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Abstract

Background Pure partial trisomy 16q12.1g22.1 is a rare chromosome copy number variant (CNV). The primary clini-
cal phenotypes associated with this syndrome include abnormal facial morphology, global developmental delay
(GDD), short stature, and reported predisposing factors for atypical behavior, autism, the development of learning dis-
abilities, and neuropsychiatric disorders. The dosage-sensitive genes associated with partial trisomy are not disclosed
preventing to establish a genotype-phenotype correlation.

Methods We report a case of a Chinese patient diagnosed with GDD and an abnormal facial shape, who was found
to have partial trisomy 16 through karyotyping and high-throughput sequencing analysis. Karyotype and CNV trac-
ing analyses were also conducted on the biological parents of the patient to assess for any chromosomal structural
abnormalities. Additionally, we included 29 patients with pure partial trisomy 16q, reported in the DECIPHER database
and the literature. We and performed a genotype-phenotype correlation analysis.

Results The proband, a 2-year-old female, was found to have a de novo 21.96 Mb duplication located

between 16q12.1922.1, with no other deletions observed on other chromosomes, indicating a pure partial trisomy

of 16q. Through genotype and phenotype analysis of 29 individuals, we found that patients with the duplicated
region located at the distal region of 16g may exhibit more severe symptoms than those with duplication at the proxi-
mal region; however, no relationship was identified between phenotype and the size of the duplicated segment.

Conclusion We report, for the first time, a patient with partial trisomy 16q validated by multiple genetic tests, includ-
ing CNV-seq, whole exome sequencing (WES), and karyotyping. It is speculated that partial trisomy of 16g may be
associated with continuous gene duplication. However, functional studies are necessary to identify the causative
gene or critical region linked to duplication syndrome of chromosome 16g.
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Introduction

Complete trisomy 16 is a common chromosomal dis-
order that often results in early fetal abortion, however
a few survivors with partial trisomy 16q which arises
from the duplication of the long arm of chromosome
16, have been documented [1, 2]. Patients who survive
with partial trisomy 16q typically present with multi-
ple organ system involvement, characterized by a core
phenotype that includes neurodevelopmental disor-
ders, short stature, and abnormal facial morphology;
abnormal heart morphology is observed in approxi-
mately half of the patients [3]. Previous studies have
identified two trisomy 16 related structural alterations:
(1) unbalanced translocations involving chromosome
16 and other chromosomes, and (2) pure partial tri-
somy 16. Among these, unbalanced translocations are
the most prevalent form observed in cases of partial
trisomy 16. Chromosome 16 comprises approximately
9.89% of duplicated sequence and features one of the
highest levels of segmentally duplicated sequences [4].
This complex structure contributes to chromosomal
instability, rendering long arm of chromosome 16 more
susceptible to rearrangements via nonallelic homolo-
gous recombination (NAHR) with neighboring intra-
chromosomal segmental duplications [5]. This explains
that partial duplication in the 16p11.2 region results
from chromosomal rearrangements of parental balance
during meiosis, which may also involve varying degrees
of deletion in other chromosomes. However, the patho-
genic mechanism underlying pure partial duplication of
16q has not been documented. The dose-sensitive genes
and the smallest regions of overlap (SROs) associated
with partial trisomy 16q remain unclear. Pure par-
tial trisomy 16q is an exceedingly rare condition, with
only seven individuals reported in the literature and 21
individuals documented in the DECIPHER database.
Nearly 50 years have elapsed since 1975, when the first
case of trisomy 16q was identified through karyotype.
With the rapid advancements in cellular and molecu-
lar genetics, a broader array of genetic tests has been
employed to diagnose various genetic disorders. We
present for the first time a case of pure partial trisomy
16q diagnosed via karyotyping and high-throughput
sequencing (CNV-seq combined with WES). Further-
more, we analyzed and summarized the genotypes and
phenotypes of 29 individuals documented in the DECI-
PHER database, as well as in the established literature
and our own study. All reported cases have been con-
firmed through chromosome karyotyping and/or chro-
mosomal microarray analysis (CMA). The study of pure
partial trisomy 16q cases offers a unique opportunity to
analyze the phenotypic effects of genomic diseases.
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Subjects and methods

The study was approved by the Institutional Ethics Com-
mittee of the Sichuan Provincial Maternity and Child
Health Care Hospital / Sichuan Provincial Woman’s and
Children’s Hospital (protocol code: 202300911-225 and
date:2023.09. 11).

Chromosomal karyotype analysis

A total of 0.5 mL of peripheral blood was inoculated in
a clean bench, followed by the addition of 5 mL of lym-
phocyte medium (BIOSCIENCES medium, Israel). The
sample was then placed in two independent constant
temperature carbon dioxide incubators for a double-line
culture over a duration of 72 h under sterile conditions.
The harvested cell suspension underwent drop slides and
dry slides, followed by staining with Giemsa solution for
chromosome scanning and karyotype analysis at the 500-
band level. Subsequently, the cells were counted using the
MetaSystems Ikaros Chromosome Automated Scanning
and Analysis System (ZEISS, Germany). A total of twenty
split metaphases were counted, and five karyotypes were
analyzed and described in accordance with the Interna-
tional System for Human Cytogenetic or Cytogenomic
Nomenclature 2020 (ISCN2020) standard.

Copy number variation sequencing

A total of 2 mL of peripheral blood was extracted, and
CNV-seq analysis was performed on the genomic DNA.
Genomic DNA was isolated from peripheral white
blood cells following the instructions provided with the
QIAamp DNA Blood Mini Kit (Qiagen, Hilden, Ger-
many). The genomic DNA was fragmented using an
ultrasonic interrupter (Covaris-S220, USA) in buffers
containing Tris and EDTA. The standard library con-
struction kit RNGS035 (MyGenostics, Beijing, China)
was utilized for DNA library preparation. High-through-
put sequencing was conducted using the Illumina
NovaSeq 500 platform (Illumina, San Diego, California,
USA), achieving a total depth of approximately 1X. The
results were compared against the human genome refer-
ence sequence (GRCh37/hgl9) to identify copy number
variations (CNVs). Additionally, comparisons were made
with several databases, including Online Mendelian
Inheritance in Man (OMIM, https://www.omim.org/),
the Database of Chromosomal Imbalance and Pheno-
type in Humans using Ensemble Resources (DECIPHER,
https://www.deciphergenomics.org/), the Database of
Genomic Variants (DGV, http://dgv.tcag.ca/dgv/app/
home), the Clinical Genome Resource (ClinGen, https://
www.clinicalgenome.org/), and the PubMed database
(https://pubmed.ncbi.nlm.nih.gov/). The pathogenicity of
the CNVs was classified according to the joint consensus
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recommendations of the American College of Medi-
cal Genetics and Genomics (ACMG) and ClinGen in
2020 [6].Karyotype and CNV analyses of the biological
parents were conducted to assess the presence of struc-
tural abnormalities and to further evaluate the risk of
recurrence.

Whole exome sequencing

Using the GenCap® whole exome gene capture probe
V6.0 (MyGenostics, Beijing, China), the whole exome
region of the DNA library was enriched. This was fol-
lowed by high-throughput sequencing on the Illumina
NovaSeq 500 after library construction. The sequencing
data were aligned to the GRCh37/hg19 human reference
genome using BWA v0.5.9 software. The mean sequenc-
ing depth achieved was 160X, with over 99.33% of the
target coverage exceeding 20X. The Genome Analysis
Toolkit (GATK) software was utilized to analyze single-
nucleotide variations (SN'Vs), as well as small fragment
insertions and deletions (InDels). Frequency variations of
>5% were filtered out from the dbSNP 1000 Genomes,
ExAC/gnomAD, and ESP6500 databases. Candidate
gene variants were compared against The Online Cata-
log of Human Genes and Genetic Disorders (OMIM),
The Human Gene Mutation Database (HGMD), Clin-
Var, Genomic Variants (DGV) MITOMAP, PubMed, and
other relevant databases, along with clinical symptoms.
Structural variants (SVs) were detected using Delly ver-
sion 0.8.6 software, and variants were annotated with
table_annovar.pl (annovar_2020). Protein structure pre-
diction softwares, including Provean, SIFT, PolyPhen2,
and Mutation Taster, were employed to assess the poten-
tial harmfulness of the variations. Pathogenicity was
evaluated according to the criteria and guidelines for the
interpretation of variations published by the ACMG in
2015 [7].

Results

Phenotype of the patient

The proband, a 2-year-old female, was referred to our
hospital due to short stature and global developmen-
tal delay. She is the fourth child in her family, with two
healthy older brothers and a healthy older sister. Her
parents are non-consanguineous. The mother was 34
years old at conception, while the father was 37 years old.
Prenatal screening was not completed as planned dur-
ing the pregnancy. The proband was delivered vaginally
at 39 weeks of gestation, with a length of 48 cm (<25th
percentile), a weight of 3.05 kg (< 50th percentile), and a
head circumference of 32.5 cm (<25th percentile), with
no history of asphyxia. She experienced postnatal failure
to thrive and recurrent respiratory infections. Labora-
tory analyses, including blood routine tests, blood gas

Page 3 of 11

analysis, thyroid hormone levels, and amino and organic
acid assessments, were all within normal ranges. Brain
magnetic resonance imaging (MRI) indicated delayed
myelination. She was evaluated using the Developmen-
tal Scale for Children Aged 0-6 Years (WS/T 580-2017),
developed by the Chinese National Health and Fam-
ily Planning Commission, and obtained a developmen-
tal quotient of 32. Based on the Chinese guidelines for
the diagnosis of Global Developmental Delay, she was
subsequently diagnosed with GDD [8]. The proband
exhibited characteristic features such as a prominent
forehead, microcephaly, abnormal facial shape depressed
nasal bridge, long philtrum, high palate and short stat-
ure. There was no reported history of sleep disorders or
abnormal emotional behavior in the child. The patient’s
last visit took place at the age of 3 years. At that time, she
had acquired the ability to walk with assistance; however,
she had not yet developed verbal communication skills,
being able only to pronounce individual words. Physi-
cal examination revealed that the proband had a height
of 80.5 cm (<3rd percentile), a weight of 12.3 kg (<3rd
percentile), and a head circumference of 42 c¢cm (<3rd
percentile).

Genetic and bioinformatics analysis

The proband karyotype analysis revealed a 46,XX, dup(16)
(q12.1q22.1). The CNV-seq results indicated that the break-
point of the duplication was located between seq[GRCh37]
dup(16)(q12.1g22.1)NC_000016.9:g. 48799549 _70756330dup,
spanning 21.96 Mb. The WES results indicated that the break-
point of the duplication was located between seq[GRCh37]
dup(16)(q12.1q22.1)NC_000016.9:g.49313314._ 70762759dup,
spanning 21.45 Mb (Fig. 1).

Both the karyotype, CNV-seq and WES results demon-
strated that the proband’s parents, brothers and sister did
not carry this CNV (Fig. 2).

A total of 193 protein-coding genes were identified
within the duplicated region, and no records of genomic
variants corresponding to this fragment were found in
the Database of Genomic Variants (DGV) and DECI-
PHER databases. According to the CNV classification
scoring standard, this variation received a score of 0.90
points, indicating that this region contains more than 50
coding genes, and was classified as a likely pathogenic
variation. No genes or genomic regions associated with
triplosensitivity (TS) exhibited a TS Score of 3 in this
duplication segment. Nine OMIM genes (CTCF, CNOT1,
VPS4A, GNAOI, VACI14, RSPRY1, CYLD, IRXS, and
ZNF423) were identified with a predicted probability of
triplosensitivity (pTriplo) score of >0.94, according to
gnomAD (Table 1).
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Fig. 1 A karyotype analysis results of the 46,XX,dup(16)(q12.1922.1) proband:
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and the red arrow point to the duplicated region

WES analysis identified two heterozygous single nucleotide
variants (SNVs) inherited from the patient’s healthy mother:
SETDIA (NM_014712.3) c.1553_1555del (p.Ser518del) and
RERE (NM_001042681.2) ¢.2105 A>G (p.Lys702Arg). The
Mendelian mode of inheritance, along with family history
and other factors, did not provide a clear explanation for the
clinical phenotype observed in the patients. Consequently,
the ACMG classified these variants as variants of uncertain
significance. Based on the clinical phenotype GDD, abnor-
mal facial shape and the results obtained on the karyotype,
CNV-seq and WES,, the proband was diagnosed to have a
16q12.1q22.1 duplication.

Discussion

Gains or losses of DNA fragments larger than 1 kb on
chromosomes are referred to as copy number variations
(CNVs), which are closely associated with neurodevelop-
mental disorders and various congenital abnormalities
in children. Currently, there are numerous explanations

for the pathogenesis of the clinical phenotype associ-
ated with partial trisomy syndromes. The dosage effect
resulting from unbalanced translocations in chromo-
some function, along with the disruption of expression
or coordination of specific genes or gene clusters due to
chromosomal breaks and insertions, may influence gene
expression to some extent, leading to corresponding phe-
notypic outcomes [10]. The majority of reported dupli-
cations on the long arm of chromosome 16 arise from
structural rearrangements during meiosis. This com-
plexity complicates the study of the relationship between
genotype and phenotype in this disease [3]. The study of
individuals with pure partial trisomy 16q eliminates the
interference of additional genetic variants in phenotypic
analysis, providing a unique opportunity to examine the
phenotypic effects of genomic diseases.

In our study, we conducted an analysis of a total of
29 individuals with overlapping pure partial duplica-
tions at 16q, which included 21 cases identified from the
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Fig. 2 A Karyotype analysis of the proband's parents (Normal); B CNVseq of the proband'’s parents (Normal)

DECIPHER database and 7 case reports from the litera-
ture (Table 2)(Fig. 3).

With reference to the study by Lonardo F et al. [3]
(GRCh37/hgl9), we divided the duplications of the 29
carriers into three regions: proximal region [GRCh37]
(16q11.1q13)NC_000016.9:g. (36600001_57400000); inter-
mediate region [GRCh37](16q21q22.3)NC_000016.9:g.
(57400001_74100000); and distal region [GRCh37]
(16q23.1q24.3) NC_000016.9:g.(74100001_90354753). The
duplications among the 29 instances range in size from
1.09 (#12) to 33.5 Mb (#26). 11 individuals (#3, #10, #12,
#13, #15, #17, #18, #19, #20, #25, #29) had duplicated seg-
ment sizes of less than 5 Mb, while 5 individuals (#4, #6, #8,
#22) had duplicated segment sizes between 5 and 10 Mb.
Additionally, 9 individuals (#1, #2, #5, #7, #9, #11, #14, #17,
#28) had duplicated segment sizes greater than 10 Mb, and
4 individuals (#21, #23, #24, #26) had duplicated segment
sizes greater than 22 Mb. Our summary of the 29 individu-
als revealed that partial trisomic 16q CNVs were concen-
trated at the proximal end, with 11 individuals (#1 to #9,

#27) having proximal duplications, 4 individuals (#10, #11,
#21, #24) with proximal-intermediate/interstitial duplica-
tions, and 11 individuals (#12-#20, #25, #26, #28) with dis-
tal duplications. The most prevalent clinical phenotypes
observed were global developmental delay/intellectual dis-
ability (GDD/ID) in 20 out of 21 individuals, abnormal facial
shape in 14 out of 21, and short stature in 8 out of 19. Two
individuals (#23, #26) spanned all three duplication regions.
The three individuals with the most severe phenotypes (#17,
#25, #26) exhibited multiorgan involvement, affecting sys-
tems such as the cardiovascular, digestive, and genitourinary
systems, with their duplication regions located at the distal
regions. In Table 2, only 3 individuals (#4, #5, #6) lacked
phenotype descriptions of GDD or ID, and their mutation
coordinates were situated at the proximal regions. This sug-
gests that individuals with distal 16q repeats may experience
more severe symptoms than those with proximal duplica-
tion, potentially due to a higher density of coding genes in
this region (Fig. 3).
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The duplication region in our study (#21) completely
encompassed the duplication regions observed in cases
#10 and #22. The common phenotypes among these
cases included GDD and abnormal facial morphology. In
contrast, case #22 exhibited additional phenotypes such
as aggression and skeletal abnormalities. Four individu-
als with duplications at the distal 16q2.1 presented with
hearing impairment (#23, #24, #25, #26), whereas only
case #7 displayed conductive hearing impairment at the
proximal end. Furthermore, we noted that the duplica-
tion regions and fragment sizes in cases #16 and #17 were
similar; however, case #17 presented with a more severe
clinical phenotype, thereby underscoring the clinical het-
erogeneity of this condition. Notably, most patients with
larger fragment sizes (#21, #23, #24) did not exhibit more
deformities than those with smaller fragment (#4, #6, #8,
#22, #17). It is speculated that the phenotype of patients
with 16q duplications is more closely reflects the loca-
tion than the size of the duplication. The only observed
duplication-triplication pattern is #25. Additional data
are required to substantiate the notion that there are

dose-effect genes linked to more severe phenotypes, akin
to those seen in MECP2 duplication syndrome, for this
complex genomic rearrangement.

We searched the coding genes within the [GRCh37]
(16q11.1q24.3)NC_000016.9:2.(38600001_90354753)
region and identified four neurodevelopment-related
genes with pLI and pTriplos scores exceeding 0.99. The
GNAO1, CNOT1, and CTCF genes, as documented in
OMIM/Morbid, the Gene Curation Coalition, Gene2Phe-
notype (G2P), and ClinGen, were classified as hav-
ing definitive pathogenicity, associated with autosomal
dominant (AD) inheritance. The APIGI gene was also
identified as monoallelic by OMIM/Morbid, the Gene
Curation Coalition, G2P, and ClinGen, indicating strong
evidence of pathogenicity. Among them, the GNAOI
(NM_020988.3) and CNOT1 (NM_016284.5) genes play
crucial roles in regulating neurotransmitter release,
movement, and neural development. Variants in MYLK3
(NM_182493.3) may be associated with cardiac abnor-
malities #3, #4, and #5, as the protein encoded by this
gene promotes sarcomere formation in cardiomyocytes
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and enhances cardiomyocyte contractility [17]. Notably,
no duplication variants in the aforementioned five genes
have been reported to cause disease. Thus, our data do
not provide evidence supporting the identification of a
possible smallest region of overlap. The various features
of trisomy 16q have yet to be attributed to specific genes.

In laboratory settings, CMA and CNV-seq tech-
nologies are primarily employed for the analysis of 16q
trisomic CNV. The CNV-seq platform generally con-
ducts preliminary screening with a threshold of 100
kb. CNV-seq is influenced by the minimum partition
region (Bin) algorithm, which can lead to the detection
of CNV fragments that are smaller than their actual size.
With advancements in high-throughput sequencing, the
costs associated with WES and whole genome sequenc-
ing (WGS) have significantly decreased. These methods
offer extensive coverage and high efficiency, positioning
them as potential preferred diagnostic tests for CNV.
These imbalances diminish the sensitivity of WES in
specific regions, complicating the accurate assessment
of genomic breakpoint locations associated with exten-
sive CNVs, which ultimately limits the ability to deter-
mine the true extent of copy number variation [18]. This
observation was also evident in our case, where a 0.5 MB
difference in CNV duplication size was noted between
WES and CNV-seq analyses. In the case we examined,
we recommend identification through fluorescent in situ
hybridization (FISH) analysis to determine the orienta-
tion of proband’s duplicated segments. The proband’s
parents, who have three healthy offspring and no plans
for additional children, rejected this suggestion. Identify-
ing the critical phenotype-driving genes presents a chal-
lenge in the study of pathogenic CNVs. We hypothesize
that the pathogenicity associated with a portion of 16q
trisomy may be related to continuous gene duplication;
however, functional studies are necessary to establish this
association.

When a patient presents with global developmental
delay/intellectual disability, abnormal facial shape, and
involvement of other systems, primary care providers
may suspect a genetically related disorder. However,
the lack of specialized genetic knowledge and equip-
ment often necessitates a referral to academic medi-
cal centers [19]. The uneven distribution of medical
resources is a pervasive issue across all regions, and the
referral process for patients in remote areas is influ-
enced by various factors, including economic condi-
tions, transportation, and cultural customs. These
factors can result in delays in the diagnosis of rare
diseases, whether for extended or brief periods. Our
patient, who resides in the high mountains and plains
of western Sichuan, was diagnosed with global develop-
mental delay in infancy; however, the genetic diagnosis
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was not confirmed until the age of two. This delay
is closely related to the complex referral process for
patients. In our medical center, the age at which rare
diseases are diagnosed in children living in urban areas
is generally younger than in those from remote regions,
suggesting that the timing of rare disease diagnosis is
influenced by the residential environment. Currently,
rare chromosomal disorders, such as trisomy 16q, lack
precision medicine and depend on multidisciplinary
collaboration to enhance patients’ quality of life. Given
the shortage of trained geneticists in developing coun-
tries and the limited access clinicians have to assess
such patients, relatively efficient and cost-effective
approaches to genetic testing are particularly crucial.
These approaches not only assist patients in identifying
the underlying causes and managing follow-up care but
also offer effective genetic counseling for families.

Conclusions

In summary, we report a de novo case of pure partial
trisomy 16, which was diagnosed through the mutual
verification of karyotype, CNV-seq, and WES. This case
enriches the genotypic spectrum of pure partial trisomy
16q. Additionally, we conducted a detailed analysis of
28 cases collected from the literature to raise clini-
cians’ awareness of this condition. In rare chromosomal
diseases, such as partial trisomy 16q, complementary
cytogenetic and molecular genetic methods are essen-
tial for identifying the effects of copy number loss or gain
on the gene dosage map at the DNA sequence level. This
understanding is crucial for enhancing clinical genetic
counseling. Further research is needed to understand the
implications of dosage-sensitive genes associated with
partial trisomy of 16q.
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