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Abstract
Complex chromosomal rearrangements involve the restructuring of genetic material within a single chromosome or
across multiple chromosomes. These events can cause serious human disease by disrupting coding DNA and gene
regulatory elements via deletions, duplications, and structural rearrangements. Here we describe a 5-year-old female
with severe developmental delay, dysmorphic features, multi-suture craniosynostosis, and growth failure found to
have a complex series of balanced intra- and inter-chromosomal rearrangements involving chromosomes 4, 11, 13,
and X. Initial clinical studies were performed by karyotype, chromosomal microarray, and FISH with research-based
short-read genome sequencing coupled with sanger sequencing to precisely map her breakpoints to the base pair
resolution to understand the molecular basis of her phenotype. Genome analysis revealed two pathogenic deletions
at 4p16.1-p15.32 and 4q31.1, accounting for her developmental delay and dysmorphism. We identified over 60 breakpoints, many with blunt ends and limited homology, supporting a role for non-homologous end joining in restructuring and resolution of the seminal chromoplexy event. We propose that the complexity of our patient’s genomic
rearrangements with a high number of breakpoints causes dysregulation of gene expression by three-dimensional
chromatin interactions or topologically associating domains leading to growth failure and craniosynostosis. Our work
supports an important role for genome sequencing in understanding the molecular basis of complex chromosomal
rearrangements in human disease.
Introduction
Microdeletions can produce distinct patterns of malformations and symptomatology secondary to haploinsufficiency of one or multiple genes. Interstitial deletion
of 4p14 to 4p16.1 causes a recognizable syndrome of
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mild to severe intellectual disability, hypotonia, and
dysmorphic features, including a long face, upslanting palpebral fissures, a large beaked nose, and a thick
lower lip with normocephaly and tall, thin body habitus
[6, 19, 21]. The 4p14p16.1 deletion syndrome is genetically and phenotypically distinct from the neighboring
microdeletion syndrome Wolf-Hirschhorn syndrome
(WHS) characterized by dysmorphic features termed
the “Greek warrior helmet” appearance, growth failure and severe developmental delay caused by heterozygous deletion of 4p16.3 [1]. In contrast to WHS
in which clear candidate genes have been implicated
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in the phenotype, the causal genes that dictate the
4p14p16.1 deletion phenotype are unknown.
Microdeletions involving dominant disease associated genes can arise de novo or can be inherited from
a similarly or more mildly affected parent. Microdeletions occur as an isolated event, derive from an
unbalanced chromosome translocation, or arise in
association with complex chromosomal rearrangements [24]. While most balanced rearrangements are
not associated with a clinical phenotype, the presence
of cryptic copy number variation at the breakpoints
is seen in approximately 40% of individuals with an
abnormal phenotype due to disruption of additional
genes and regulatory elements.
Complex chromosomal rearrangements (CCRs)
involve a minimum of five breakpoints and in the case
of translocations, a minimum of 2 chromosomes. There
are many types of CCRs including chromothripsis, chromoplexy, and chromoanasynthesis [24]. Chromothripsis
is caused by localized shattering and random reassembly
of tens to hundreds of chromosome segments with nonhomologous end-joining or microhomology-mediated
end-joining, and can lead to multiple deletions [10, 17].
Chromoplexy, involving multiple chromosomes and
primarily reported in somatic cells, is believed to arise
secondary to aberrant transcription factor binding leading to the formation of two or more chimeric chromosomes [2]. Chromoanasynthesis is thought to be caused
by polymerase stalling leading to localized duplications
and triplications often accompanied by chromosome
translocations [15]. CCRs are believed to arise from the
imperfect repair of a single, catastrophic genomic event
[2, 15, 17]. These events play critical roles in genome evolution, as well as human disease, including cancer. Of the
three classes of CCRs, chromothripsis is most frequently
reported in literature.
Here we present a 5-year-old female with severe global
developmental delay, growth failure, craniosynostosis
and dysmorphic features found by karyotype, microarray and FISH testing to have de novo deletions at 4p16.1p15.32 (9.76 Mb), 4q31.1 (881 Kb), and 11q22.1 (771 Kb)
that likely occurred as part of a complex chromoplexy
event involving four chromosomes. Her clinical presentation of severe growth failure and craniosynostosis
could not be explained by her microdeletions. We performed research-based short-read paired-end genome
sequencing and Sanger sequencing to better characterize her breakpoints and deletions. We identified 62 break
sites, suggesting previously unappreciated complexity
to her genomic rearrangement. We propose that more
advanced sequencing methodologies are an important
tool for understanding the phenotypes of complex chromosomal rearrangements.

Page 2 of 9

Methods
Chromosome microarray analysis (CMA)

An Illumina Infinium Global Screening Array (GSA; Illumina, San Diego, Calif ) was used to obtain research chromosomal microarray analysis (CMA) for the proband
and unaffected parents. The PennCNV algorithm [20]
was used for CNV calling. Briefly, log R ratios were used
to determine the dosage by intensity of signal, and B
allele frequency was calculated using genotype clusters
per SNP as determined from HapMap sample analysis.
Clinical CMA was independently performed using the
Illumina 850 k v1.1 array. Resulted CNVs were interpreted for their pathogenicity by using publicly available
databases (DECIPHER, ClinVar, and DGV).
Karyotyping and fluorescent in situ hybridization (FISH)

Karyotypes of the proband and her parents were performed on peripheral blood lymphocytes at a 550-band
level according to standard cytogenetic procedures. FISH
was performed on the proband’s peripheral blood metaphases using fosmid or BAC probes: G248P84139G12
(4p16.3), G248P80456F5 (4q12), RP11-785J10 (4q27),
G248P800327F6 (4q35.2), G248P85837F3 (11q25),
G248P81952B12 (13q34), G248P80323F3 (Xq28/Yq12)
and centromere probes (alpha satellite) for chromosomes
4 and 11.
Short‑read genome sequencing and structural variations
(SVs) analysis

Whole genome sequencing was performed using the
Twist Library Preparation Kit (TWIST Bioscience)
and Illumina NovaSeq 6000 at the Center for Applied
Genomics (CAG) at the Children’s Hospital of Philadelphia (CHOP). Data were quality controlled and analyzed using a custom-built pipeline [13] that incorporates
BWA-mem v0.7.12 [14] for alignment and Picard v1.97
for PCR duplication removal. BAM files generated were
fed to short-read structural variant callers, including
Manta [3] and Wham [11], to capture SVs with default
parameters. Similarly, the split and discordant read files
were generated by SpeedSeq [5] and provided as inputs
to Lumpy [12], another SV calling program.
Sanger sequencing of breakpoints

Breakpoint PCR primers were designed using primer 3
and amplicons were sequenced with forward and reverse
primers following standard protocols. The UCSC BLAT
tool was used to analyze the breakpoints.

Results
Patient presentation

The proband was naturally conceived to a 28-yearold G3P1- > 2 mother. There was a history of one prior
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miscarriage at 8 weeks gestation. Pregnancy was complicated by maternal Rh-negative status treated with
Rhogam and ventriculomegaly detected on 20-week
ultrasound. Follow up fetal MRI and echocardiogram
were normal. Intrauterine growth restriction was noted
during the third trimester. Noninvasive prenatal testing
(NIPT) for Trisomy 13, 18, 21 and sex-chromosome aneuploidy done at 20 + 1 week gestation was normal.
The proband was born via Caesarian section at 36
2/7 weeks gestational age for breech presentation and
persistent intrauterine growth restriction. Birth weight
was 1295 g (< 1%; Z = − 2.73), length was 38 cm (< 1%;
Z = − 3.63), and head circumference was 29.5 cm (4%;
Z = − 1.78). APGAR scores were 8 and 9 at one and
5 min of life, respectively. Physical examination was notable for splayed sagittal sutures, a flattened occiput, large
posterior fontanel, down-slanting palpebral fissures, lowset and posteriorly rotated ears, a triangular chin, bilateral 2,3 toe syndactyly and mild head lag. The proband
developed conjugated hyperbilirubinemia and was noted
to have splenomegaly, prompting abdominal ultrasound,
which showed a normal liver and enlarged spleen. A
metabolic workup was initiated and was non-diagnostic.
Chromosomal SNP microarray was ordered and showed
three novel interstitial copy number variations involving
chromosomes 4 and 11. Follow up G-banding and FISH
analysis showed a complex karyotype involving multiple
rearrangements between chromosomes 4, 11, 13 and X
consistent with a catastrophic genome wide event to be
discussed in greater detail below.
The proband was re-evaluated by Clinical Genetics at
27 months of age. Growth parameters were notable for
a weight of 6.485 kg (< 1%; Z = − 7.78), a length of 72 cm
(< 1%; Z = − 4.31), and a head circumference of 40.5 cm
(< 1%; Z = − 4.76). Physical examination was notable for
brachycephaly, prominent sagittal sutures, proptosis with
inability to fix or follow, blue sclera, thin skin with prominent veins, sparse hair, and severe hypotonia. Clinical
course had evolved to include obstructive sleep apnea
with nocturnal CPAP dependence improved by tonsillectomy and adenoidectomy, optic atrophy with preserved
visual responsiveness, conductive hearing loss status post
bilateral myringotomy tube placement, tethered cord
status post release, anemia, thrombocytopenia, hepatosplenomegaly, milk protein intolerance, severe failure to
thrive with G-tube dependence, severe global developmental delay, and self-injurious behavior. Additionally,
she had Kawasaki disease complicated by dilation of the
aortic root, ascending aorta, and coronary arteries. Due
to proptosis and prominent sagittal sutures, she was evaluated by Plastic Surgery, and was found to have multisuture craniosynostosis involving the sagittal and coronal
sutures.
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At 5 years of age, the proband presented with a weight
of 12.6 kg (1%; Z = − 3.08), a length of 89.5 cm (< 1%;
Z = − 4.08), and a head circumference of 47 cm (< 1%;
Z = − 2.39). Physical examination was unchanged, with
mild proptosis, down-slanting palpebral fissures, absent
fixing and following, hypertelorism, and severe hypotonia (Fig. 1). Her clinical course had evolved to also
include chronic constipation with normal barium enema,
recurrent C. difficile infection, chronic, patchy inflammatory changes with duodenitis on colonoscopy and
esophagogastroduodenoscopy, TPN dependence, postprandial hypoglycemia with a normal metabolic evaluation, chronic aspiration, oral aversion, chronic otitis
media status post bilateral myringotomy tube placement,
mild-moderate conductive hearing loss requiring hearing
aids, and abnormal EEG showing diffuse and focal cerebral dysfunction with no seizures.
Clinical molecular testing

Chromosomal microarray analysis revealed a 9.76 Mb
pathogenic deletion within 4p16.1p15.32 [chr4(GR
Ch37):g.7,145,249–16,906,388] located distal to the
Wolf-Hirshhorn critical region at 4p16.3. The microarray analysis also demonstrated an 881 Kb deletion
of unknown significance within 4q31.1 [chr4(GRCh37
):g.140,115,744–140,996,427], and a 711 Kb deletion of
unknown significance within 11q22.1q22.2 [chr11(GRC
h37):g.101,524,246–102,235,141] (Additional file 1: Figure S1A). No copy number changes were observed on
chromosomes 13 and X (Additional file 1: Figure S1B).
Follow-up karyotype and FISH suggested a complex
chromosomal rearrangement involving chromosomes 4,
11, 13 and X, consistent with a likely chromoplexy event
(Fig. 2). FISH suggested that derivative chromosome 4

Fig. 1 Facial photograph of the studied proband with complex
chromosomal rearrangements showing mild proptosis,
down-slanting palpebral fissures, and hypertelorism
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consistent with 46,X,der(X)(Xpter- > Xq27::4p16.1- > 4p
ter),der(4)(Xqter- > Xq27::4p15.3- > 4q12::13q31- > 13q
ter),der(11)(11pter- > 11q25::4q13.1- > 4q26:),der(13)(1
3pter- > 13q31::4qter- > 4q27::11q25- > 11qter),
Research genome sequencing

Fig. 2 Cytogenetic analysis of chromosomes demonstrating a
complex chromosomal rearrangement in 4 chromosomes more
consistent with a chromoplexy event

consisted of the centromeric region of chromosome 4
with material from Xq replacing 4p and material from
13q replacing 4q. The derivative chromosome 11 contained material from the middle of 4q in place of 11q.
The derivative chromosome 13 contained the telomeric
region of 4q in inverted orientation as well as the telomeric portion of 11q in place of the 13q telomeric region.
The derivative X-chromosome contained the telomeric
region of 4p in place of the Xq telomeric region (Fig. 2
and Additional file 1: Figure S2). The karyotype was

To map the exact breakpoints of the putative deletions detected by the clinical chromosomal microarray analysis, we performed short-read WGS analysis of
the proband and her parents. The average sequencing
depth was 28.1x, 26.2x, and 30.2x for proband, mother,
and father, respectively. SV calling based on read depth,
paired-end read discordance, split-reads, and assembly
approaches extended the 9.76 Mb deletion and PCR/
Sanger sequencing precisely determined that the deletion is chr4(GRCh37):g.7,145,092–16,910,359 with blunt
ends at the breakpoint (Fig. 3). The two smaller deletions
of unknown significance at 4q31.1 and 11q22.1q22.2
were not detected by three algorithms (Lumpy, Manta,
and Wham). We then manually reviewed the depth of the
whole genome level plotted by using kpPlotBAMDensity in an R package karyoploteR. The 9.76 Mb deletion
of 4p16.1p15.32 and the deletion at 4q31.1 were evident on the proband’s depth plot (Fig. 4a, upper panel),
but not the deletion at 11q22.1q22.2 (data not shown).
This prompted us to pursue an independent chromosomal microarray analysis with Illumina Infinium Global
Screening Array, which did confirm the two smaller deletions (Fig. 4a, lower panel; and Fig. 4b).

Fig. 3 PCR analysis confirmed the de novo pathogenic 9.76 Mb deletion and Sanger sequencing precisely mapped the breakpoints
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Fig. 4 Copy number variation analyses through depth analysis of the whole genome sequencing data and chromosomal microarray analysis. a
Whole genome depth analysis suggested two de novo deletions that were confirmed by chromosomal microarray analysis. b Plot of log R ratio and
B allele frequency showing the smaller deletion at 11q22.1q22.2

Breakpoint mapping of complex rearrangements
at nucleotide resolution

To obtain detailed insights into the complex rearrangements suggested by the karyotype and FISH
analyses and to identify possible genetic candidate(s)
for the patient’s unusual clinical phenotype, we comprehensively analyzed the putative de novo structural
variations (SVs) from the trio WGS data. SV calling based on multiple approaches suggested six additional deletions, seven duplications, one inversion, six
interchromosomal translocations, and 18 one-sided
inversion break ends, all de novo in the proband. Interestingly, the majority of these structural rearrangements (5/6 deletions, 7/7 duplications, 1/1 inversion,

6/6 interchromosomal events, and 12/18 one-sided
inversion break ends) involved chromosome 4 and
overlapped substantially at 4p15 and 4q31q35. Since
short-read WGS analysis successfully identified relatively precise breakpoints, PCR/Sanger sequencing was
subsequently performed to further clarify these overlapping events. Remarkably, all putative structural rearrangement events, except two (n = 30), were confirmed
at the nucleotide level with patient-specific PCR products (Additional file 1: Figure S3 and Additional file 1:
Table S1) in 37 successful PCR/Sanger assays, revealing
56 breakpoints in total. Including the six breakpoints
generated by the three aforementioned deletions,
the patient has 62 breakpoints, with 68% (42/62) of
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breakpoints affecting chromosome 4 and spanning the
entire chromosome, indicating far greater complexity than what was revealed by karyotyping and FISH
analyses.
Many of the putative chromosome 4 SVs overlapped
substantially, and this is incompatible with the diploid
genome. We then reviewed the genome depth plot and
alignment for these so-called putative deletions and
duplications by the SV calling algorithms and identified
no supportive depth drop or evidence of gain (data not
shown), suggesting that the breakpoints were not forming conventional SVs, but rather indicative of intrachromosomal and interchromosomal recombinations.
All of the 58 Sanger confirmed breakpoints had
either blunt ends or 1–4 bp microhomology sequences
with two small insertions (1 and 52 bp) (Additional
file 1: Figure S3). All of these breakpoints tended not
to cluster at a certain location of the affected chromosome, and the majority of rearrangements led to minimal copy number changes, suggesting that breakpoints
were resolved through non-homologous end-joining,
consistent with the known mechanism of chromoplexy.
We identified 16 protein-coding genes disrupted by
at least 1 breakpoint, 8 of which are associated with
human disease (Additional file 1: Table S2) Among
them, only SRP72 and SGMS2 are associated with autosomal dominant inheritance; however, both genes have
a pLI score inconsistent with haploinsuffciency, and
the associated phenotypes (bone marrow failure syndrome and calvarial doughnut lesions with bone fragility) have no overlap with our proband (Additional file 1:
Table S2). Four gene fusions were identified with three
of those fused genes being fused in an incompatible
orientation, and thereby unlikely to have a stable RNA
transcribed, leaving only one candidate with compatible orientation, a ALKBH8-BIRC2 fusion. The function
of such a fusion protein is unknown.

Discussion
Here we describe a 5-year-old female with severe developmental delay, growth failure, dysmorphic features,
and craniosynostosis found by karyotype, microarray,
FISH, and genome sequencing to have three microdeletions and multiple intra- and inter-chromosomal recombinations consistent with a catastrophic chromoplexy
event involving at least 4 chromosomes. Careful mapping of her breakpoints demonstrated multiple blunt
end breaks with small insertions, suggesting that nonhomologous end joining was the mechanism underlying
the genome breaks, consistent with our understanding
of chromoplexy. While many of her translocations are of
unclear clinical significance, her interstitial deletion of
4p16.1p15.32 is classified as pathogenic.
Deletions involving the short arm of chromosome 4
result in at least two clinically distinct syndromes: WHS
caused by heterozygous deletion of a 165 Kb critical
region (minimum) within 4p16.3 characterized by dysmorphisms, seizures, growth failure, and global developmental delay, and interstitial 4p deletion syndrome
involving a genomic region proximal to the WHS critical
region characterized by distinct dysmorphic features and
developmental delay with normal growth parameters.
Our patient’s 4p deletion does not overlap with the WHS
critical region, but does include the proximal 4p interstitial deletion critical region, and this likely explains some
of her dysmorphic features and developmental delay
(Table 1). Of note, growth failure and craniosynostosis
are not features of the proximal 4p deletion syndrome.
To better understand the molecular basis of our
patient’s phenotype we performed genome sequencing
to more accurately define the breakpoints and rearrangements of genes and regulatory regions. A likely candidate
was our patient’s deletion at 4q31.1, which includes seven
genes (MGARP, NDUFC1, NAA15, RAB33B, SETD7,
MGST2, and MAML3). Since the initial clinical array
was performed, haploinsufficiency of NAA15 has been

Table 1 Phenotypic features of 4p interstitial deletion syndrome compared to our patient with 4p15.32p16.1 deletion
Clinical features

4p interstitial deletion syndrome

4p15.32p16.1 deletion (current patient)

Developmental delays

Mild to severe

Severe

Hypotonia

10/13

Yes, severe

Tall thin body habitus

5/10

Thin and short stature

Microcephaly

2/12

Yes

Large beaked nose

8/12

No

Long face

6/12

No

Upslanting palpebral fissures

5/12

Down-slanting palpebral fissures

Hypertelorism

4/12

Yes

Craniosynostosis

1/13

Multi-suture
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associated with an autosomal dominant Mendelian neurodevelopmental syndrome (MIM 617787) characterized by variable levels of intellectual disability with global
developmental delay and autism spectrum disorder [4,
18]. We therefore reclassify the patient’s 4q31 deletion as
pathogenic and suggest that it contributes to our patient’s
global delays (Table 2).
The
patient’s
deletion
[chr11(GRCh37
):g.101,524,246–102,235,141] at 11q22.1q22.2 includes
six protein-coding genes (ANGPTL5, CEP126, CFAP300,
YAP1, BIRC3, and BIRC2). YAP1 has been associated
with autosomal dominant coloboma with variable penetrance (MIM 120433), and has a pLI score of 1. Associated phenotypes include isolated ocular coloboma
with variable penetrance or coloboma with sensorineural hearing loss, cleft lip/palate, and learning difficulties
[22]; however, YAP1 gene deletion has been reported in
a healthy subject [23], and review of our internal SNP
microarray dataset (> 21,000 individuals) revealed two
other healthy subjects harboring heterozygous deletions of the YAP1 gene (data not shown). Thus, we consider the deletion at 11q22.1q22.2 a variant of uncertain
significance.
Our patient has two large, pathogenic deletions, and
it is possible that her severe phenotype relates to a compound effect of both variants. Additive effects of multiple genetic hits have been described for ciliopathy
syndromes, hearing loss, and neurodevelopmental disorders; however, in most cases phenotypes are exacerbated
by dual hits, but they are not altogether novel, as is the
case in our patient. We used short-read genome sequencing and extensive Sanger sequencing to identify critical
regulatory regions or novel breakpoints to explain our
patient’s atypical phenotype and identified greater than
60 breakpoints across 4 chromosomes with multiple gene
fusions and complex rearrangements. Though no distinct
causal gene was identified, these methodologies established a higher resolution map of our patient’s genomic

rearrangements and revealed far greater complexity than
that ascertained by clinical testing. The complexity of our
patient’s chromoplexy event and its resolution may ultimately be the explanation for her unique phenotype of
growth failure and craniosynostosis. For example, genes
associated with these phenotypes may be dysregulated
without being disrupted by a breakpoint. Structural rearrangements, including complex chromosomal rearrangements, have been shown to dysregulate gene expression
through disruption of three-dimensional chromatin
interactions, or topologically associating domains [9, 16].
We queried the ENCODE data to assay for three-dimensional CTCF-bound topologically associated domains
(TAD) for these 62 breakpoints and identified one breakpoint that occurred in a cis-regulatory element (ccRE;
ENCODE accession number EH38E2348238). This ccRE
has a maximum CTCF Z score of 4.17, highly suggestive
that it has CTCF-bound insulator property. Nearby protein-coding genes include CDKN2AIP, ING2, CLDN24,
WWC2, CLDN22, RWDD4, TRAPPC11, STOX2, DCTD,
TENM3, ENPP6, and IRF2. Though many of these genes
are involved in growth and cell cycle regulation, further
evaluation of the possible contribution of this ccRE to the
phenotype is needed.
We noted that several genes on chromosomes 4 and
11 have been associated with craniosynostosis, including FGFR3, WDR19, PPP3CA, SEC24D, SOX6, ALX4,
and B3GAT3. Analysis of the mRNA gene expression
or protein levels of these genes in the relevant patient
cells compared to control samples in combination with
ccRE analysis may be revealing for her craniosynostosis
phenotype.
Our study has several limitations. We did not perform
PacBio long-read genome sequencing, optical mapping,
or mate-pair short-read genome sequencing, which, if
combined with molecular cytogenic techniques, may
have provided additional delineation of the structure
of the derivative chromosomes or identified additional

Table 2 Phenotypic features of NAA15-related neurodevelopmental syndrome compared to our patient with 4q31.1 deletion
Clinical features

NAA15-related neurodevelopmental syndrome

4q31.1 deletion (current patient)

Developmental delays

Always, mild to severe

Severe

Hypotonia

Sometimes

Yes, severe

Microcephaly

Rare

Yes

Seizures

Sometimes

No

Autism

Frequent

Self-injurious behavior

Heart defects

Sometimes

Yes

Hypertelorism

Rare

Yes

Posteriorly rotated ears

Sometimes

Yes

Triangular chin

Frequent

Yes
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breakpoints. Importantly, previous studies demonstrated
that Illumina short-read paired-end sequencing is very
comparable to other platforms in terms of number of
breakpoints and base pair resolution [7, 8]. Additionally,
short-read genome sequencing analysis based on splitread, depth, and assembly methods was unable to identify the small deletions on chromosomes 4 and 11. This
was overcome by concurrent use of cytogenetic assays
(including FISH and SNP microarray), highlighting the
importance of multiple, synergistic approaches when
evaluating complex patients and characterizing complex
chromosomal aberrations.
In summary, we present a case of a complex genomic
rearrangement causing severe neurodevelopmental delays
and growth failure in a young child. Our results suggest
that the use of short-read paired-end genome sequencing
can help resolve individual breakpoints and better establish the molecular etiology of patient phenotypes.
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