weeks of gestation, show microstomia and protrusion
of the upper lip (Panel D, arrow), and a three-dimensional ultrasonogram obtained at 33.3 weeks of gestation (Panel E)
shows abnormally clenched hands and flexed arms. A transaxial ultrasonogram of the perineum in a phenotypic male
fetus, obtained at 35.3 weeks of gestation, shows only one testicle in the scrotum (Panel F, arrow).

the Partners HealthCare System Institutional Re-
view Board. The study was initiated in January
2012 and concluded in March 2012.

SEQUENCING AND ANALYSIS
We sequenced the paired ends of approximately
220-bp DNA fragments separated by approximate-
ly 2 kb of contiguous genomic DNA.*” The entire
four-step, 13-day process is shown in Figure 2.
On days 1 through 3, genomic DNA was
sheared and selected according to size such that
the majority of DNA fragments were approxi-
mately 2 kb. These fragments were circularized
with adapters containing an EcoP15I recognition
site and a biotinylated thymine. The circularized
DNA was processed into fragments by means of
a restriction digest, and the fragments at the
circularization junction were retained by binding
the biotinylated thymine to streptavidin beads.
Genomic libraries suitable for next-generation
sequencing on an Illumina platform were creat-

N ENGLJ MED 367;23 NEJM.ORG

ed from these fragments (wWhich spanned the
circularization junction) while they were bound
to the streptavidin beads, yielding a library of
DNA fragments with ends separated by a ge-
nomic distance equal to the size of the circular-
ized fragments (Fig. 2).” On days 4 through 8,
paired-end, 25-cycle sequencing was performed
on a single lane of an Illumina HiSeq 2000.
During computational and statistical analysis,
on days 9 through 11, reads were aligned with the
use of the Burrows—Wheeler alignment tool,® and
BAM files were then processed with a C++ pro-
gram (BamStat) to tabulate mapping statistics and
output lists of anomalous read pairs (i.e., ends
that map to two different chromosomes, abnor-
mally sized inserts, or unexpected strand orienta-
tions).” Mapping and assembly artifacts were ex-
cluded on the basis of our previous sequencing
experiments® 1! to elucidate chimeric read pairs.
These chimeric read pairs suggested possible can-
didate translocation “clusters” throughout the

DECEMBER 6, 2012

The New England Journal of Medicine

Downloaded from nejm.org at CHAIM SHEBA HOSPITAL on December 5, 2012. For persona use only. No other uses without permission.

Copyright © 2012 Massachusetts Medical Society. All rights reserved.



BRIEF REPORT

("Step 4
[ i e i e A A i
d 4 A d AT T3 A4 AT T T TART 4T
Wi i o Jr\
\WAAANAA AN VAAALY Y,

""""" Sanger read

der(8) AATTTGTTCT! {GGTGCCCCATCACT
Chr8 Chré

F [ 4 Y
' Step 1 x < | Step 2
3 .
e, & § A % 1
QS ssvfé 5 & T 2
s 2 & 3
,31;«\ S & 3 A B 3
"‘\_;5 g 5 » #-.5 |
g5 g B g
28 5 =
A V) 0
~ Fetal DNA Insert Size (kb) ‘
e
roductio
.\\o(aﬁ P &z Sf% |
N %o Wy N ;
R %
S &
Partial %o _
karyotype % "Step 3 \
‘-: e s Sequencing %3 A |
and analysis a ST |
9 . " ® pe=——=q Pm—y
7N & timeline Py

N
") 2
-
) § Computational analysis
.
.(\ {}"D‘
%, &
%, &
Y (o s
°n  step3:CO™ O |

Figure 2. Sequencing and Analysis Timeline.

The delineation of a de novo balanced translocation initially reported as 46,XY,t(6;8)(q13;q13)dn is revised, after DNA se-
quencing, to 46,XY,t(6;8)(q13;q12.2)dn. In step 1A, 2-kb jumping libraries are prepared from genomic DNA, and in

step 1B, the final distribution of fragment sizes is shown. In step 2, massively parallel paired-end 25-cycle sequencing of
DNA fragments is performed on an Illumina HiSeq 2000. In step 3, computational analyses are performed, includ-
ing distributed parallel alignment of sequenced reads and clustering of anomalous read pairs (step 3A) and identification
of candidate translocation clusters (step 3B). The inset in step 3B shows an example of a theoretical distribution of

reads spanning a translocation breakpoint on a derivative chromosome. In step 4, the translocation breakpoint is con-
firmed by means of a polymerase-chain-reaction assay, and Sanger sequencing informs the precise breakpoint in the
initial karyotype. Here, the breakpoint on der(8) is delineated on the Sanger sequencing reads. Chromatogram peaks
are shown at the top, and a nucleotide sequence from a fragment crossing the breakpoint is shown below, with
chromosome 8 highlighted in pink, chromosome 6 highlighted in brown, and the breakpoint sequence, with micro-
homology between the chromosomes, highlighted in yellow.

genome (see the Methods section in the Supple-
mentary Appendix for the definition of candi-
date clusters and information about filtering cri-
teria and sequence-analysis metrics). Read-pair
clustering and translocation discovery were per-
formed by two independent analysts with knowl-
edge only of the chromosomes involved in the
translocation.

On days 12 and 13, DNA was amplified from
cells obtained from the amniotic fluid with the
use of polymerase-chain-reaction (PCR) prim-
ers designed according to the sequence reads

supporting the translocation junction. The am-
plified products were then sequenced (Tables S4
and S5 in the Supplementary Appendix).

We tested the significance of the structural
rearrangements disrupting this locus using copy-
number variant data.!* The data were derived
from 33,573 cases referred to a clinical diagnos-
tic laboratory for array-based CGH testing (Sig-
nature Genomic Laboratories, PerkinElmer) and
from 13,991 unaffected controls in previous ge-
nomewide association studies (Table S3 in the
Supplementary Appendix).
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RESULTS

Large-insert, paired-end sequencing of DNA from
cells in the amniotic fluid generated 282,294,280
individual reads (141 million pairs). Each aligned
pair allowed assessment of a chromosomal re-
gion corresponding to the original fragment size
(median, 1914 bp; standard deviation, 369 bp).
Consequently, the inserts between aligned pairs
covered each base in the genome 68 times on
average, despite a mean coverage of only two
reads spanning each nucleotide of the genome.
We identified only one cluster of reads with ends
mapping to chromosomes 6 and 8 (Fig. S2 in the
Supplementary Appendix). This cluster contained
35 read pairs with high mapping quality (Fig. S3
in the Supplementary Appendix). The transloca-
tion breakpoint in chromosome 8 directly dis-
rupted CHD7, and the chromosome 6 breakpoint
disrupted LMBRD1 (Fig. 3). The transcriptional
orientation of each gene was incompatible with
the generation of a fusion transcript involving
CHD7 and LMBRD1. PCR amplification and capil-
lary sequencing of the breakpoints resulted in a
revised karyotype of 46,XY,t(6;8)(q13;q12.2)dn
(for additional breakpoint information, see the
Results section and Table S5 in the Supplemen-
tary Appendix).

Point mutations of CHD7 cause the CHARGE
syndrome, which has also been attributed to
functional hemizygosity arising from deletion
of one copy of the gene.'? We analyzed copy-
number variant data on more than 47,000 per-
sons and identified two gene-specific deletions
of CHD7, both of which were found in persons
with features consistent with the CHARGE syn-
drome. We found no LMBRDI-specific variations
among cases referred to a clinical diagnostic
laboratory for array CGH testing, and no dis-
ruption of either locus among controls (Table S3
in the Supplementary Appendix). Taken togeth-
er, these findings suggest that functional muta-
tions and the disruption of a single copy of
CHD? by means of structural variation can cause
the CHARGE syndrome.

DISCUSSION

We report the identification of a 46,XY,t(6;8)
(q13;q13)dn karyotype in a fetus with an isolated
heart defect at 18.8 weeks of gestation and addi-
tional abnormalities revealed on imaging studies
performed throughout the third trimester (Fig. 1).

N ENGL J MED 367;23
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After delivery, the neonate received a clinical di-
agnosis of the CHARGE syndrome, a result that
could not have been unequivocally diagnosed on
the basis of ultrasonography, original karyotyp-
ing, or subsequent array-based CGH testing. Fol-
lowing an optimized 13-day protocol, we used
large-insert sequencing of the prenatal DNA
sample to identify precise translocation break-
points that directly disrupted CHD7 at 8q12.2, a
pathogenic locus in the CHARGE syndrome,'?
and LMBRDI at 6q13, a pathogenic locus in a
recessive disorder of vitamin B,, metabolism
(cobalamin F type)*® (Fig. 3). We thus identified
a pathogenic gene disruption by sequencing the
DNA obtained from a prenatal sample with a bal-
anced translocation providing a definitive se-
quence-based prenatal diagnosis that was consis-
tent with the diagnosis based on postnatal
clinical findings.

Our study suggests that innovations in ge-
nome sequencing aimed specifically at detecting
structural variations can offer a rapid adjunct to
cytogenetic techniques. Sequencing enables pre-
cise definition of individual disrupted genes,
thereby adding to the information available for
outcome prediction, medical planning, and genetic
counseling. In the case described here, results ob-
tained with cytogenetic testing and array-based
CGH were consistent with a balanced de novo
translocation, but these tests did not identify the
gene or genes responsible either for the isolated
cardiac defect or for the additional fetal abnor-
malities that were subsequently detected. Desig-
nation of the 8q13 breakpoint through karyotyp-
ing neither supported a prediction of a disruption
in CHD7 at 8q12.2 nor provided sufficient resolu-
tion to consider specific genes in a differential
diagnosis (Fig. S4 in the Supplementary Appen-
dix). Indeed, were GTG-banded breakpoints to be
misinterpreted by a visible band in each direction
(which is not an uncommon occurrence accord-
ing to our sequencing of such balanced rearrange-
ments®!1), this would entail consideration, on
chromosome 8 alone, of approximately 38 Mb of
DNA containing 288 potential phenotype-contrib-
uting genes, of which 39 have been associated
with disease, according to the OMIM database,
and at least 4 have been associated with cardiac
defects. In addition, our previous analyses have
shown that rearrangements appearing to be bal-
anced at karyotypic resolution can be complex at
nucleotide resolution (with complex rearrange-
ments accounting for approximately 20% of all
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Figure 3. Sequence-Based Delineation of a Balanced De Novo Translocation.

Sequencing revealed a balanced translocation disrupting CHD7 at 8q12.2 and disrupting LMBRD1 at 6q13. CHD7
and LMBRD] are transcribed on opposite strands in the translocation and are incompatible with the formation of a
fusion transcript. Normal chromosomes 6 and 8 are shown, as are the derivative chromosomes, after translocation.
The breakpoint region is expanded in the middle, showing the cytogenetic band, the genomic coordinates of each
chromosome, the precise breakpoint (dashed lines) on each derivative, and the nucleotide sequence of the junction
point, including microhomology (yellow) at the breakpoint.

events).® In the case we describe here, sequence-
based revision of the karyotype permitted a de-
finitive description of the causal syndromic lo-
cus. Such diagnostic precision and consequent
phenotypic prediction cannot currently be ob-
tained with the use of other methods, and the
results were obtained within a time frame simi-
lar to that required for conventional prenatal
cytogenetic methods.

The CHARGE syndrome is a rare, usually
sporadic disease that may include cranial-nerve
abnormalities and tracheoesophageal fistula in
addition to the features listed in the Summary sec-
tion.***5 Previous studies have implicated CHD7
alterations in 90% of patients meeting the diag-
nostic criteria for the CHARGE syndrome.'?
CHD? is a highly conserved member of the chromo-
domain helicase family; it alters gene expression
by remodeling chromatin.® CHD7 mutations thus
have potentially wide-ranging phenotypic effects.

Disruption of CHD7 represents a strong genetic risk
factor for the CHARGE syndrome, although not all
disruptions of CHD? are fully penetrant, since dele-
tions affecting a portion of the upstream or cod-
ing region of CHD7 have been identified in phe-
notypically normal persons of Asian and African
ancestry.'”*® Nonetheless, if a CHD7 mutation is
detected, clinical follow-up and genetic counsel-
ing are recommended.®

The chromosome 6 breakpoint disrupted
LMBRDI1, which encodes a lysosomal membrane
protein involved in the transport and metabolism
of cobalamin. Frameshift mutations leading to
loss of function of LMBRDI are associated with
the recessive disorder methylmalonic aciduria
and homocystinuria (cobalamin F type) (OMIM
number, 277380).1 Disruption of a single copy
of the locus is unlikely to result in the disorder,
and our postnatal metabolic workup of the pres-
ent case ruled out a metabolic syndrome.

N ENGLJ MED 367;23

NEJM.ORG

DECEMBER 6, 2012

The New England Journal of Medicine

Downloaded from nejm.org at CHAIM SHEBA HOSPITAL on December 5, 2012. For persona use only. No other uses without permission.
Copyright © 2012 Massachusetts Medical Society. All rights reserved.

2231



BRIEF REPORT

Delineation of a CHD7 disruption and conse-
quent diagnosis of the CHARGE syndrome would
probably have influenced genetic counseling, sub-
sequent discussions of management of the preg-
nancy, and preparation of the health care team
and parents for the possibility of multiple life-
threatening medical conditions requiring imme-
diate management of breathing and feeding diffi-
culties on delivery.*® Had we not detected a clearly
predictive causal locus, we would have assessed
the rearrangement for its likelihood of represent-
ing a benign alteration or its designation as a vari-
ant of unknown significance, using analyses of the
clinical diagnostic and population-based copy-
number variant data, along with available find-
ings of standing genetic variation from exome-
sequencing studies, resources such as the 1000
Genomes Project, and genomewide association
studies in clinical cohorts and controls. Although
the merits, limitations, and interpretation of such
additional data sets warrant careful discussion and
appropriate caution in view of our still-limited
understanding of the functional consequences of
disrupting specific sequences in the human ge-
nome, it is important to consider that medical
decisions are usually based on the presence of the
chromosome rearrangement, without additional

predictive information. At best, a secondary array-
based CGH test is performed, which in this sub-
ject and most subjects with apparently balanced
abnormalities will yield a normal result. Our study
thus shows the predictive power of pangenomic
paired-end sequencing and points toward the com-
plexity of interpretation likely to confront the en-
terprise of ultra-high-resolution diagnostics.
Although scientific, medical, and ethical issues

should be evaluated carefully, this strategy, when
used in the prenatal setting, can detect genomic
alterations that may change the obstetrical course
and outcome, providing a basis for decisions
regarding termination, fetal therapy, mode of
delivery, and postnatal referral to a tertiary-care
center with advanced expertise in management.

Supported by grants from the National Institutes of Health
(GMO061354, to Drs. Morton and Gusella; HD065286, to Dr. Gusel-
la; and MH087123 and MH095867, to Dr. Talkowski). Drs.
Talkowski and Gusella are supported by the Simons Foundation
for Autism Research and the Nancy Lurie Marks Family Foundation.

Ms. Rosenfeld and Dr. Shaffer report being employed by Sig-
nature Genomic Laboratories, PerkinElmer.

Disclosure forms provided by the authors are available with
the full text of this article at NEJM.org.

We thank the family for their participation in this research
while enduring difficult personal circumstances; Dr. Stanislawa
Weremowicz for karyotype interpretation; Dr. Harvey Levy for

his helpful discussions; and Svetlana Kozlova and Marc L.
Listewnik for their excellent technical assistance.

REFERENCES

1. Update on overall prevalence of major

some rearrangements for clinical diag-

defect of vitamin B12 metabolism. Nat

birth defects — Atlanta, Georgia 1978-
2005. MMWR Morb Mortal Wkly Rep 2008;
57:1-5.

2. Warburton D. De novo balanced chro-
mosome rearrangements and extra marker
chromosomes identified at prenatal diag-
nosis: clinical significance and distribution
of breakpoints. Am ] Hum Genet 1991;
49:995-1013.

3. Long G, Sprigg A. A comparative
study of routine versus selective fetal anom-
aly ultrasound scanning. J Med Screen
1998;5:6-10.

4. ACOG Committee Opinion No. 446:
array comparative genomic hybridization
in prenatal diagnosis. Obstet Gynecol 2009;
114:1161-3.

5. Hochstenbach R, van Binsbergen E,
Engelen J, et al. Array analysis and karyo-
typing: workflow consequences based on a
retrospective study of 36,325 patients with
idiopathic developmental delay in the Neth-
erlands. Eur J Med Genet 2009;52:161-9.
6. Korbel JO, Urban AE, Affourtit JP, et
al. Paired-end mapping reveals extensive
structural variation in the human genome.
Science 2007;318:420-6.

7. Talkowski ME, Ernst C, Heilbut A, et al.
Next-generation sequencing strategies en-
able routine detection of balanced chromo-

2232

N ENGL J MED 367;23

nostics and genetic research. Am J Hum
Genet 2011;88:469-81.

8. LiH, Durbin R. Fast and accurate long-
read alignment with Burrows-Wheeler
transform. Bioinformatics 2010;26:589-
95.

9. Chiang C, Jacobsen JC, Ernst C, et al.
Complex reorganization and predominant
non-homologous repair following chromo-
somal breakage in karyotypically balanced
germline rearrangements and transgenic
integration. Nat Genet 2012;44:390-7.

10. Talkowski ME, Mullegama SV, Rosen-
feld JA, et al. Assessment of 2q23.1 micro-
deletion syndrome implicates MBD5 as a
single causal locus of intellectual disabil-
ity, epilepsy, and autism spectrum disor-
der. Am ] Hum Genet 2011;89:551-63.

11. Talkowski ME, Rosenfeld JA, Blumen-
thal I, et al. Sequencing chromosomal
abnormalities reveals neurodevelopmen-
tal loci that confer risk across diagnostic
boundaries. Cell 2012;149:525-37.

12. Janssen N, Bergman JE, Swertz MA,
et al. Mutation update on the CHD7 gene
involved in CHARGE syndrome. Hum
Mutat 2012;33:1149-60.

13. Rutsch F, Gailus S, Miousse IR, et al.
Identification of a putative lysosomal
cobalamin exporter altered in the cbIF

NEJM.ORG

The New England Journal of Medicine
Downloaded from nejm.org at CHAIM SHEBA HOSPITAL on December 5, 2012. For persona use only. No other uses without permission.
Copyright © 2012 Massachusetts Medical Society. All rights reserved.

Genet 2009;41:234-9.

14. Blake KD, Davenport SL, Hall BD, et
al. CHARGE association: an update and
review for the primary pediatrician. Clin
Pediatr (Phila) 1998;37:159-73.

15. Pagon RA, Graham JM Jr, Zonana J,
Yong SL. Coloboma, congenital heart dis-
ease, and choanal atresia with multiple
anomalies: CHARGE association. J Pediatr
1981;99:223-7.

16. Schnetz MP, Bartels CF, Shastri K,
et al. Genomic distribution of CHD7 on
chromatin tracks H3K4 methylation pat-
terns. Genome Res 2009;19:590-601.

17. Park H, Kim JI, Ju YS, et al. Discovery
of common Asian copy number variants
using integrated high-resolution array CGH
and massively parallel DNA sequencing.
Nat Genet 2010;42:400-5.

18. Shaikh TH, Gai X, Perin JC, et al.
High-resolution mapping and analysis of
copy number variations in the human ge-
nome: a data resource for clinical and re-
search applications. Genome Res 2009;19:
1682-90.

19. Hara Y, Hirota K, Fukuda K. Success-
ful airway management with use of a laryn-
geal mask airway in a patient with CHARGE
syndrome. J Anesth 2009;23:630-2.
Copyright © 2012 Massachusetts Medical Society.

DECEMBER 6, 2012



