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ABSTRACT

Background: The 10q26 microdeletion syndrome (OMIM #609625) is a distinct genomic disorder characterized by a spectrum
of clinical features including craniofacial anomalies, developmental delay (DD)/intellectual disability (ID), hypotonia, cardi-
ovascular, and urogenital malformations. Despite the identification of critical regions within 10q26 linked to the syndrome's
phenotype, the specific genes responsible for the associated facial characteristics, microcephaly, cognitive issues, and growth
deficiencies remain elusive. Interstitial deletions at 10q25.3-q26.3 are rare, and their contributions to 10q26 microdeletion syn-
drome remain unknown.

Methods: We conducted trio-whole-exome sequencing (WES) on a fetus presenting with ventricular septal defect (VSD), aortic
span, intrauterine growth retardation (IUGR), and microcephaly. Variant classification was assessed according to the American
College of Medical Genetics and Genomics/Association for Molecular Pathology (ACMG/AMP) guidelines, and the causative
gene associated with cognitive phenotype was refined by means of smallest regions of overlap (SRO).

Results: A homozygous variant ¢.1544A>G (p.Tyr515Cys) in MMP21 and a large deletion at 10q26.13-q26.2 which unmasked
the homozygous mutation were identified in the proband. The maternally inherited 10q26.13q26.2 deletion was classified as
likely pathogenic, while the variant c.1544A>G was of uncertain significance (VUS) based on ACMG/AMP criteria. A critical
interval of approximately ~500kb implicating the involving genes DOCKI and INSYNZ2A (inhibitory synaptic factor 2A) in the
cognitive phenotype of 10926 microdeletion syndrome was refined.

Conclusion: This study introduces a recessive MMP2I mutation unmasked by a rare 10926.13q26.2 deletion via WES in a
Chinese fetus with congenital heart disease (CHD), IUGR, and microcephaly. We further refine INSYN2A as a potential can-
didate gene for cognitive phenotype in 10q26.1-q26.3 region. Our study also highlights the utility of WES for its advantage in
simultaneously analyzing both single nucleotide variants (SN'Vs) and copy number variants (CN'Vs) and provide a reference for
prenatal diagnosis and genetic counseling in patients with similar conditions.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is
properly cited.

© 2025 The Author(s). Molecular Genetics & Genomic Medicine published by Wiley Periodicals LLC.
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1 | Background

The 10926 microdeletion syndrome (OMIM #609625) is a rare
and clinically heterogeneous disorder, since its initial report
by Lewandowski et al. in 1963 (Lewandowski Jr et al. 1978).
Several 100 cases have been described. The deletions associated
with this syndrome typically ranged from 3.5 to 17Mb in size
and were often located at subterminal regions on chromosome
10 long arm (10q), and the most distal breakpoint observed
was at 10q25 (Piard et al. 2014; Yatsenko et al. 2009). Common
clinical features observed postnatally in affected individuals
include craniofacial anomalies, developmental delay/intellec-
tual disability (DD/ID), urinary tract abnormalities, cardiac
malformations, and neurodevelopmental deficits (Courtens
et al. 2006; Irving et al. 2003; Scigliano et al. 2004; Yatsenko
et al. 2009). Interstitial 10q26 deletions may exhibit similar
features, indicating that critical genes or regions within the
deleted segment likely contribute to the syndromic manifesta-
tions. Interstitial deletions at 10q25.3-q26.3 are rare compared
to 10q26 terminal deletions. To date, only a few 10q25.3q26.3
interstitial deletion cases with available microarray data
(Cherik et al. 2021; Choucair et al. 2015; Iourov et al. 2014;
Miller et al. 2009; Piard et al. 2014; Ramos et al. 2016; Tosur
et al. 2015; Yatsenko et al. 2009) have been reported. Due to
the variability in deletion size and the nonspecific nature of
clinical features, establishing a clear genotype—phenotype cor-
relation had been challenging. Thus, identifying interstitial de-
letion cases involving 10q26 region may help to narrow down
causal genes.

Several critical regions contributing to the specific phenotype
of 10q26 deletion syndrome have been proposed, including ID,
growth retardation, microcephaly, cardiac defects, and genital
anomalies (Cherik et al. 2021; Chitkara et al. 2011; Choucair
et al. 2015; Lin et al. 2016; Yatsenko et al. 2009). Many genes in
the 10926 region have been discussed in relation to this disor-
der, but the exact relationships remain unclear.

Studies suggest that copy number variants (CNVs) may con-
tribute to clinical phenotypes through a recessive mode of gene
action (Bedeschi et al. 2010; Egloff et al. 2018; Hochstenbach
et al. 2012; Schwartz et al. 2018). Several hypotheses
have been proposed to explain the phenotypic variability
between parents and offspring carrying the same genomic
imbalance, including unmasking of a recessive variant
by a chromosomal deletion (Egloff et al. 2018). Currently,
next-generation sequencing technologies, particularly whole-
exome sequencing (WES), provide a unique opportunity to
search for additional single nucleotide variants (SN'Vs) that
may contribute to the variable phenotypic expression of inher-
ited CN'Vs.

Herein, we present a rare maternal origin 10q26.13q26.2 inter-
stitial deletion unmasking a MMP2I recessive mutation in a
Chinese fetus with congenital heart disease (CHD), intrauter-
ine growth restriction (IUGR), and microcephaly. This finding
could help improve the recognition of genes involved in this
region and highlight the clinical utility of exome sequencing
in enabling the simultaneous detection of point mutations
and CN'Vs.

2 | Materials and Methods
2.1 | Ethical Compliance

This study was approved by the Medical Ethics Committee of the
Maternal and Child Health Hospital of Guangxi Autonomous
Region. Written informed consent was obtained from the family
for publication of their pertinent images included in this paper.

2.2 | DNA Extraction

The genomic DNA was extracted from the parent's blood and
their fetus tissue using QIAamp DNA Kit (Qiagen, Germany).
DNA concentration and quality were determined by Q-bit
(Thermo Fisher Scientific, Waltham, MA). Approximately
200ng of genomic DNA from each sample was randomly frag-
mented into 150- to 200-basepair length by ultrasonicator
(M220, Covaris).

2.3 | Whole-Exome Sequencing (WES)

WES analysis was performed at parent's request. DNA library
was constructed by Agilent SureSelect Human Exon V5 kit
(Agilent Technologies, Santa Clara, CA) according to the stan-
dard manufacturer's protocol. Sequencing was processed on
Illumina HiSeq X Ten System (Illumina Inc., CA) based on the
manufacturer's protocols. The sequencing reads were mapped
to the Genome Reference Consortium Human genome build
37 (GRCh37). The Genome Analysis Toolkit (GATK) was used
for variant calling. SN'Vs and insertion-deletions (indels) were
saved as VCF format files and uploaded to the online variation
annotation tool TGex (Life Map Sciences Ltd, Israel) for further
filtering and prioritizing. Common variants were filtered based
on the frequencies in the Exome Sequencing Project (https://
esp.gs.washington.edu), the 1000G (http://www.1000genomes.
org), GnomAD (http://gnomad-sg.org/), and local database. The
variant pathogenicity was assessed according to the American
College of Medical Genetics and Genomics/Association for
Molecular Pathology (ACMG/AMP) guidelines (Richards
et al. 2015).

2.4 | Variant Validation

Sanger sequencing was performed for the validation of
the MMP21 variants identified by WES. The primers for
the amplification of exonic regions of the MMP2I gene
(NM_14711.1) were designed by the UCSC ExonPrimer
(https://ihg.helmholtz-munich.de/cgi-bin/primer/ExonP
rimerUCSC.pl?2db=hgl19&acc=uc001liu.3), the specificity
and reliability of primers were evaluated by online UCSC
In Silico PCR. The primers designed for the candidate
variation (c.1544A>G) were listed as follows: Left (5’-3):
AAGAAGTTCAAGTCTAAAGAATTTGG, and right (5’-3'):
TCCGGTTTTCTTTGTAAACAGTATC. The primers were
synthesized by Invitrogen Biotechnology, Shanghai, China.
Polymerase chain reaction (PCR) analysis was performed
(Takara Biotechnology) and products were sequenced by
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Thermo Fisher Scientific, Guangzhou, China. Sequence align-
ment was performed by Chromos version 2.5.0. The deletion
detected by WES at 10q26 interstitial region was validated by
using Illumina HumanCytoSNP-12 v2.1 BeadChip (Illumina,
USA) for chromosomal microarray analysis.

3 | Results

3.1 | Clinical Information and Ultrasound
Findings

A 24-year-old, gravida 1, para 0 woman was first referred for ge-
netic counseling at 23 weeks of gestation due to detected fetal ab-
normalities on prenatal ultrasound. The woman presented with
mild ID, language impairment, short stature (145cm in height),
and polydactyly of the right hand. Unfortunately, she could not
provide information about her pregnancy, birth weight, birth
height, and head circumference due to her cognitive conditions.
Her husband was 32years of age and healthy. Prenatal ultra-
sound revealed a ventricular septal defect (VSD) (Figure 1), and
subsequent examinations indicated ITUGR and microcephaly.
Umbilical cord blood sampling was performed for this preg-
nancy and WES was performed at family's request. The woman
opted for terminating of pregnancy (TOP) in another hospital
and postnatal autopsy was unavailable.

3.2 | Variant Analysis and Validation
A large heterozygous deletion at  10q26.13-q26.2

(chr10:124810583-129250903) was revealed in both the fetus
and the mother through trio-WES, indicating that this deletion

a — C
B D
c.1544A>G chr10:124810583-
p-Tyr515Cys 129250903x 1

I
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was maternal origin. This deletion can be classified as likely
pathogenic. Simultaneously, an apparent homozygous missense
variant ¢.1544A>G/p. Tyr515Cys in MMP21 gene in this fetus
was identified, this variant was reported as a single nucleotide
polymorphism (rs370620506) in the dbSNP database and can be
classified as a variant of uncertain significance according to the
ACGM/AMP guidelines. The homozygous mutation is actually
a hemizygous mutation unmasked by the heterozygous deletion,
trio-WES revealed that variant c.1544A>G was inherited from
the father and validated by Sanger sequencing (Figure 1). No
other candidate variants matched with known phenotypes for
the fetus and the mother were extracted.

4 | Discussion

The MMP21 gene (OMIM #608416) encodes a member of the
matrix metalloproteinase family and plays a crucial role in var-
ious physiological and pathological processes (Oh et al. 2017;
Zhao et al. 2014). Mutations in MMP21 are linked to early em-
bryonic development disorders, including HTX7 (autosomal
visceral heterotaxy-7, OMIM #616749), HTX (Heterotaxy syn-
drome), and CHD (Guimier et al. 2015). Previous studies have
reported homozygous or compound heterozygous MMP21 mu-
tants in patients with HTX (Guimier et al. 2015; Li et al. 2019;
Liu et al. 2020; Yuan et al. 2020), indicating that biallelically
damaging variants of MMP2I are significant in the left-right
patterning of HTX. Zhuang-Zhuang Yuan et al. reported a non-
sense MMP21 variant (c.G496T, p.G166*) causing Dextrocardia
and CHD in a Han Chinese Patient (Yuan et al. 2020), Xi-ji Qin
et al. identified three MMP21 heterozygous missense variants,
c.731G>A (p.G244E), c.829C>T (p.L277F), and c.1459A>G
(p-K487E) in three unrelated Chinese Han patients with HTX
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FIGURE 1 | The ultrasound images and the identification of the variants involving MMP21. (a) Pedigree of family. The variant of MMP21,
NM_147191.1: c.1544 A>G in exon 7 in the proband was inherited from the father (c) and confirmed by Sanger sequencing, the 10q26 deletion de-

tected by WES confirmed by CMA (d) was inherited from the mother. (b) ultrasonographic examination indicated fetal ventricular septal defect.
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| (Continued)

TABLE 1

Cherik
et al. (2021)

Tosur
et al. (2015)

Piard Tourov Choucair Ramos
et al. (2014) et al. (2015) et al. (2016)

et al. (2014)

Miller
et al. (2009)

Yatsenko
et al. (2009)

Present study

Total

Clinical

Mother

12 Proband

Case 2

Case 1

Case3 Case 4 Case 5 Case4

Case 1

findings

Other anomalies

Na

Na

3/5

Na Na

Na

Na Na Na

Na

Urinary tract/

renal anomalies

Na

Na

6/9

Na Na

Na

Genital

anomalies

Na

4/6

Na

Na

Na

Na

Hearing loss

Na

Na

3/7

Na

Na

Mild

Na

CNS

malformations

6/7 Na

Na

Na

Na

Na

Na

Hypotonia

Abbreviations: —, feature absent; +, feature present; ASD, atrial septal defect; CNS, central nervous system; DD, developmental delay; ELV, enlarged left ventricle; GA, gestational age; ID, intellectual disability; IUGR, intrauterine

growth retardation; M, moderate; m, month; na, not available; PDA, patent ductus arteriosus; VSD, ventricular septal defect; w, week; y, year.

aDeletion intervals were shown according to the human Feb. 2009 (GRCh37/hg19) assembly.

and complex CHD. Functional analysis indicated that the under-
lying mechanism of HTX and CHD may not be the haploinsuffi-
ciency of MMP21, although loss of function in MMP21 can cause
the phenotypes of situs inversus with CHD in mice with chem-
ically induced missense mutations c.677T>C, p.(Ile226Thr) or
p-(Ala321Pro) (Qin et al. 2022). The clinical heterogeneity of
MMP21-related diseases was evident, with cardiovascular man-
ifestations indicating the multifunctional properties of MMP21.
The fetus we presented here exhibited VSD, not meeting the core
phenotype of HTX. Furthermore, the variant (c.1544A>G/p.
Tyr515Cys) in MMP21 was a VUS, at the time of the interpre-
tation, there was not sufficient evidence to determine whether
the variant was related to disease or not. However, attributed
to the presence of a large deletion occurring on the homologous
chromosome, the recessive variant became unmasked and the
involvement in this patient's phenotype might not be excluded
regarding the high heterogeneity of MMP2I-related disorders.

Interstitial deletions at 10q25.3-q26.3 are rare. To date, only a
dozen cases of 10g25.3-q26.3 interstitial deletion with available
microarray data have been documented in the literature from
our observation (Cherik et al. 2021; Choucair et al. 2015; Iourov
et al. 2014; Miller et al. 2009; Piard et al. 2014; Ramos et al. 2016;
Tosur et al. 2015; Yatsenko et al. 2009). We listed the clinical
feature of 10q25.3-q26.3 interstitial deletion cases in Table 1.
Neurologic anomalies are the most consistent feature observed
across all reported patients, followed by other common fea-
tures including craniofacial dysmorphism, genital anomalies,
hypotonia, hearing loss, CNS malformations, urinary tract/
renal anomalies, growth retardation, cardiovascular anoma-
lies, and limb anomalies. The collective data support the notion
that more than one critical region is responsible for the variable
clinical presentation of 10q26 deletion syndrome. Additionally,
VSD was relatively low in frequency (0/10) in 10925.3-q26.3 in-
terstitial deletion patients, this might be attributed to the small
number of cases reported and a lack of sufficient details, more
cases would be needed to quantify the prevalence. Our findings
provide a rare reference for prenatal diagnosis and genetic coun-
seling for families identified in the future.

Several critical regions have been proposed to contribute to
the specific phenotype of 10q26 deletion syndrome (Figure 2,
blue bars). Choucair et al. proposed a critical region between
122878779 and 124082152 for the facial characteristics, ID,
growth retardation, and microcephaly. This region contains
five protein-coding genes (ATEI, BTBDI6, FGFR2, NSMCE4A,
TACC2), but it remained unclear which gene or combination of
genes is responsible for these features. They further narrowed
down the critical to a ~930-kb interval at 10q26.12 between
121946873 and 122878779, which encompasses two genes,
PPAPDC1A and WDRII, implicated in genital abnormalities
(Choucair et al. 2015). Yatsenko et al. proposed a ~600-kb re-
gion involving the C100rf90 and DOCK1 genes associated with
craniofacial dysmorphism, CHD and DD/ID. The DOCK1 gene
was considered as a candidate gene in the pathogenesis of car-
diovascular phenotype (Yatsenko et al. 2009). Florian et al. sug-
gested that haploinsufficiency of DOCK1 was the primary cause
of 10g26.2 microdeletion syndrome (Cherik et al. 2021).

The proband's mother harbored a deletion overlapping with
the interstitial deletion in Cherik's patients, which included the
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chro (q25.1-926.3) [ [ITRE p13 | [926.3]
Scale 10 Mb| | hg19
chr10 115,000,000/ 120,000,000] 125,000,000/ 130,000,000/ 135,000,000/
10g26 interstitial deletion reported
Yatsenko_2009_c
Florian_2021_proband
Florian_2021_proband_Mother
10g26 Critical Region proposed
Sex_determination *
Genital_anomalies [ ]
ID_growth_microcephaly | ]
Craniofacial_cardiac_neuropsychiatric
Cognitive_phenotype
Cognitive phenotype Region refined
ognit enotype
UCSC Genes (RefSeq GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)
smca| Tecte| aDRB1|  GFRATH cAsczl TAL1|  FGFRz| PSTK| OATr C100r30 H MGMT|H  PPP2R2D|  DUX4|
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XPNPEP1 GPaM)  MIRz1101  GFRATH PLPP4f)  HTRA1] OAT| pockl H EBF3 || BNIPS |
XPNPEP1 GPaM)  TDRD1| GFRa1H BaG3| FGFRzp BuB3| cterz| Dpocki HiH MIR4297 | PPP2R2D |
XPNPEP1 GPaM|  TDRD1{ PNLIPRP3| PRLHR|  PLPP4lf DmBT1]  LHPP Y_RNA | EBF3|  JakmIP3 |
XPNPEP1 GUCY2GPI TDRD1| JAaB11286 Mir_584 PLPP4 [ pmeT1 | LHPP H{ DOCK1 | C100rf1431  JAKMIP3 |
XPNPEP1 | acsts| TORD1{  PNLIPRP1 cacuLin pLrraf|  omeTi | LHPP H INSYN2a | CTAGE7P|  JAKMIP3
[ acsts] TorD1|  PNLIPRP1|  cacuLt|  PLPP4f|  DMmeT1] LHPP INSYNZa | GLR><3| DPYSL4 |
I acsts| TDRD1|  PNLIPRP1| NANOS1) wDR11] cuzD1| Y_RNA GLRX3| s
ADD3 Y A \”m,LI PNLIPRP1 E|F3A| wOR11]  CuzD1| 2ZRaNB1| GLRX31 S G
apD3 | ACSLS | waz|  PNLIPRPZ | w cuzoi| zranet | sTK32C |
ADD3 ZDHHCE | :l PNLIPRPZ | cuzp1 | CTBP2 NKX6-2 |
ADD3 ZDHHCE 21 PNLIPRPZ 1 cuzo1 | CTBP2 TCERG1L H wnoc1]

FIGURE 2

| The schematic presentation referred to interstitial deletion at 10q26 region. Black bars: Cases with detailed size and location with

known coordinates of the deletion in the literature and our cases. Blue bars: Critical regions proposed for specific phenotypic features of 10q26 dele-
tion syndrome. Red bars: The cognitive phenotype region refined by smallest regions overlapped (UCSC Genome Browser, hg19).

DOCKI1 gene, the smallest overlapping region between these
cases excludes the involvement of NPS gene (OMIM # 609513)
in the cognitive phenotype (Figure 2, red bar). This allows for
the refinement of a ~500-kb critical interval for the cognitive
phenotype of 10926 microdeletion syndrome, which includes
only two coding genes, DOCK1 and INSYN2A (inhibitory syn-
aptic factor 2A). Although the DOCK1 gene has been proposed
as the major candidate gene in the 10q26 deletion syndrome
(Cherik et al. 2021), we suppose its pLI (probability of loss-of-
function intolerance) score (0) suggests that it is unlikely to
cause a dominant disease. INSYN2A (inhibitory synaptic factor
2A, OMIM #617129) encodes a postsynaptic density protein in-
volved in synaptic inhibition, it remains a protein of unknown
function, recently research has demonstrated that this protein
regulates postsynaptic inhibition in the newborn mouse brain
and could contribute to developmental brain disorders (Uezu
et al. 2016), it is predicted to be a haploinsufficient gene with
the pLI score of 0.91 (DECIPHER). Neither point mutations nor
chromosome aberrations exclusively affecting INSYN2A have
been reported to date. Indeed, the evidence above is anecdotal,
more cases and further functional research would be needed to
prove this hypothesis.

IUGR and microcephaly are among the conditions observed in
individuals with 10926 interstitial deletions (Table 1). It is possi-
ble that a fetus with this deletion may exhibit a mix of phenotype
associated with disorders linked to the MMP21 gene, in addition
to the characteristics of the 10q26 deletion syndrome itself. The
deletion's effect on the fetus could potentially unmask a variant
of the MMP21 gene, leading to cardiovascular anomalies. This
is suggested by the fact that the mother, who also carries the

deletion, did not display any cardiovascular issues during her
cardiac ultrasound examination. However, it remains uncer-
tain whether the cardiovascular phenotype in proband's mother
shows reduced penetrance, given that such anomalies are not
uncommon among patients with 10q25.3926.3 interstitial dele-
tions (Table 1).

Additionally, the specific deletion in question, spanning
chr10:124810583-129250903, was initially deemed to be
of uncertain significance according to the ClinGen CNV
Interpretation Scoring Rubric (https://cnvcalc.clinicalgenome.
org/cnvcalc/cnv-loss). This classification was made without
taking into account our cases. However, by incorporating pre-
viously documented cases, such as the DECIPHER patient with
the identifier 288544, along with the protein-coding RefSeq
genes present in the region, the cumulative score surpassing the
threshold deletion could be revised to a likely pathogenic effect.

In conclusion, we present a rare case of a heterozygous intersti-
tial deletion at 10q26.13-q26.2 that revealed a recessive variant
of the MMP21 gene. The ability to detect both large and small
SNV changes within 10g26 region underscores the value of
exome sequencing in clinical diagnostics. Our study advances
the understanding of the 10q26 deletion syndrome and disor-
ders related to the MMP21 gene. We further narrow down the
smallest critical region linked to cognitive phenotypes and re-
inforce the hypothesis that INSYN2A is a potential candidate
gene for DD/ID within this region. Further cases are needed to
confirm the genotype-phenotype correlation, and functional
analyses will be essential to better understand the underlying
mechanism.
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