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CLINICAL: CASE REPORT

A rare ring chromosome 21 abnormality is associated with azoospermia in
two different phenotypically normal cases

Ezgi Gizem Berkaya,b , Birsen Karamana,c , and Seher Başarana

aIstanbul Medical Faculty, Department of Medical Genetics, Istanbul University, Istanbul, Turkey; bDentistry Faculty, Department of
Basic Sciences, Istanbul Kent University, Istanbul, Turkey; cChild Health Institute, Basic Pediatric Science, Istanbul University, Istanbul,
Turkey

ABSTRACT
Azoospermia can be diagnosed with spermiogram analysis, and karyotyping is the golden
standard to explain the etiology. In this study, we investigated two male cases with azoo-
spermia and male infertility for chromosomal abnormalities. Their phenotypes and physical
and hormonal examinations were both normal. In karyotyping G-banding and NOR staining,
a rare ring chromosome 21 abnormality was detected in the cases and no microdeletion in
chromosome Y. Ring abnormality, deletion size, and deleted regions were shown with sub-
telomeric FISH (.ish r(21)(p13q22.3?)(D21S1446-)) and array CGH analyses. Due to the find-
ings, bioinformatics, protein, and pathway analyses were done to detect a candidate gene
through common genes in two cases’ deleted regions or ring chromosome 21.

Abbreviations: AZF: Azoospermia factor; CGH: Comparative genomic hybridization; DISC1:
Disrupted in schizophrenia 1; FISH: Fluorescence in situ hybridization; GRCh: Genome refer-
ence Consortium human; NCBI: National center for biotechnology ınformation; NEK2: NIMA-
related kinase 2; PCBP3: Poly(RC) Binding Protein 3; PCM: pericentriolar material; PCNT: peri-
centrin; PCR: Polymerase chain reaction; r: ring; SPATC1L: Spermatogenesis And Centriole
Associated 1 Like; UK: United Kingdom; ZFY: Zinc Finger protein Y-Linked
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Introduction

One of the well-known genetic abnormalities that lead
to infertility in both genders is chromosomal; they are
classified as structural/numerical; and, according to
their effects on the phenotype, as balanced/unba-
lanced. Sex chromosome anomalies, especially numer-
ical abnormalities (for example, 47,XXY anomaly in
the presence of azoospermia in males), are frequently
detected in both female and male infertility.
Autosomal structural chromosomal abnormalities are
more noticeable in male cases with oligoasthenoterato-
zoospermia. Ring chromosomes are one of the struc-
tural chromosomal abnormalities rare in eukaryotes
(1/50,000) (Pristyazhnyuk and Menzorov 2018). They
mainly occur due to the end-joining repair mechan-
ism of double-strand DNA breaks, inverted duplica-
tion associated with terminal deletion reorganization
in meiosis, and mitosis or telomeric and subtelomeric
fusion (Burssed et al. 2022, Li et al. 2022).

In this article, we report a rare ring chromosome
21 (46, XY.ish r(21)(p13q22.3?)(D21S1446-)) in two
different cases that are phenotypically normal with

azoospermia. Few publications in the literature show
that this chromosomal anomaly can cause only azoo-
spermia and male infertility without causing congeni-
tal anomalies or cognitive deficits (Huret et al. 1985;
Dallapiccola et al. 1986; Hammoud et al. 2009; Cetin
et al. 2015). Also, we report a candidate gene, PCNT,
to explain the etiology and examine for male
infertility.

Results

The cases of pubertal developments, physical and hor-
monal examinations were both normal. They were not
taking any medication, had no allergic history, and
had no positive findings in the families. They were
both thirty-two years old and married. They were
both consulted due to male infertility and unsuccessful
assisted reproductive techniques trials. Analyses of the
patients’ semen revealed azoospermia. Y chromosome
microdeletion analyses were performed to rule out the
presence of any genomic deletions in the azoospermic
factor a, b, and c regions on the long arm of
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chromosome Y, and no deletion was detected.
46,XY.ishr(21)(p13q22.3?) (D21S1446-) (Aquarius-
Cytocell, Cambridge, UK) chromosomal structures
both identified via subtelomeric FISH analyses in
these two different phenotypically normal but azoo-
spermia cases. Parental cytogenetic studies were per-
formed to investigate the ring chromosome’s origin
and detected it as normal. Associated with these
results, ring chromosome 21 formations were inter-
preted as de novo. The karyotype examination (G
banding and NOR banding) and FISH analysis results
of the cases are shown in Figures 1, 2.

In the a-CGH examination performed to detect the
broken regions of the detected ring chromosome, a
deletion of 2,578Mb was found in case 1 and
1,522Mb in case 2. The results are listed in Table 1
and shown in Figure 3. Genes in the deleted regions
were analyzed based on their functions via databases
of UniProt, OMIM, the Human Protein Atlas, and
Pubmed to identify the candidate gene for the etiology
and detailed in Table 2. The PCNT gene was deter-
mined as the strongest candidate by considering the
functions, tissues in which they are expressed, and
associated phenotypes.

Discussion

When male infertility is considered, 4.9% 47,XXY
Klinefelter syndrome, 3.5% autosomal anomalies, 1.8%
sex chromosome anomalies, and 3.5% Y microdele-
tions are detected. Ring chromosomes also influence
this phenotype by causing sperm formation defects.
Ring 21 chromosomal anomaly, reported in very few
cases, is said to be associated with azoospermia in
phenotypically normal male individuals.

The basic mechanism in the formation of ring
chromosomes is two double-chain breaks in a
chromosome and fusion at these break sites, and they
are classified as telomeric or subtelomeric in the
chromosome arm according to the locations of the
breaks (Burssed et al. 2022). The features affecting
the phenotype in cases with ring chromosomes are
the location of the fractures that occur during ring
chromosome formation, aneuploidies associated with
ring chromosomes, and the accelerated cell death of
changing metabolic activities. Ring chromosome for-
mation can be seen between 5 and 9% in D/G group
chromosomes (13, 14, 15, 21, and 22), and 88% of
ring chromosomes diagnosed after birth due to mild
phenotypes compatible with life occur de novo (Li

Figure 1. Karyotyping and FISH images of Case-1. Normal chromosome 21 and ring chromosome 21 are indicated with arrows.
A. Metaphase images detected by G-banding; ring 21 and normal chromosome 21 from two separate metaphases of Case-1. B.
NOR staining of Case-1, which Ag-NOR staining is specific for human chromosomes 13, 14, 15, 21, and 22. Ring chromosome 21
interpreted NOR positive. C. Subtelomeric FISH image for D21S1446 probe of Case-1. Two signals were detected in normal 21
(red), but none in the ring chromosome 21. (G: Giemsa; NOR: nucleolar organization region).
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Figure 2. Karyotyping and FISH images of Case-2. Normal chromosome 21 and ring chromosome 21 are indicated with arrows.
A. Metaphase images detected by G-banding of Case-2. B. NOR staining of Case-2, which Ag-NOR staining is specific for human
chromosomes 13, 14, 15, 21, and 22. NOR negative in ring chromosome 21 of the case. C. Subtelomeric FISH image for D21S1446
probe of Case-2. Two signals were detected in normal 21 (red), but none in the ring chromosome 21. (G: Giemsa; NOR: nucleolar
organization region).

Figure 3. a-CGH analysis reports of chromosome 21 of the cases. Agilent SurePint CGHþ SNP 8x60K platform with at least three
probes and Cytogenomics v5.1.2.1 analysis software were used. The minimum log ratio was þ/- 0.5. Array based CGH technique
provides increased resolution for changes in copy number of the genome and detailed examination for the chromosomes.
A. 2,578Mb deletion in 21q22.3 region (44082065_46661014) detected in Case-1. B. 1,522Mb deletion in 21q22.3 region
(45138321_46661014) detected in Case-2. (Mb: Megabase).
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et al. 2022). Rare ring chromosome 21 abnormalities
(r(21)(p13q22.3 and r(21)(p11q22.3)) were published
in cases that are phenotypically normal with azoosper-
mia. These publications declared that this chromo-
somal abnormality could cause only azoospermia or
cryptozoospermia and male infertility without causing
congenital anomalies or cognitive deficits (Huret et al.
1985; Dallapiccola et al. 1986; Hammoud et al. 2009;
Cetin et al. 2015). A gene that may change the func-
tion during ring formation in the q telomere region of
chromosome 21 and affect spermatogenesis has yet to
be identified. We examined the genes in the deleted
areas bioinformatically, and due to the high expres-
sion levels in the testis and the effect on spermatogen-
esis, PCBP3, PCNT, and SPATC1L were examined in
detail.

PCBP3 gene product poly(rC)-binding protein-3
play essential roles in post-transcriptional activities
and RNA-binding proteome member in the elong-
ation of round spermatids (Chapman et al. 2013). In
the Human Protein Atlas database, expressed RNA is
explicitly mentioned for the brain and retina, also
detected in many and not specificity mentioned for
protein expression. SPATC1L is known for high
expression levels in the testis and localized in the
neck. Biallelic mutations of SPATC1L were reported
for a rare teratozoospermia, acephalic spermatozoa
syndrome (Li et al. 2022). Also, homozygous and het-
erozygous gene loss led to defects in head-to-tail junc-
tion, and headless sperm were observed in mice (Kim
et al. 2018). In light of these findings, the predomin-
ant expression of PCBP3 in the human retina and the
association of SPATC1L with acephalic spermatozoa
were not considered in the foreground due to the
absence of these findings in our cases.

Pericentrin, the product of PCNT gene, is a protein
found in the structure of centrosomes and interacts
with gamma-tubulin (Flory et al. 2000). Biallelic
pathogenic PCNT variants have been associated with
Microcephalic osteodysplastic primordial dwarfism
type-II (MIM #210720), while hypospadias and preco-
cious puberty have also been reported in male cases.

PCNT is essential in ciliogenesis and is one of the
genes associated with ciliopathy and coding pericen-
trin protein with 3336 amino acids. Pericentrin pro-
tein is a centrosome and pericentriolar material
(PCM) component, forming the microtubule arrays in
mitosis and meiosis. It is involved in microtubule net-
work formation together with DISC1. It is also
thought to effectively prevent early centrosome div-
ision in interphase by inhibiting NEK2 kinase activity
in the centrosome (Matsuo et al. 2010). As a result of
the studies in mice, it is actively expressed in the ret-
ina, brain, and skeletal system (Falk et al. 2018). In a
study conducted with mouse oocytes to determine
their functions in the reproductive system, it was
found that the silencing of the gene disrupted the
alignment of chromosomes during meiosis (Ma and
Viveiros 2014). There are no studies on sperm and
the male reproductive system with the PCNT gene.
But, the relationship between ciliopathies with sperm-
atogenesis and male infertility is well-known (Sironen
et al. 2020). When the tissue expressions of this gene
are examined through the Human Protein Atlas data-
base, it is seen that one of the tissues with the most
expression after skeletal muscles is the testis in
humans (Uhl�en et al. 2015). This finding is a strong
indicator of the gene’s association with infertility.
Both cases can contribute to the clarification of this
relationship.

As a result, we detected a new candidate gene to
explain azoospermia cases etiology. This article is the
first one that declares PCNT gene loss might be asso-
ciated with male infertility and azoospermia. These
results need to be supported with functional studies,
and monoallelic PCNT mutations and function loss
should be studied in male infertility cases.

Materials and methods

Two patients were referred to Istanbul University
Medical Faculty Medical Genetics Department for
chromosomal karyotyping. This study was approved
by the Istanbul Medical Faculty Clinical Research

Table 1. Molecular cytogenetics analyses results of the cases.
Results Case-1 Case-2

FISH 46,XY,r(21)(p13q22.3) 46,XY,r(21)(p13q22.3)
a-CGH .arr[GRCh38]21q22.3(44082065_46661014)x1 .arr[GRCh38]21q22.3(45138321_46661014)x1
Deletion region 44082065_46661014 45138321_46661014
Deletion size 2,578Mb 1,522Mb
Deleted genes TRAPPC10, PWP2, GATD3A, ICOSLG, DNMT3L, AIRE,

PFKL, CFAP410, TRPM2, LRRC3, TSPEAR,
UBE2G2, SUMO3, PTTG1IP, ITGB2, LINC00163,
PICSAR, ADARB1, POFUT2, COL18A1, SLC19A1,
PCBP3, COL6A1, COL6A2, FTCD, SPATC1L, LSS,
MCM3AP, YBEY, PCNT, DIP2A, S100B, PRMT2

ADARB1, POFUT2, COL18A1, SLC19A1, PCBP3,
COL6A1, COL6A2, FTCD, SPATC1L, LSS,
MCM3AP, YBEY, PCNT, DIP2A, S100B, PRMT2
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Ethics Committee of Istanbul University (2018-249).
The patients both signed detailed consent forms.
Peripheral venous blood sampling, karyotyping, FISH
and a-CGH techniques were done in Istanbul
University Medical Faculty Medical Genetics
Laboratory. In karyotyping, the analysis was done by
magnifying 250 times with the Metasystem/Cytovision
automatic imaging device, with at least 20 metaphases
for each case (Hastings et al. 2012). Subtelomeric
fluorescence in situ hybridization (FISH) analyses
were performed on metaphase plates to evaluate the

positions of the ring chromosome (Wegner 1999).
Multiplex PCR technique and gel electrophoresis stud-
ies were done for Y chromosome microdeletion analy-
ses. At least two markers from ZFY, SRY, AZFa,
AZFb, and AZFc regions were examined. After that,
array-CGH analyses were done to investigate the size
and breakpoints of the anomaly detected in the
chromosome analysis (Silva et al. 2019). We used
Agilent SurePint CGHþ SNP 8x60K platform and
Cytogenomics v5.1.2.1 analysis software for a-CGH.
Array resolution was 60K, and analyses were

Table 2. Common genes in two deletions, associated pathways, their functions, and possible effects.
Gene Biological process Tissue specificity Effect on male fertility Detected phenotype

ADARB1 RNA editing Brain, heart, placenta, lung,
live, kidney

No direct impact on male
infertility in knockout
mice (Snyder et al. 2017)

Neurodevelopmental
disorder with hypotonia,
microcephaly, and
seizures (AR; MIM
#618862)

POFUT2 Carbohydrate metabolism
(glycosyltransferase)

Low tissue specificity N.A. N.A.

COL18A1 Cell adhesion Liver, lung, kidney N.A. Glaucoma (AD; MIM #61880)
Knobloch syndrome, type 1
(AR; MIM #267750)

PCBP3 DNA-binding, RNA-binding Brain, retina RNA-binding proteome
member in elongation of
round spermatids
(Chapman et al. 2013)

Frontotemporal dementia
(Wang et al. 2010)

COL6A1 Cell adhesion _Intestine fibroblast N.A. Bethlem myopathy 1 (AD,
AR; MIM #158810), Ullrich
congenital muscular
dystrophy 1 (AD, AR;
MIM #254090)

COL6A2 Cell adhesion Fibroblast N.A. Congenital myosclerosis (AR;
MIM #255600), Bethlem
myopathy 1 (AD, AR;
MIM #158810), Ullrich
congenital muscular
dystrophy 1 (AD, AR;
MIM #254090)

FTCD Histidine metabolism Liver, kidney N.A. Glutamate
formiminotransferase
deficiency (AR; 229100)

SPATC1L Sperm head-to-tail
connection

Testis Teratozoospermia and male
infertility (Li et al. 2022)

Acephalic sperm syndrome
(Li et al. 2022)

LSS Steroid biosynthesis Liver, adipose tissue, hair
follicle epithelium

N.A. Alopecia-intellectual
disability syndrome 4
(AR; MIM #618840),
Cataract 44 (AR; MIM
#616509), Hypotrichosis
14 (AR; MIM #618275)

MCM3AP Transport, replication Low tissue specificity N.A. Peripheral neuropathy,
autosomal recessive, with
or without impaired
intellectual development
(AR; MIM #618124)

YBEY rRNA maturation Testis N.A. N.A.
PCNT Microtubule network

formation
Skeletal muscle, testis Cilia formation in

spermatocytes (Jurczyk
et al. 2004)

Microcephalic osteodysplastic
primordial dwarfism,
type II (AR; MIM #210720)

DIP2A Neurogenesis Low tissue specificity N.A. N.A.
S100B Metal-ion binding Brain Sensor for Ca2þ-modulated

membrane guanylate
cyclases (Jankowska et al.
2014)

Neurological Disorders
(Langeh and Singh 2020)

PRMT2 Methylation of arginine Low tissue specificity N.A. N.A.
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performed with the hg19/NCBI Build 38 database.
The minimum number of probes was three, and the
minimum log ratio was þ/- 0.5. The results were
reported according to ISCN guideline (McGowan-
Jordan et al. 2020). Two cases signed informed con-
sent forms to use their data in academic papers as
randomized.

Ethics approval

This study was approved by the Istanbul Medical
Faculty Clinical Research Ethics Committee of
Istanbul University (2018-249). The patients both
signed detailed consent forms.
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Seher Başaran http://orcid.org/0000-0001-8668-4746

References

Burssed B, Zamariolli M, Bellucco FT, Melaragno MI. 2022.
Mechanisms of structural chromosomal rearrangement
formation. Mol Cytogenet. 15(1):23. doi: 10.1186/s13039-
022-00600-6.

Cetin Z, Altiok-Clark O, Sevuk M, Berker Karauzum S.
2015. Ring chromosome 21 and monosomy 21 mosaicism
in a patient with azoospermia. Andrologia. 47(1):112–
115. doi: 10.1111/and.12232.

Chapman KM, Powell HM, Chaudhary J, Shelton JM,
Richardson JA, Richardson TE, Hamra FK. 2013. Linking
Spermatid ribonucleic acid (RNA) binding protein and
retrogene diversity to reproductive success. Molecular &
Cellular Proteomics. 12(11):3221–3236. doi: 10.1074/mcp.
M113.030585.

Dallapiccola B, De Filippis V, Notarangelo A, Perla G,
Zelante L. 1986. Ring chromosome 21 in healthy persons:
different consequencies in females and in males. Hum
Genet. 73(3):218–220. doi: 10.1007/BF00401230.

Falk N, Kessler K, Schramm S-F, Boldt K, Becirovic E,
Michalakis S, Regus-Leidig H, Noegel AA, Ueffing M,
Thiel CT, et al. 2018. Functional analyses of pericentrin
and Syne-2/Nesprin-2 interaction in ciliogenesis. Journal
of Cell Science. 131: 1–15 jcs.218487. doi: 10.1242/jcs.
218487.

Flory MR, Moser MJ, Monnat RJ, Davis TN. 2000.
Identification of a human centrosomal calmodulin-bind-
ing protein that shares homology with pericentrin. Proc
Natl Acad Sci U S A. 97(11):5919–5923. doi: 10.1073/
pnas.97.11.5919.

Hammoud I, Gomes DM, Bergere M, Wainer R, Selva J,
Vialard F. 2009. Sperm chromosome analysis of an infer-
tile patient with a 95% mosaic r(21) karyotype and nor-
mal phenotype. Fertil Steril. 91(3):930.e13–930.e15. doi:
10.1016/j.fertnstert.2008.12.005.

Hastings R, Howell R, Bricarelli FD, Kristoffersson U,
Cavani S. 2012. A common European framework for
quality assessment for constitutional, acquired and
molecular cytogenetic investigations. ECA Newsl. 29:7–
25. http://www.e-c-a.eu/en/GUIDELINES.html.

Huret JL, Leonard C, Kanoui V. 1985. Ring chromosome 21
in a phenotypically normal but infertile man. Clin Genet.
28(6):541–545. doi: 10.1111/j.1399-0004.1985.tb00423.x.

Jankowska A, Sharma RK, Duda T. 2014. Ca2þ-modulated
ROS-GC1 transduction system in testes and its presence
in the spermatogenic cells. Front Mol Neurosci. 7:34.
[Internet]. [accessed 2023 Mar 28] doi: 10.3389/fnmol.
2014.00034.

Jurczyk A, Gromley A, Redick S, Agustin JS, Witman G,
Pazour GJ, Peters DJM, Doxsey S. 2004. Pericentrin
forms a complex with intraflagellar transport proteins
and polycystin-2 and is required for primary cilia assem-
bly. J Cell Biol. 166(5):637–643. doi: 10.1083/jcb.
200405023.

Kim J, Kwon JT, Jeong J, Kim J, Hong SH, Kim J, Park ZY,
Chung KH, Eddy EM, Cho C. 2018. SPATC 1L maintains
the integrity of the sperm head-tail junction. EMBO
Reports. 19(9):1–19 [Internet]. [accessed 2023 Mar 28]
doi: 10.15252/embr.201845991.

Langeh U, Singh S. 2020. Targeting S100B Protein as a
surrogate biomarker and its role in various neurological
disorders. CN. 19(2):265–277. doi: 10.2174/1570159X1866
6200729100427.

Li P, Dupont B, Hu Q, Crimi M, Shen Y, Lebedev I, Liehr
T. 2022. The past, present, and future for constitutional
ring chromosomes: a report of the international consor-
tium for human ring chromosomes. Human genetics and
genomics. HGG Adv. 3(4):100139. doi: 10.1016/j.xhgg.
2022.100139.

Li Y-Z, Li N, Liu W-S, Sha Y-W, Wu R-F, Tang Y-L, Zhu
X-S, Wei X-L, Zhang X-Y, Wang Y-F, et al. 2022.

6 E. G. BERKAY ET AL.

https://doi.org/10.1186/s13039-022-00600-6
https://doi.org/10.1186/s13039-022-00600-6
https://doi.org/10.1111/and.12232
https://doi.org/10.1074/mcp.M113.030585
https://doi.org/10.1074/mcp.M113.030585
https://doi.org/10.1007/BF00401230
https://doi.org/10.1242/jcs.218487
https://doi.org/10.1242/jcs.218487
https://doi.org/10.1073/pnas.97.11.5919
https://doi.org/10.1073/pnas.97.11.5919
https://doi.org/10.1016/j.fertnstert.2008.12.005
http://www.e-c-a.eu/en/GUIDELINES.html
https://doi.org/10.1111/j.1399-0004.1985.tb00423.x
https://doi.org/10.3389/fnmol.2014.00034
https://doi.org/10.3389/fnmol.2014.00034
https://doi.org/10.1083/jcb.200405023
https://doi.org/10.1083/jcb.200405023
https://doi.org/10.15252/embr.201845991
https://doi.org/10.2174/1570159X18666200729100427
https://doi.org/10.2174/1570159X18666200729100427
https://doi.org/10.1016/j.xhgg.2022.100139
https://doi.org/10.1016/j.xhgg.2022.100139


Biallelic mutations in spermatogenesis and centriole-asso-
ciated 1 like (SPATC1L) cause acephalic spermatozoa
syndrome and male infertility. Asian J Androl. 24(1):67–
72. doi: 10.4103/aja.aja_56_21.

Ma W, Viveiros MM. 2014. Depletion of pericentrin in
mouse oocytes disrupts microtubule organizing center
function and meiotic spindle organization: perıcentrın
functıon ın mouse oocytes. Mol Reprod Dev. 81(11):
1019–1029. doi: 10.1002/mrd.22422.

Matsuo K, Nishimura T, Hayakawa A, Ono Y, Takahashi
M. 2010. Involvement of a centrosomal protein kendrin
in the maintenance of centrosome cohesion by modulat-
ing Nek2A kinase activity. Biochem Biophys Res
Commun. 398(2):217–223. doi: 10.1016/j.bbrc.2010.
06.063.

McGowan-Jordan J, Hastings RJ, Moore S, editors. 2020.
ISCN 2020: an International System for Human
Cytogenomic Nomenclature (2020). Basel: S. Karger.

Pristyazhnyuk IE, Menzorov AG. 2018. Ring chromosomes:
from formation to clinical potential. Protoplasma. 255(2):
439–449. doi: 10.1007/s00709-017-1165-1.

Silva M, de Leeuw N, Mann K, Schuring-Blom H, Morgan
S, Giardino D, Rack K, Hastings R. 2019. European

guidelines for constitutional cytogenomic analysis. Eur J
Hum Genet. 27(1):1–16. doi: 10.1038/s41431-018-0244-x.

Sironen A, Shoemark A, Patel M, Loebinger MR, Mitchison
HM. 2020. Sperm defects in primary ciliary dyskinesia
and related causes of male infertility. Cell Mol Life Sci.
77(11):2029–2048. doi: 10.1007/s00018-019-03389-7.

Snyder EM, Licht K, Braun RE. 2017. Testicular adenosine
to inosine RNA editing in the mouse is mediated by
ADARB1. Biol Reprod. 96(1):244–253. doi: 10.1095/biol-
reprod.116.145151.

Uhl�en M, Fagerberg L, Hallstr€om BM, Lindskog C, Oksvold
P, Mardinoglu A, Sivertsson Å, Kampf C, Sj€ostedt E,
Asplund A, et al. 2015. Proteomics. Tissue-based map of
the human proteome. Science. 347(6220):1260419. doi:
10.1126/science.1260419.

Wang Y, Gao L, Tse S-W, Andreadis A. 2010.
Heterogeneous nuclear ribonucleoprotein E3 modestly
activates splicing of tau exon 10 via its proximal down-
stream intron, a hotspot for frontotemporal dementia
mutations. Gene. 451(1–2):23–31. doi: 10.1016/j.gene.
2009.11.006.

Wegner R-D. 1999. Diagnostic cytogenetics. Berlin:
Springer. doi: 10.1016/j.gene.2009.11.006.

SYSTEMS BIOLOGY IN REPRODUCTIVE MEDICINE 7

https://doi.org/10.4103/aja.aja_56_21
https://doi.org/10.1002/mrd.22422
https://doi.org/10.1016/j.bbrc.2010.06.063
https://doi.org/10.1016/j.bbrc.2010.06.063
https://doi.org/10.1007/s00709-017-1165-1
https://doi.org/10.1038/s41431-018-0244-x
https://doi.org/10.1007/s00018-019-03389-7
https://doi.org/10.1095/biolreprod.116.145151
https://doi.org/10.1095/biolreprod.116.145151
https://doi.org/10.1126/science.1260419
https://doi.org/10.1016/j.gene.2009.11.006
https://doi.org/10.1016/j.gene.2009.11.006
https://doi.org/10.1016/j.gene.2009.11.006

	Abstract
	Introduction
	Results
	Discussion
	Materials and methods
	Ethics approval
	Acknowledgments
	Funding
	Disclosure statement
	Authors’ contributions
	Data availability statement
	Orcid
	References


