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Abstract
Background  Chromosomal inversions are underappreciated causes of rare diseases given their detection, 
resolution, and clinical interpretation remain challenging. Heterozygous mutations in the MEIS2 gene cause an 
autosomal dominant syndrome characterized by intellectual disability, cleft palate, congenital heart defect, and facial 
dysmorphism at variable severity and penetrance.

Case presentation  Herein, we report a Chinese girl with intellectual disability, developmental delay, and congenital 
heart defect, in whom G-banded karyotype analysis identified a de novo paracentric inversion 46,XX, inv(15)(q15q26.1) 
and other conventional approaches including chromosomal microarray analysis and whole exome sequencing were 
failed to detect any pathologic variants that can explain the phenotypes of the proband. Subsequently, long-read 
Nanopore sequencing was directly conducted and defined the breakpoint position of the inversion, disrupting the 
MEIS2 gene at intron 8. These breakpoints were also confirmed by Sanger sequencing.

Conclusions  In conclusion, we report the first chromosomal inversion disrupting the MEIS2 gene, which was 
fine-mapped by long read Nanopore sequencing. Our data not only expand the clinical spectrum of MEIS2-caused 
syndromic developmental delay, but also illustrate the value of long-read sequencing in elucidating the precise 
genetic etiology of patients with relatively nonspecific clinical findings and chromosomal inversion that are beyond 
the resolution of conventional approaches.
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Background
Chromosomal inversions are a unique class of structural 
variation (SV) that occurs as a result of intrachromo-
somal breakage and reunion of segments in the opposite 
orientation. Apart from an increased risk for miscar-
riages, inversions are traditionally considered as genomic 
polymorphisms without apparent phenotypic conse-
quences because inversion carriers have no overall gain 
or loss of genetic material [1]. However, emerging evi-
dence indicates that SVs, including inversions, are under-
appreciated causes of rare diseases given their detection, 
resolution, and clinical interpretation remain challenging 
[2]. Therefore, identification of pathogenic SVs will result 
in an increased diagnostic rate of rare diseases, thereby 
improving genetic counseling, management, and progno-
sis of these conditions.

Traditionally, inversions were detected by conventional 
karyotype analysis, but this approach has a limited reso-
lution of approximately 5–10 Mb [3]. Routine molecular 
approaches including chromosomal microarray analysis 
(CMA) and exome sequencing (ES) cannot detect most 
inversions because they are copy-number neutral and 
their breakpoints usually located in non-coding regions 
[4]. The emergence of whole genome sequencing (WGS) 
has the potential to detect inversion events, but it suf-
fers from relatively high false positive and false negative 
rates [5]. More recently, the long-read sequencing tech-
nologies, such as Oxford Nanopore, Pacific Biosciences 
(PacBio) and optical genome mapping have allowed a 
further increase in the sensitivity of inversion detection 
[6].

Herein, we described a Chinese girl with syndromic 
developmental delay and a paracentric inversion. To 
experimentally dissect the genomic architecture of this 
inversion, and to explore whether genes involved in the 
inversion contributed to the clinical phenotype of this 
patient, multiple approaches including karyotype analysis 
(G-banding), nanopore-based long-read sequencing, and 
Sanger sequencing were used in this study. The conver-
gence of experimental approaches enabled the charac-
terization of this inversion to the DNA base-pair level of 
resolution, disrupting the coding sequencing of the Meis 
homeobox 2 (MEIS2) gene and explaining the clinical 
phenotype in this patient.

Case presentation
The proband (Fig.  1A), a 5-year-old girl, was born to 
healthy nonconsanguineous Chinese parents at 36 weeks 
of gestation via cesarean operation because of oligohy-
dramnios and abnormal fetal heart rate. Her birth length 
is 41 cm (-5.1 SD), and her birth weight is 1.95 kg (-3.5 
SD). She was transferred to the neonatal intensive care 
unit because of premature birth and underwent an oper-
ation for ventricular septal defect closure, patent ductus 

arteriosus and tricuspid annuloplasty at 3 months after 
birth. On examination at 4 years and 3 months of age, her 
weight was 10  kg (-3.2 SD), her height was 95  cm (-2.5 
SD), and her occipitofrontal head circumference 47  cm 
(-2.0 SD). She exhibited a moderate facial dysmorphism 
with short stature, broad forehead, arched eyebrows, 
sparse eyebrows deeply set eyes, and large and low-set 
ears (Fig. 1B). She had delayed motor development, intel-
lectual disability, learning difficulties with poor speech 
and irrelevant answers. Additional biochemical assays 
and neonatal genetic metabolic disease screening were 
normal.

After consultation with a clinical geneticist, conven-
tional chromosomal G-banding karyotype analysis and 
chromosomal microarray analysis (CMA) were per-
formed. As a result, karyotype analysis identified a bal-
anced paracentric inversion, 46, XX, inv (15)(q15q26.1) 
in the proband (Fig. 1C), and no gain or loss of genetic 
material was resolved by using a high-resolution 750  K 
array (data not shown). Her parents showed normal 
CMA and karyotype results. Next, trio-whole exome 
sequencing (trio-WES) was carried out, but no pathoge-
netic/likely pathogenic single-nucleotide variant (SNV) 
or small insertion/deletion that can explain the pheno-
types of the proband were identified. Thus, this proband 
remained genetically undiagnosed.

In order to explore the potential genetic cause, a long-
read Nanopore whole genome sequencing was performed 
on this proband. Genomic DNA was extracted from 
peripheral blood samples using a QIAGEN genomic DNA 
extraction kit (Cat#13323, QIAGEN, Hilden, Germany) 
and quantified using a Qubit 3.0 Fluorometer (Invitrogen, 
Carlsbad, CA, USA). Subsequently, long DNA fragments 
were size selected using the BluePippin system (Sage Sci-
ence, Beverly, MA, USA). Whole-genome libraries were 
prepared using the Ligation Sequencing kit 1D (SQK-
LSK109, Oxford Nanopore Technologies, ONT, Oxford, 
UK) in accordance with the manufacturer’s instructions. 
The libraries were then loaded into R9.4(1D) flow cells 
and sequenced on the PromethION sequencer (ONT). 
Then Guppy (version: 2.0.8) was used to perform base-
calling on fast5 files to generate FASTQ format files. Raw 
data collected as FAST5 files were converted to FASTQ 
format using guppy 4.5.3 (ONTs). Base-called data pass-
ing quality control (quality score ≥ 9) was aligned to the 
hg19 human reference genome using Minimap2 (ver-
sion 2.17) (github.com/lh3/minimap2). SVs were called 
with Sniffles (version 1.0.11) (github.com/fritzsedlazeck/
Sniffles), and the major types of SVs included dele-
tion, insertion, duplication, inversion, and transloca-
tion. Further annotation of SVs was carried out using 
ANNOVAR (github.com/WGLab/doc-ANNOVAR), 
combining public databases such as Chinese SVs data-
base, 1,000 Genome Phase 3 DGV gold standard CNV 
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dbVar nstd37 and DECIPHER. As a result, an average 
sequence depth of 15× was achieved. A total of 38,184 
SVs including 6,439 translocations and 1,542 inversions 
was identified. After filtered out nonpathogenic SVs with 
the 405 unrelated Chinese individual database, a total of 
1,494 SVs including 28 inversions was obtained (Fig. 2A). 
These 1,494 SVs were annotated with AnnotSV 3.0.9 and 
filtered out with OMIM database, and a total of 44 SVs 
were obtained, including 12 deletions, 18 insertions, 5 
inversion and 9 translocations (Fig. 2B). Among these 44 
SVs, 50 breakpoints affecting 45 genes were further ana-
lyzed to confirm whether the clinical phenotypes caused 
by these genes were consistent with those of the proband. 
We found that 12 genes were associated with delayed 
motor development and mild intellectual disability and 
4 genes were associated with in heart disease. Then, we 

used the Integrative Genomics Viewer (IGV) program 
to eliminate probable false-positive SVs, and 38 genes 
were excluded. Finally, 7 genes were identified, including 
SAR1B (OMIM 246700), MEIS2 (OMIM 600987), PNPT1 
(OMIM 608703), SDHC (OMIM 605373), LIPC (OMIM 
614025), TMEM38B (OMIM 615066) and GRID2 
(OMIM 616204). Based on the long-read sequencing, the 
paracentric inversion, 46, XX, inv (15)(q15q26.1) identi-
fied by G-banding karyotype analysis was confirmed as 
46,XX, inv (15)(q14q25.2). The inversion breakpoints 
were defined by chimeric reads mapping to 15q14 and 
15 q25.2, corresponding to position chr15: 37,279,864 
and chr15: 91,109,800 (hg19), respectively. This variant 
was finally characterized as follows: NC_000015.10:g.
[37279864_37279910del;37279911_91109796inv;9110
9797_91109800del]. The upstream junction disrupted 

Fig. 1  Clinical characteristics of the proband. (A) Photograph of the proband. (B) Karyotype analysis revealed a de novo paracentric inversion 46,XX, inv 
(15)(q15q26.1) in the proband
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intron 8 of the canonical NM_002399.4 isoform of the 
MEIS2 gene, and the downstream junction disrupted 
intron 2 of the canonical NM_022769.5 isoform of the 
CREB regulated transcription coactivator 3 (CRTC3) 
gene (Fig. 2C). The human MEIS2 gene, located on chro-
mosome 15q14, has been associated with intellectual 
disability, cleft palate, congenital heart defect, and facial 
dysmorphism at a variable severity (OMIM 600987) [7].

Figure  3A depicts a schematic representation of the 
inversion spanning 54  Mb on chromosome 15, and the 
predicted architecture of the paracentric inversion is 
shown in Fig. 3B. In order to confirm the inversion and 
its junctions at the single nucleotide level, specific prim-
ers were designed to amplify the junction sequences 
of the inverted allele, and the PCR products were ana-
lyzed by Sanger sequencing. As shown in Fig. 3C, Sanger 

Fig. 2  Analysis of the proband by nanopore-based long-read sequencing. (A) SVs identified by nanopore-based long-read sequencing before and after 
filtering. (B) Flow diagram of the genetic strategies for the proband. (C) Integrative genomics viewer (IGV) visualization of alignments of the Nanopore 
reads from the whole genome sequence analysis of the proband for chromosome 15
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Fig. 3  Fine mapping of the paracentric inversion 46,XX, inv (15)(q15q26.1) by nanopore-based long-read sequencing. (A) Screenshot of the genomic 
regions containing 46,XX, inv (15)(q15q26.1). (B) The upper-left image indicates schematic representation for the paracentric inversion, in which a chro-
mosomal segment is inverted in the opposite orientation. The red arrows denote the location of primers used for Sanger sequencing of breakpoints. The 
yellow arrow indicates the orientation of an un-inverted chromosome. In the upper-right image, the location of the paracentric inversion is highlighted 
in yellow. The below image denotes schematic diagram for the paracentric inversion. The black circles represent the breakpoints, and the yellow lines 
indicate the orientation of the paracentric inversion. (C) Sanger sequencing results for the PCR products including the breakpoints
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sequencing confirmed the breakpoint junctions called by 
Sniffles. Meanwhile, PCR assays using specific primers 
targeting the inverted allele did not yield any products in 
either parent (data not shown), suggesting that this is a 
de novo inversion in the proband. Furthermore, sequence 
alignments revealed a 48-bp microdeletion in the MEIS2 
gene (upstream junction) and a 4-bp microdeletion in the 
CRTC3 gene (downstream junction).

So far, a total of 11 mutations that truncate the MEIS2 
protein have been reported in 14 patients [7–12]. The 
clinical phenotypes and mutations of these patients are 
presented in Table 1. The most commonly described clin-
ical features in these reports were intellectual disability, 
cleft palate, and congenital heart defects. Other symp-
toms include delayed speech, psychomotor problems, 
autism, and fine arched eyebrows.

Discussion
Previous studies have identified several microdeletions, 
small insertions and deletions (indels), and SNVs in the 
MEIS2 gene that cause intellectual disability, cleft pal-
ate, congenital heart defect, and facial dysmorphism at 
variable severity and penetrance [8, 13]. In this study, 
we reported a novel paracentric inversion disrupting 
the MEIS2 gene. Because this is a large inversion greater 
than 57 Mb, the majority of conventional genetic analy-
ses failed to identify the inversion. By using the long-read 
sequencing, we successfully detected, mapped, and char-
acterized this unique inversion. Our strategies consist of 
G-banded karyotype analysis, chromosomal microarray 
analysis, whole exome sequencing, long-read sequencing, 
and Sanger sequencing, while long-read sequencing was 
proved powerful to detect new SVs that have not been 
identified by conventional genetic diagnosis methods.

Next generation sequencing (NGS) has been demon-
strated to be powerful in uncovering causative patho-
genic variants, thereby offering a cost-effective way for 
genetic diagnosis of monogenic diseases [14]. However, 
because of PCR-based and short-read sequencing tests, 
NGS is challenging to identify repeat expansion disor-
ders, and SVs if the breakpoints are located in repetitive 
sequences [15]. In contrast, long-read sequencing not 
only accurately identifies SVs and provides orientation 
and sequencing information of SVs, but also achieves sat-
isfying resolution in both exons and introns with repeti-
tive sequences [16]. In the present study, on the basis of 
the accurate breakpoint information, we were able to 
design a PCR assay to precisely map the inversion in the 
proband. In clinical practice, the guideline recommends 
that patients with pediatric genetic diseases should 
receive routine genetic tests, including G-banded karyo-
type analysis, CMA and WES. However, we suggest that 
long-read sequencing should be directly used to identify 
atypical variants if routine approaches proved in vain. Ta
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MEIS2 encodes a homeodomain-containing transcrip-
tion factor, which belongs to the highly conserved three 
amino acid loop extension (TALE) superfamily. Meis2 is 
widely expressed in multiple fetal tissues, including brain, 
hearts, forelimb buds and palatal shelves, and is critical 
for cranial and cardiac neural crest development [17]. 
Haploinsufficiency of the MEIS2 gene has been shown to 
cause intellectual disability, cleft palate, congenital heart 
defect, and facial dysmorphism at variable severity and 
penetrance [7–9, 18]. Different mutation types in the 
MEIS2 gene have been reported, including microdele-
tions, SNVs, and indels [13]. Generally, MEIS2 missense 
mutations are associated with more severe phenotypes 
than deletions, suggesting a possible dominant negative 
effect [19]. In this study, we reported for the first time a 
novel paracentric inversion completely disrupting the 
MEIS2 gene, which can explain the phenotypes of the 
proband. It has been reported that palate defects occur 
in 80% (16/20) patients with MEIS2 mutations, and 85% 
(22/26) in cases with microdeletion and duplication [13]. 
Herein, our patient didn’t have cleft palate, suggesting 
that a better definition of genotype-phenotype corre-
lation could be possible if a greater number of patients 
with MEIS2 mutations are available.

The expression analysis of MEIS2 may be beneficial 
to clarify the correlation between genotype and pheno-
type. However, the expression of MEIS2 could not be 
assessed in our patient because of highly degradation of 
RNA and proteins in archived blood samples. We have 
tried to re-recruit the proband, but the guardian of the 
proband refused test of intelligence scale for the proband 
and repeated blood draw. Thus, a limitation in our study 
is that the effects of the inversion on the expression of 
MEIS2 are unknown.

Conclusions
In conclusion, we used long-read sequencing to iden-
tify and characterize a paracentric inversion that evaded 
detection by G-banded karyotype analysis, CMA, and 
WES. This inversion disrupted the MEIS2 gene, and the 
clinical features of the proband were consistent with 
those of haploinsufficiency of the MEIS2 gene. Taken 
together, long-read sequencing may possess signifi-
cant value in elucidating the precise genetic etiology of 
patients with relatively nonspecific clinical findings and 
chromosomal inversion that are beyond the resolution of 
conventional approaches.
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